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Adenovirus early proteins E4 ORF3 and E4 ORF6 have complementary functions during viral infection.
Both proteins facilitate efficient viral DNA replication, late protein expression, and prevention of concatenation
of viral genomes. Additionally, E4 ORF6 is involved in the shutoff of the host cell protein synthesis through its
interaction with the E1B 55K protein. This complex also leads to the degradation of p53. A unique function of
E4 ORF3 is the reorganization of nuclear structures known as PML oncogenic domains (PODs). The function
of these domains is unclear, but PODs have been implicated in a number of important cellular processes,
including transcriptional regulation, apoptosis, transformation, and response to interferon. The goal of this
study was to determine the functional significance of the reorganization of PODs by E4 ORF3. Point mutations
were made in the E4 ORF3 gene. These mutants were recombined into a virus lacking E4 ORF6 and expressed
under the control of the natural virus E4 promoter. The panel of mutant viruses was used to investigate the
role of E4 ORF3 during the course of the viral infection program. One of the mutant viruses exhibited aberrant
reorganization of PODs and had a severe defect in viral DNA replication, thus leading to a dramatic decrease
in virus production. A number of mutants accumulated viral DNA and infectious virus particles to wild-type
levels but showed significant viral genome concatenation. These data show that E4 ORF3 is a multifunctional
protein and that a specific rearrangement of nuclear PML domains is coupled to efficient viral DNA replica-
tion. This function is distinct from the role of E4 ORF3 in the regulation of virus genome concatenation via

inhibition of cellular double-strand break repair.

Adenovirus (Ad) DNA replication requires a concerted ef-
fort by a number of viral as well as cellular proteins (reviewed
in reference 11). The early region 4 (E4) produces a diverse set
of proteins that are involved in a variety of processes crucial to
virus growth. In particular, E4 open reading frame 3 (E4
ORF3) and E4 ORF6 have been shown to be important in viral
DNA replication (4, 17). These two proteins have been re-
ported to have complementary roles in efficient initiation of
viral DNA replication, late Ad mRNA splicing and protein
expression, and inhibition of virus genome concatemer forma-
tion (reviewed in reference 31). Also, both proteins bind an-
other Ad early protein, E1B 55K, but for seemingly juxtaposed
purposes (7, 20). E4 ORF6 has a number of unique functions,
primarily facilitated by the E1B 55K interaction, such as inhi-
bition of host cell protein synthesis and promoting the degra-
dation of p53 (7, 8).

E4 ORF3 is necessary and sufficient to reorganize the nu-
clear structures known as PML oncogenic domains (PODs) (5,
10). The function of POD redistribution with respect to virus
infection is still unclear. E4 ORF3 is an 11- to 14-kDa protein
synthesized early in infection that is tightly associated with the
nuclear matrix (28). E4 ORF3 is one of the most highly con-
served Ad proteins. E4 ORF3 affects the double-strand break
repair (DSBR) mechanism in cells by binding and inhibiting
the function of the DNA damage-activated DNA protein ki-
nase (DNA-PK) via its catalytic subunit (3). E4 ORF3 inhibi-
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tion of DSBR could prevent the formation of viral DNA con-
catemers. Ad genome concatenation has been associated with
decreased viral DNA replication, late protein expression, and
packaging of the genome into the capsid (32). Early after
infection, E4 ORF3 localizes to the nucleus in the autonomous
POD structure and induces the reorganization of PODs from
a punctate to a track-like appearance (10). The majority of E4
ORF3 protein is present in these track structures. However,
the mechanism by which E4 ORF3 promotes this reorganiza-
tion or how this benefits the virus has not been determined.
PODs are distinct nuclear structures with unknown func-
tions. They were first recognized as electron-dense regions
within the nucleus but were later analyzed by using antisera
from patients with acute biliary cirrhosis (reviewed in refer-
ences 2 and 9). The primary protein constituent was deter-
mined to be the promyelocytic leukemia protein PML. These
structures are disrupted in the hematopoeitic disorder acute
promyelocytic leukemia (APL). APL is caused when a recip-
rocal chromosomal translocation fuses the PML gene with the
retinoic acid receptor. The resulting PML-retinoic acid recep-
tor fusion protein is devoid of the regulatory domains of either
protein, leading to constitutive activation as well as aberrant
localization. Treatment of APL with all-frans retinoic acid or
arsenic trioxide leads to remission of the disease, and PODs
return to normal appearance, suggesting a link between the
disease state and integrity of the POD complexes (24). These
complexes, likely containing >20 proteins, are extremely dy-
namic in physical appearance and constitution. PODs are
tightly bound to the nuclear matrix. PODs have been impli-
cated in a variety of cellular functions, including transcriptional
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regulation, apoptosis, transformation, and response to inter-
feron (reviewed in reference 22).

A number of DNA viruses (e.g., herpes simplex virus type 1
[HSV-1], papillomavirus, and cytomegalovirus [CMV]) have
one or more proteins dedicated to localization at the POD
complex, which usually results in the reorganization of the
structure (1, 23; reviewed in reference 12). For example, the
large viral transactivator ICPO (or Vmw110) encoded by
HSV-1 localizes to PODs, leading to their destruction through
proteasome-dependent degradation of their constituents (e.g.,
PML and Sp100) (9, 25). Mutation of ICPO to inhibit its ability
to disrupt PODs leads to a severe defect in virus growth. Also,
proteasome inhibitors block the degradation of PML and
Sp100 and cause a large decrease in herpesvirus production
(13).

Recently, Stracker et al. (30) provided evidence suggesting
that E4 ORF3 disruption of PODs is linked to its role in the
inhibition of Ad genome concatemer formation. It was also
shown that E4 ORF6 acts to degrade the Mrell DNA repair
complex, which also leads to inhibition of genome concatena-
tion. These data supported previous findings that E4 ORF3
played a role in viral DNA replication and concatemer inhibi-
tion and provide a conceptual model for the complementing
roles of E4 ORF3 and E4 ORF6 in Ad replication.

Our studies focused on the ability of Ad E4 ORF3 to reor-
ganize PODs and its effects on virus replication. Point muta-
tions in the Ad type 5 (Ad5) E4 ORF3 gene were constructed.
These mutants supplanted the E4 ORF3 gene in a virus defi-
cient for E4 ORF6 expression. One of the mutants exhibited
aberrant reorganization of PODs and had a severe defect in
both viral DNA replication and virus growth. Thus, a specific
reorganization of PODs is a significant step that must be
achieved by the virus in order to establish a productive infec-
tion. A number of other mutants were able to efficiently accu-
mulate viral DNA as well as produce infectious virus, while
they displayed significant virus genome concatenation. These
results demonstrate that E4 ORF3 is a multifunctional protein
and uncouple the role of E4 ORF3 in DNA replication from
the regulation of DSBR.

MATERIALS AND METHODS

Cells, viruses, and infections. A549 and W162 (33) (gifts of G. Ketner) were
maintained in Dulbecco modified Eagle medium supplemented with 10% bovine
calf serum. The viruses di309, dI355, inORF3, and dI355/inORF3 were described
previously (14, 17, 19). The construction of viruses containing E4 ORF3 point
mutations is described below. Virus particles were purified by two successive
rounds of cesium chloride equilibrium centrifugation. All infections were carried
out in an identical manner. A549 cells were infected with 200 particles/cell. After
1 h of incubation, the inoculum was removed and the cells were washed. Dul-
becco modified Eagle medium supplemented with 10% bovine calf serum was
added, and the cells were incubated at 37°C in 5.0% CO,.

Plasmids, mutagenesis, and cloning. Plasmid pAd-CMV-HA contains Ad5
left-end sequences (nucleotides [nt] 1 to 450), the CMV promoter, a hemagglu-
tinin (HA) epitope, and adjacent cloning sites, followed by Ad5 sequences from
nt 3330 to 5780. Ad5, Ad9, and Ad12 E4 ORF3 reading frames were amplified
by PCR and cloned downstream of the HA epitope. Plasmid pBS-E4 was con-
structed by introducing AdS right-end sequences from nt 33593 to 35935 into
pBluescript (Stratagene). Double alanine substitution mutations were intro-
duced into the E4 ORF3 gene in pBS-E4 by site-directed mutagenesis with
complementary oligonucleotide pairs (Quick-Change Mutagenesis; Stratagene)
(Fig. 1). Double alanine substitution mutations were introduced in place of
conserved and/or charged residues at 10- to 15-amino acid intervals in E4 ORF3
(Fig. 2). The mutants are designated pmX,X,, where X is the amino acid
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mutated and n is the residue number. The mutants were E,(G,, RysD»g, D3glsy,
N39Y40, Es>Es3, FsoLei, DesRes, Hrolso Lss Voo, DiosLios and Hig7F 5.

A plasmid containing the intact, wild-type Ad5 genome, pTG-3602, was ob-
tained from Transgene, S.I. (Strasbourg, France) (6) (Fig. 1). The majority of the
Ad5 sequences were removed by digestion with Bg/II, resulting in a linear
bacterial plasmid with minimal sequences from the left and right ends of the Ad5
genome. Recombination of the genome of mutant d/355/inORF3 (17) with Bgl1I-
digested pTG3602 was carried out in Escherichia coli BJ5183 bacteria as previ-
ously described (6), resulting in formation of the plasmid pTG-JE1 (Fig. 1). The
viral DNA contains a 14-bp deletion in E4 ORF6 (dI355 mutation) (14) and an
8-bp Clal insertion in E4 ORF3 (inORF3 mutation) (17). The presence of the
dI355/inORF3 genome was confirmed by restriction endonuclease analysis and
DNA sequencing.

AvrlI-Ncol DNA fragments were excised from pBS-E4 plasmids containing
different E4 ORF3 point mutations. Plasmid pTG-JE1 was linearized within E4
ORF3 with Clal and treated with calf intestinal phosphatase. Recombination of
the E4 AvrII-Ncol fragments into the linearized pTG-JE1 plasmid was per-
formed as previously described (6). Briefly, 500 ng of the AvrII-Ncol E4 fragment
and 100 ng of linearized pTG-JE1 plasmid were electroporated into E. coli
BJ5183 bacteria. Recombinants were selected in the presence of ampicillin and
streptomycin. The resulting plasmids were referred to as pTG-pmX, X,,, desig-
nating the E4 ORF3 mutations listed above. These plasmids were propagated in
E. coli XL-1 bacteria. Mutations were verified by DNA sequencing.

Construction of recombinant Ads carrying E4 ORF3 point mutations. Mu-
tated Ad genomes were excised from the pTG-pmX, X, plasmids by Pacl diges-
tion. Four micrograms of viral DNA was used to transfect complementing W162
cells by using Fugene 6 transfection reagent according to the instructions of the
manufacturer (Roche). After 8 days, the cells were harvested and viruses were
isolated by plaque purification on W162 cells. The viruses were propagated in
W162 cells, purified by two successive bandings on cesium gradients, and stored
at —20°C. Virus sequences were confirmed by DNA sequencing.

Construction of E1 replacement viruses. E1 replacement viruses were con-
structed by overlapping homologous recombination. Briefly, a fragment contain-
ing AdS sequences from nt 918 to 35935 with a deletion of E4 ORF1, ORF2, and
ORF3 (E4-dIORF1-3) (17) was generated by digestion with ClaI and isolated on
a sucrose gradient. pAd-CMV-HA plasmids, with wild-type and mutated E4
ORF3 sequences, were linearized with EcoRI and used to cotransfect E1-com-
plementing 293 cells with the Clal fragment of E4-dIORF1-3. The mutants used
were E10Gyi, RosDag, N3oYao, EszEss, DesRes, HooLso, LggVoo, and DigsLigs.
Overlapping recombination resulted in viruses lacking E1A and most of E1B as
well as E4 ORF1 to ORF3 while possessing CMV-driven HA-E4 ORF3 wild-
type and mutant genes at the left end. Recombinant viruses were plaque purified,
amplified on 293 cells, and confirmed by DNA sequencing.

Virus growth and DNA replication. Single-step growth curves were used to
measure virus growth. At 4, 20, 32, and 44 h postinfection, cells were harvested
and lysed by four cycles of freeze-thawing. Virus growth was determined by
plaque assay in the E4-complementing cell line, W162. Viral DNA replication
was determined by Southern blot analysis. Total nuclear DNA from 6-, 12-, 18-,
and 24-h infections was isolated as previously described (29). These samples were
diluted in Tris-EDTA at 1:10, 1:30, 1:100, and 1:200, respectively. The DNA was
denatured and prepared for hybridization as previously described (17). The
DNA was bound to Hybond-N membrane (Amersham) by slot blotting, followed
by UV cross-linking. The probe corresponded to a PCR fragment from Ad5 nt
1 to 194 and was fluorescently labeled by using the Atto-Phos system (Promega).
The probe was hybridized to the membrane and detected according to the
manufacturer’s instructions. The signal was visualized and quantified with a
Molecular Dynamics Storm 860 phosphorimager and ImageQuant software.

Detection of Ad proteins. Infected A549 cells were harvested at 9 and 18 h
postinfection and washed three times with phosphate-buffered saline (PBS). Cell
pellets were resuspended in 3 volumes of radioimmunoprecipitation assay
(RIPA) lysis buffer (150 mM NaCl, 1.0% NP-40, 0.5% deoxycholic acid, 0.1%
sodium dodecyl sulfate [SDS], 50 mM Tris [pH 8.0]) supplemented with a
protease inhibitor cocktail. The cells were vortexed and then lysed by a freeze-
thaw cycle. Cellular debris was precipitated at 25,000 X g, and the soluble protein
fraction was collected. Twenty micrograms of total protein was separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to a Hy-
bond-P (Amersham) membrane, and probed with the appropriate antibody. The
9-h samples were analyzed for DNA binding protein (DBP), and the 18 h
samples were analyzed for penton. Mouse monoclonal anti-DBP antibodies
(A1-6 and B6-8) were gifts from A. Levine and were used as a mixture at a 1:50
dilution each. The rabbit polyclonal antipenton antibody was a gift from C.
Anderson and was used at a 1:1,000 dilution.
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FIG. 1. Construction of viruses containing E4 ORF3 point mu-
tants. Mutations in the E4 ORF3 reading frame initially were con-
structed in plasmid pBS-E4, which contains the Ad5 E4-coding region
without ORF6 or ORF7. Double alanine point mutations were intro-
duced into the E4 ORF3 gene by site-directed mutagenesis with com-
plementary primer pairs. An E4 fragment containing the point mutants
was released from the vector by Ncol and Avrll cleavage. The recom-
binant plasmid pTG-JE1 contains entire genome of mutant virus d/355/
inORF3. A Clal site in the E4 ORF3 reading frame was used to linearize
the plasmid for bacterial recombination with overlapping fragments con-
taining E4 ORF point mutations. Mutagenized viral genomes were ex-
cised from the plasmid by Pacl digestion and used for transfection of the
E4-complementing cell line W162. Viruses were isolated and propagated
by using W162 cells. WT, wild type; ITR, inverted terminal repeat.
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Immunofluorescence. A549 cells were seeded on coverslips and infected as
described above. At 4, 14, and 24 h postinfection, cells were fixed with —20°C
methanol for 5 min. The cells were blocked in 10% goat serum in PBS for 1 h.
The antibodies were diluted in PBS containing 1.5% goat serum and incubated
with the cell monolayers for 1 h at room temperature. The dilutions were 1:300
anti-PML (PG-M3) mouse monoclonal antibody (Santa Cruz Biotechnology),
1:5 anti-E4ORF3 (6A11) rat monoclonal antibody (a gift from T. Dobner), and
1:600 anti-DBP rabbit polyclonal antibody (a gift from C. Anderson), respec-
tively. For Rad50, A549 cells were infected for 18 h and a 1:250 dilution of
anti-Rad50 (2C6) mouse monoclonal antibody (Novus Biologicals) was used.
The coverslips were then washed three times (5 min each) with PBS. The cells
were then incubated with a 1:300 dilution of fluorescein isothiocyanate-conju-
gated goat anti-mouse immunoglobulin G (IgG) (Zymed), Texas red isothiocya-
nate-conjugated goat anti-rat IgG (Zymed), or Alexa 350 goat anti-rabbit IgG
(Molecular Probes) for 45 min at room temperature in the dark and then washed
three times with PBS. The coverslips were mounted on slides in Fluoromount G
(Southern Biotechnology Associates). Immunofluorescence was viewed and pho-
tographed with a Zeiss microscope with Axiovision software.

Pulsed-field gel electrophoresis. Infected A549 cells were harvested at 36 h
postinfection and prepared for pulsed-field gel electrophoresis as previously
described (3). Briefly, cells were harvested by trypsinization, washed once with
PBS, and then resuspended in 100 pl of PBS with 125 mM EDTA. Next, 100 pl
of 1.25% low-melting-point agarose in 50 mM Tris (pH 7.4) and 125 mM EDTA
was added to the cells. The solidified plugs were treated with 1.2% SDS, 0.125
mM EDTA, and 1 mg of proteinase K per ml overnight at 50°C. The plugs were
washed three times over 8 h with 50 mM EDTA. A 1.0% agarose gel was loaded
with 30 pl of melted plug. The gel was run at 6 V/cm with a switching time of 6 s
for 20 h. The DNA was transferred to Hybond-N. The DNA was probed with a
32p_labeled Ad genome probe as previously described (17).

Immunoprecipitation analyses. A549 or 293 cells were infected with E1 re-
placement viruses expressing HA-tagged E4 ORF3 wild-type and mutant pro-
teins for 12 h. Infected cells were harvested and lysed in RIPA buffer. A control
experiment using >>S-labeled Ad-infected cells, and immunoprecipitation dem-
onstrated that RIPA buffer extracted ~90% of E4 ORF3 protein present in the
cell. The extracts were immunoprecipitated with 3 g of anti-E1B 55K rat
monoclonal antibody (Calbiochem), anti-p300 (N-15) rabbit polyclonal antibody
(Santa Cruz Biotechnology), anti-CREB binding protein (CBP) (A-22) rabbit
polyclonal antibody (Santa Cruz Biotechnology), and anti-DNA-PK (catalytic
subunit) mouse monoclonal antibody (Upstate Biotechnology). Immune com-
plexes were separated by SDS-PAGE and transferred to Hybond-P (Amersham)
by standard methods. Membranes were probed with anti-HA mouse monoclonal
antibody (Roche). Proteins were visualized with ECL reagents (Amersham).

RESULTS

Construction and propagation of viruses containing point
mutations in E4 ORF3. In order to fully investigate the role of
E4 ORF3 in Ad infection, viruses that expressed wild-type and
mutant E4 ORF3 proteins at physiological levels in the ab-
sence of E4 ORF6 were constructed. Mutation of E4 ORF6
was necessary to eliminate the complementation of E4 ORF3
defects by E4 ORF6 expression. Figure 1 illustrates the ap-
proach taken for the production of the panel of mutant viruses.
Utilizing the bacterial recombination system described by
Chartier et al. (6), an infectious AdS clone that contains the E4
ORF3 and ORF6 mutations of mutant virus E4-d[355/inORF3
(17) was constructed. This mutant virus has a 14-bp deletion in
the E4 ORF6 gene, thus eliminating this protein without af-
fecting the expression of the splice product E4 ORF6/7. The
dI355/inORF3 virus also has an 8-bp Clal linker insertion in E4
ORF3, disrupting the gene and providing a target site for
recombination in bacteria to introduce mutations into the
ORF3 reading frame in the natural E4 context.

Plasmid pTG-3602 contains the intact, wild-type AdS ge-
nome in a pPolyII background (Fig. 1). A majority of the Ad5
genome was removed by Bg/II digestion. Taking advantage of
the remaining homologous Ad5 sequences, the viral genome of
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FIG. 2. Alignment of E4 ORF3 proteins and point mutations. The sequences of E4 ORF3 proteins from multiple Ad serotypes were identified
in the National Center for Biotechnology Information database and analyzed with the Multi-Align program (http://dot.imgen.bcm.tmc.edu). The
asterisks below the sequences indicate identical amino acids. Double dots below the sequences indicate conserved amino acids. The joined arrow

pairs indicate amino acids replaced by double alanine residues.

dI355/inORF3 was introduced into the plasmid by recombina-
tion in E. coli, as described previously (6). The new infectious
clone, named pTG-JEI1, was used to introduce individual E4
ORF3 point mutations into the E4 region. A transfer plasmid
(pBS-E4 [Fig. 1]) that contains all of the Ad5 E4 region right-
ward of the ORF6 deletion in dI355 was constructed. This
plasmid was used for site-directed mutagenesis of the E4
ORF3 gene. The mutagenesis scheme was to substitute neigh-
boring conserved and/or charged residues with alanine pairs at
10- to 15-amino-acid intervals (ORF3 mutants depicted in Fig.
2). Individual mutations were introduced into pTG-JE1 by
homologous recombination in E. coli. Mutant viral genomes
were excised from the plasmid by Pacl digestion and trans-
fected into the E4-complementing cell line W162 (33). Mutant
viruses were plaque purified and propagated. These mutants
contained a deletion in E4 ORF6 and double alanine point
mutations in E4 ORF3.

Growth of mutant viruses. Single-step growth curves for
noncomplementing A549 cells were used to evaluate the effects
of the E4 ORF3 mutations on overall viral growth properties.
Mutation of E4 ORF6 resulted in an ~10-fold reduction in
virus growth in A549 cells, and the additional deletion of E4
ORF3 further reduced virus growth ~100-fold (Fig. 3), as
previously described (4, 17). One of the E4 ORF3 mutant
viruses, dI355/pmD, 5L, e, Was severely defective for growth in
A549 cells (Fig. 3); this mutant was as defective for growth as
dI355/inORF3, which does not express functional E4 ORF3,
demonstrating a significant deficiency in E4 ORF3 activity.
With one exception, the remainder of the E4 ORF3 mutant
viruses grew to levels within ~3-fold of dI355, which expresses
wild-type E4 ORF3; the exception was mutant dI355/
pmE,,G,,, which was reduced ~15-fold in virus yield (Table
1). Due to the significant growth defect observed with mutant
dI355/pmDysL, 6, this virus was used to further characterize
the function of E4 ORF3 in virus growth.

Viral DNA replication. The phenotype observed with the
mutant virus d/355/pmD, ysL,,, could be attributed to a num-
ber of possible defects in the infection program. Viral DNA

replication of the mutant viruses was analyzed (Fig. 4). The
level of viral DNA at 6 h postinfection is reflective of input
DNA, since this is before the onset of viral DNA replication.
These levels were within 1.5-fold of one another for all of the
viruses examined. The levels of viral DNA accumulation ob-
served with mutants at later times after infection were entirely
consistent with the data obtained in the single-step growth
curves (Fig. 4 and Table 1). With the majority of the mutant
viruses, DNA replication was comparable to that of wild-type
Ad (dI309), whereas mutants dI355/inORF3 and dI355/
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FIG. 3. Viral growth kinetics in A549 cells. A549 cells were in-
fected with wild-type or mutant viruses at a multiplicity of 200 particles
per cell. Virus yields in cellular lysates were measured at the times
indicated by plaque assay on W162 cells. The results represent the
averages from three independent experiments.
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TABLE 1. Growth properties of mutant viruses”

Virus yield (PFU/ml) at:

Virus Designation
4h 20 h 32h
dl309 dl309 2.5 X 10? 2.4 x10° 225 x 107
dl3s5 dl3s5 2.5 X 107 2.8 X 10°  17.75 x 10°
dI355/inORF3 dI355/in3 2.5 X 10? 23 %10 435 x 10*
dI355/pmE, G, pmEG 5.0 X 10? 2.0 X 10* 5.25x 10°
dI355/pmR,5D5q pmRD 1.0 X 10> 835 x10° 4.15 x 10°
dI355/pmDs5l5, pmDI 1.0 x 103 5.0 X 10° 5.0 X 10°
dI355/pmN;oY 4 pmNY 2.5 X 10? 7.5 X 10° 2.0 X 107
dI355/pmEs,Es; pmEE 2.5 X 107 1.8 X 10° 5.0 X 10°
dI355/pmF 5oL, pmFL 2.5 X 10? 6.0 X 10° 2.5 X 10°
dI355/pmDgR 45 pmDR 5.0 X 10? 40X 10° 2.25x 107
dI355/pmH,4Lg, pmHL 2.5 X 10? 1.9 X 10° 7.5 X 10°
dI355/pmLggVo, pmLV 2.5 X 107 1.5 X 10° 2.3 X 10°
dI355/pmD,sL,os pmDL 2.5 X 10? 4.0 x 10> 3.25 x 10*
di355/pmH,y,F,os pmHF 25 X107 3.25 % 10° 1.5 X 10°

“ A549 cells were infected with the wild type and mutant viruses at a multi-
plicity of infection of 200 particles/cell. Virus yields in cellular lysates were
measured at the times indicated by plaque assay on W162 cells. The full names
of the mutant viruses and the abbreviated designations used in the figures are
shown.

pmD, ysL, 4 were significantly impaired in viral DNA accumu-
lation. The decreases in viral DNA production for dI355/
pmD, 5L, were 47.4-fold at 12 h, 9.1-fold at 18 h, and 5-fold
at 24 h postinfection (Fig. 4). These results suggest that the
deficiency in virus production with mutant d/355/pmD, 5L,
likely reflects inefficient establishment of DNA replication,

6h 12h 18h 24h

di309 - - )
di355 s L
dI355/in3
pmEG -
pmRD e o s
pmDI caam rrm [
pmNY  w o =
pmFL avan . f—
pmDR . e
pmHL e s f—
pmLV ~ soam wran
pmDL
pmHF -
1:10 1:30 1:100 1:200

FIG. 4. Viral DNA accumulation in A549 cells. A549 cells were
infected with the wild type or mutant viruses at a multiplicity of 200
particles per cell. Total nuclear DNA was isolated at the times indi-
cated above the blot, diluted as indicated below the blot, and applied
to nylon membrane by using a slot blot apparatus. The blots were
hybridized with a fluorescently labeled oligonucleotide probe. The
signal was detected and quantified with a Molecular Dynamics Storm
860 phosphorimager and ImageQuant software.
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although di355/pm D, 5L, Was able to accumulate DNA at
later time points. Several of the mutant viruses (pmD;gl5,,
pmFsoLg,, and pmH,,Lg,) displayed modestly increased levels
of viral DNA replication at the 12- and 18-h time points. This
effect was reproducible, although we do not understand the
basis for this result.

Viral protein expression. Infected-cell extracts were ana-
lyzed for early and late Ad protein expression. Extracts pre-
pared early after infection (9 h) were probed for the expression
of DBP (Fig. 5, top panel), an early protein necessary for Ad
DNA replication. All of the viruses, including mutants d/355/
inORF3 and dI355/pmD, 5L, s, expressed DBP at similar lev-
els. The same results were found when E1A protein expression
was analyzed (data not shown), indicating that the decrease in
Ad genome replication with mutants d/355/inORF3 and dI355/
pmD, 5L, Was not due to insufficient early gene expression.
Also, the presence of normal amounts of DBP suggests that
the Ad replication machinery is available. Extracts prepared
late after infection (18 h) were probed for the expression of
penton (Fig. 5, bottom panel), a late Ad protein that is a key
component of the virus capsid. A majority of the viruses pro-
duced penton to high levels. However, mutants d/355/inORF3
and dI355/pmD,ysL,,, were substantially reduced for penton
expression. The decrease in penton expression is in direct
relation to the level of virus DNA replication observed with
these mutants.

These data show that viruses containing point mutations in
E4 ORF3 are capable of producing the early proteins neces-
sary for virus DNA replication regardless of E4 ORF3 status.
Conversely, expression of late Ad proteins is dependent on the
ability of E4 ORF3 to facilitate virus DNA replication. Viral
DNA replication with the mutant virus dI355/pm D, 5L, os Was
within 5-fold of that with dI355 at late times after infection, yet
this mutant had >100-fold-decreased virus production. It ap-
pears that the defect in growth of dI355/pm D, sL,,, may be a
synergistic one, coupling the decreases in viral DNA accumu-
lation and late protein expression.

Reorganization of PML nuclear structures. Ads from sero-
types 2,3,5,7,9, and 12 were all found to redistribute the POD
complex (data not shown), suggesting an evolutionary conser-
vation of function. It was suggested previously that viral repli-
cation is linked to the dynamic reorganization of POD struc-
tures by E4 ORF3 (5, 10). However, this relationship has been
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FIG. 5. Viral protein synthesis in A549 cells. A549 cells were in-
fected with wild-type or mutant viruses at a multiplicity of 200 particles
per cell. Cells were infected for 9 h (top) or 18 h (bottom) and lysed in
RIPA lysis buffer. Proteins were separated by SDS-12.5% PAGE,
transferred to Hybond-P, and probed with the antibodies indicated on
the left. The proteins were visualized with ECL reagents.

Penton



5300 EVANS AND HEARING

Uninf. dI355

di355

di355/
pmDL

di355/
pmDL

di355/
inORF3

PML

J. VIROL.

E4-ORF3

DBP

FIG. 6. Localization of PML and viral proteins. A549 cells were infected with wild-type or mutant viruses at a multiplicity of 200 particles per
cell. (A) Cells were infected for 4 h, and the POD structure was visualized with anti-PML antibody and fluorescein isothiocyanate-labeled
secondary antibody. Uninf., uninfected. (B) Cells were infected for 14 h, and the POD structure, E4 ORF3 protein, and DBP-containing virus
replication centers were visualized with anti-PML, anti-E4 ORF3, and anti-DBP, as described in Materials and Methods.

poorly defined with respect to the mechanism by which E4
ORF3 redistributes POD components and to what end this
serves the virus replication program. The reorganization of
POD structures was analyzed with the wild type and the entire
panel of mutant viruses at various times throughout the infec-
tion cycle by indirect immunofluorescence, using antibodies
directed against PML, E4 ORF3, and DBP (Fig. 6). All of the
point mutant viruses exhibited staining patterns similar to that
of dI355, and thus they are described as having wild-type stain-
ing and dI355 is shown as the representative.

At 4 h postinfection, the redistribution of PML-containing
structures into the previously described “track” appearance
was observed in cells infected with viruses that express wild-
type E4 ORF3 protein (d/355 is shown in Fig. 6A; data not
shown for wild-type Ad5 and the remainder of the panel of
point mutant viruses) as well as the pmD,sL,,, mutant pro-
tein (Fig. 6A). All the viruses tested expressed E4 ORF3 pro-
teins to equivalent levels, which colocalized with PML (data
not shown). Virus dI355/inORF3 does not express E4 ORF3,
and thus PODs were not reorganized and E4 ORF3 was not
present in cells infected with this mutant (Fig. 6A). It had been
shown previously that DBP is weakly expressed at 4 h postin-
fection, and thus no DBP staining was evident in these sam-
ples.

At 14 h postinfection, expression of wild-type E4 ORF3
reorganized PML-containing structures into a more circular
appearance (Fig. 6B, dI355). The PML/E4 ORF3 staining was
completely coincident. DBP-containing Ad replication centers
were readily evident, and the PML/E4 ORF3 signals appeared
to be excluded from or only overlapped at the edges of the Ad
DNA replication factories (Fig. 6B, dI355, Merge). It appears

that the PML/E4 ORF3 structures may act to sequester DBP-
positive replication centers to certain centers within the nu-
cleus, perhaps to areas that are appropriate for virus DNA
replication. The dI355/pmD, 5L, virus continued to express
high levels of E4 ORF3 protein at 14 h postinfection (Fig. 6B,
dI355/pmDL). However, this virus maintained the track-like
reorganization of PODs, failing to manipulate PML to encircle
the DBP replication centers. The PML tracks seen in dl355/
pmD, sL,ge-infected cells were exaggerated in length com-
pared to those seen in cells infected with a virus expressing
wild-type E4 ORF3. DBP was easily observed in cells infected
with dI355/pmD,ysL,e, but it was present in the nucleus in a
large number of small, dispersed points, in contrast to the
organized centers observed in cells expressing wild-type ORF3.
These results correlate the inefficiency of DNA replication
observed with mutant dl355/pmD,ysL,s With an aberrant re-
organization of PML structures and an inability to organize Ad
DNA replication centers in a typical manner.

Roles of E4 ORF3 in viral DNA replication and inhibition of
genome concatenation are genetically separable. Viral genome
concatenation was analyzed with the panel of mutant viruses by
pulsed-field gel electrophoresis (Fig. 7). Monomer-length viral
DNA was observed in cells infected with wild-type Ad5 (d/309)
and a mutant that does not express E4 ORF3 (inORF3).
Monomer- and dimer-length genomes were seen in cells in-
fected with d/355, the mutant that does not express E4 ORF6
protein. Increased levels of dimeric and higher-order genomes,
indicative of augmented genome concatentaion, were observed
in cells infected with a number of the E4 ORF3 point mutants
in comparison to dI355 (Fig. 7, pmRD, pmDI, pmFL, pmHL,
pmLV, and pmHF). The levels of genome concatenation ob-
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FIG. 7. Ad genome concatemer formation. A549 cells were in-
fected with wild-type or mutant viruses at a multiplicity of 200 particles
per cell. Cells were harvested 36 h after infection, solidified in agarose
plugs, and treated with SDS-proteinase K solution. The DNA were
separated on 1.0% agarose by pulsed-field gel electrophoresis and
transferred to Hybond-N. Viral unit-length genome and multimers
were hybridized with *?P-labeled Ad genomic probe. Uninf., unin-
fected; D, dimer; M, monomer.

served with these mutants are comparable with those observed
with E4 mutants in previous studies using different cell lines (3,
30, 32). Very low levels of viral DNA were evident in cells
infected with dI355/inORF3 or dI355/pmD, ysL, e, as expected,
and thus genome catenation was difficult to quantify. However,
di355/pmD,sL; s did not inhibit concatemer formation, as
seen faintly in Fig. 7 and upon a longer exposure of the blot
(data not shown). It has been suggested that E4 ORF3 ensures
efficient virus DNA replication and late protein expression by
blocking the inhibitory effects of Ad genome concatenation (3,
30, 32). Our data indicate otherwise. Significant concatemer
formation was observed with a number of the E4 ORF3 point
mutants (Fig. 7) that did not interfere with viral DNA repli-
cation (Fig. 4). These results demonstrate that the functions of
E4 ORF3 in viral DNA replication and inhibition of genome
concatenation are genetically separable.

E4 ORF3 functions do not correlate with association of
known binding partners. The E4 ORF3 protein has been
shown to interact with the Ad E1B 55K protein during viral
infection and in transformed cells (21, 26), as well as with the
cellular protein kinase DNA-PK, by using transient-expression
assays (3). The latter interaction has been linked to Ad inhi-
bition of DSBR. The E4 ORF3 protein effects the nuclear
reorganization of the histone acetyltransferase CBP in a man-
ner analogous to E4 ORF3-induced PML redistribution (34).
We wanted to test the interaction of the panel of E4 ORF3
mutant proteins with known protein binding partners, as well
as potential binding partners, based on published results. The
panel of E4 ORF3 point mutants was built into recombinant
Ad vectors that were defective for expression of early region 1
proteins and E4 ORF1, ORF2, and ORF3 (to eliminate ex-
pression of wild-type E4 ORF3 protein). The E4 ORF3 pro-
teins were tagged at their amino termini with an HA epitope.
The ability of the wild-type and mutant E4 ORF3 proteins to
interact with cellular and viral polypeptides was analyzed by
immunoprecipitation following infection of A549 cells. Anti-
bodies directed against E1B 55K, CBP, p300, and DNA-PK
were used for immunoprecipitation, and coprecipitation of E4
ORF3 was analyzed by Western blotting with anti-HA anti-
body. The immunoprecipitation data are presented in Fig. 8,
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FIG. 8. Interaction of E4 ORF3 point mutants with cellular and
viral proteins. A549 cells (for CBP, p300, and DNA-PK) or 293 cells
(for E1B 55K) were infected with E1 replacement viruses expressing
HA-tagged wild-type or mutant E4 ORF3 proteins at a multiplicity of
200 particles per cell. Cells were infected for 12 h, and RIPA lysates
were prepared. Extracts were immunoprecipitated (IP) with the anti-
body indicated at the left. Proteins were separated by SDS-20%
PAGE and transferred to Hybond-P. Membranes were probed with
anti-HA mouse monoclonal antibody. Proteins were visualized with
ECL reagents. Uninf., uninfected.

and the results are summarized in Table 2. Wild-type E4 ORF3
protein was found reproducibly to coprecipitate with all four of
the proteins examined. However, the E4 ORF3 mutant pro-
teins exhibited a complex interaction profile, with no clear
pattern for binding evident. For example, mutant proteins
pmR,sD, and pmN3,Y,, bound to CBP, but they did not bind
the closely related protein p300. Conversely, mutant protein
pmLgsVo, bound to p300 but not CBP. Importantly, the
pmD, sL,,, mutant protein was capable of binding all four of
the different proteins examined, yet this mutant had the most
severe defect in growth properties of the mutants under study.
Further, no correlation was evident between the binding of E4
ORF3 to DNA-PK and the ability of the corresponding mutant
viruses to inhibit genome concatenation. The primary constit-
uent of PODs, PML, was unable to interact with E4 ORF3
when anti-PML antibody was used for immunoprecipitation
(data not shown). This finding indicates that PML may not be
the direct target of E4 ORF3. It also served as a control
immunoprecipitation with an isotype-matched antibody to the
monoclonal antibody used for DNA-PK. In addition, a non-
specific rabbit antibody did not immunoprecipitate E4 ORF3
as a control for the CBP and p300 immunoprecipitations. In
summary, no direct correlation was observed between the
binding of E4 ORF3 to different viral and cellular proteins and
the efficiency of virus DNA replication, POD rearrangement,
inhibition of genome concatenation, or virus growth. Thus, the
relevance of these protein-protein interactions to virus repli-
cation remains unclear. However, the fact that certain of the
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TABLE 2. Binding properties of mutant E4 ORF3 proteins

Binding® to:
E4 ORF3
E1B55K DNA-PK p300 CBP

Wild type + + + +
pmEG + + + +
pmRD - + - +
pmNY +/- - - +
pmEE + + + +
pmDR - + - -
pmHL + + + +
pmLV - - + -
pmDL + + + +

“ Results of coimmunoprecipitation analyses.

E4 ORF3 point mutations disrupt the interaction with one or
more different binding partners while other mutations do not
affect such binding demonstrates the specificity of these inter-
actions and suggests that they may play a role in a function(s)
of E4 ORF3 that is not yet understood.

Relocalization of the MRE11/NBS1/Rad50 complex does not
inhibit concatenation. The presence of concatenated genomes
with a number of the E4 ORF3 mutant viruses suggested that
the mutant E4 ORF3 proteins were defective for inhibition of
the DSBR machinery. Recent work has shown that E4 ORF3
inhibits DNA-PK (3) as well as relocalizes components of the
MRE11/NBS1/Rad50 DNA repair complex (30). We analyzed
localization of Rad50 by indirect immunofluorescence in cells
infected with viruses that lack E4 ORF6 and that express
wild-type E4 ORF3 (dI355), no E4 ORF3 (dI355/inORF3), and
a mutant E4 ORF3 that did not inhibit Ad genome concate-
nation (d/355/pmR,sD,). These results are shown in Fig. 9.
Rad50 had a diffuse nuclear staining pattern in cells infected
with dI355/inORF3 (Fig. 9) and in uninfected cells (data not
shown), with occasional punctate staining. In cells that ex-
pressed wild-type E4 ORF3 (Fig. 9, dI355), Rad50 was redis-
tributed to dispersed nuclear foci that were largely coincident
with the pattern of E4 ORF3 localization. This staining was
similar to previously published data for cells infected with Ad
(30). The same relocalization of Rad50 was observed in cells
infected with mutant virus dI355/pmR,sD,¢ (Fig. 9). Rad50
foci localized to the periphery of DBP-containing structures,
and very similar relocalization patterns were observed for
MREI11 and NBSI1 (data not shown). We conclude that relo-
calization of the Rad50 component of the MRE11/NBS1/
Rad50 DNA repair complex in Ad infection is not sufficient to
inhibit DSBR.

DISCUSSION

The reorganization of PML nuclear domains is a common
feature associated with infection by many DNA viruses. Early
after infection with papovaviruses (e.g., simian virus 40 and
human papillomavirus), Ads, and herpesviruses (e.g., herpes
simplex virus type 1 and CMV), the viral genome is localized
adjacent to POD structures (reviewed in reference 22). POD
reorganization appears to be a prerequisite for viral DNA
replication, but not early gene expression, to commence. In
order to analyze the effect of E4 ORF3 on virus replication and
PML nuclear domains, an infectious clone that facilitated the
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FIG. 9. Relocalization of Rad50 by E4 ORF3. A549 cells on cov-
erslips were infected with wild-type or mutant viruses at multiplicity of
200 particles per cell. Cells were infected for 18 h, and the Rad50 and
E4 ORF3 proteins were visualized by using anti-Rad50 and anti-E4
ORF3, as described in Materials and Methods.

expression of mutant E4 ORF3 proteins from the natural virus
promoter was developed. Our data show that the redistribution
of PODs by the Ad E4 ORF3 protein alone is not sufficient to
initiate the DNA replication program. Rather, a specific reor-
ganization of PML nuclear bodies appears to be required for
efficient Ad DNA replication. Very early after infection (4 h),
the mutant virus dI355/pmD, 5L, disrupted PODs in a man-
ner similar to that of wild-type AdS, yet at later times, aberrant
PML redistribution was evident with this mutant (Fig. 6). Mu-
tant dI355/pmD,sL;s exhibited a severe defect in DNA rep-
lication in noncomplementing cells (Fig. 4) at a time when
aberrant POD structures were evident. Wild-type E4 ORF3
caused PML to encircle the DBP-containing viral replication
centers (Fig. 6B, dI355). This is reminiscent of cellular DNA
replication factories being adjacent to, but not colocalized
with, PML nuclear domains (16). The mutant virus dI355/
pmD, 5L, Was unable to reorganize PODs in this manner.
Instead, exaggerated track-like structures were formed with
this mutant virus, and DBP was localized to numerous, punc-
tate structures in the nucleus (Fig. 6B, dI355/pmD,ysL;qs)-
Thus, a specific pattern of POD reorganization correlates di-
rectly with the organization and function of Ad DNA replica-
tion centers.

The highly conserved sequence of the E4 ORF3 protein
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among different Ad serotypes and the ability of evolutionarily
diverse Ads to modify the appearance of POD structures attest
to the important role that the reorganization of PML nuclear
bodies plays in establishing virus infection. What is not appar-
ent is if the reorganization of PODs to specific nuclear struc-
tures recruits Ad replication proteins to particular sites in the
nucleus that are compatible with viral DNA replication or if
viral replication proteins target nuclear regions that are devoid
of PML to establish replication factories. However, it is clear
that Ad replication centers form within newly reorganized
PML structures in the nucleus, consistent with an earlier report
(18). It is possible that the newly synthesized viral DNA itself
displaces the contents of the nucleus, including the PML/E4
ORF3 track structures. However, this seems unlikely, since
other cellular proteins in the nucleus remain unaffected and
the nuclear boundaries are extended to only minimal degrees.
The nature of the PML/E4 ORF3 track structures and their
cause-effect relationship with viral replication centers remain
an interesting and open area for study.

It is well established that the E4 ORF3 and E4 ORF6 pro-
teins have compensatory functions in viral infection and are
important for efficient viral DNA replication, late gene expres-
sion, and virus production (4, 17). A recent report linked the
ability of both proteins to regulate the MRE11 DNA repair
complex with the overlapping activities of these proteins in
viral infection (30). The E4 ORF3 protein disrupts the orga-
nization of the MRE11 DNA repair complex in PML nuclear
domains, and the E4 ORF6 protein targets the MRE11 com-
ponent of this complex for ubiquitin-dependent degradation.
Our results are consistent with that report but also demon-
strate that the role of these E4 proteins in the establishment of
Ad DNA replication precedes their role in the inhibition of
cellular DSBR. The function of E4 ORF3 in Ad DNA repli-
cation is genetically separable from its inhibition of genome
concatenation, since a number of mutant viruses were capable
of efficient DNA replication and virus production yet were
unable to inhibit concatenation of viral genomes (Fig. 7). Also,
a virus that could not block genome multimerization (d/355/
pmR,sD,¢) was able to relocalize Rad50 DNA into the same
pattern as a virus that can inhibit most concatenation (d/355)
(Fig. 9). These data indicate that the relocalization of Rad50,
and likely that of the entire MRE11/NBS1/Rad50 complex, is
not sufficient to inhibit DSBR. The primary defect observed
with the mutant virus d/355/pmD,ysL,,, Was a severe defi-
ciency in the initiation of viral DNA replication. This defect
correlated directly with a significant decrease in virus growth
exhibited by this mutant. Thus, while Ad genome concatena-
tion is a process that the virus has evolved several proteins to
circumvent, genome multimerization does not have a major
impact on virus yield in cultured cells. These results are con-
trary to previously accepted notions that E4 ORF3 and E4
ORF6 are redundant in their roles in replication and inhibition
of genome concatenation. It is likely that the profound defect
observed in overall virus yield with the inhibition of both E4
ORF3 and E4 ORF6 functions (mutants d/355/inORF3 and
dI355/pmD, ysL,4s) (Fig. 3 and Table 1) is a synergistic effect
caused by the lack of viral DNA replication combined with
significantly reduced late gene expression (Fig. 5).

Previously, it had been shown that E4 ORF3 interacts with
both viral (E1B 55K) and cellular (DNA-PK) proteins and also
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regulates the subnuclear localization of the transcriptional reg-
ulator CBP (3, 21, 26, 34). The association of E4 ORF3 with
these proteins has been linked to functions important for virus
replication or transformation. In addition to E1B 55K and
DNA-PK, the wild-type E4 ORF protein was found to interact
with histone acetyltransferases CBP and p300 (Fig. 8). The
panel of mutant E4 ORF3 proteins, however, exhibited a com-
plex pattern of association with these viral and cellular pro-
teins. It was clear from these analyses that the binding of
different proteins by E4 ORF3 does not correlate with virus
DNA replication, POD rearrangement, inhibition of genome
concatenation, or virus growth. In each case, a viral mutant
that could not bind one or more E4 ORF3-associated proteins
but showed wild-type growth properties was identified (Table
2). Most strikingly, point mutant D, 5L, was the most defec-
tive virus identified, yet the D,(sL,, mutant protein was able
to bind all of the associating proteins as well as or better than
wild-type E4 ORF3 protein. These data indicate that the pri-
mary functional binding target of E4 ORF3 has not been de-
termined. The interaction of E4 ORF3 with the DSBR protein
DNA-PK was implicated in the mechanism of inhibition of
concatenation of viral genomes (3). However, our data dem-
onstrate that the interaction of E4 ORF3 with DNA-PK may
not be essential for inhibition of concatemer formation, nor is
concatenation wholly detrimental to virus replication.

The increase in binding of certain E4 ORF3 mutant proteins
to some binding partners (Fig. 7) suggests that there is com-
petition in vivo for interaction with limiting E4 ORF3 protein.
For example, mutant pmRD did not bind E1B 55K or p300 but
showed enhanced binding to CBP. That this does not represent
a global misfolding of mutant E4 ORF3 proteins is supported
by the fact that all mutants grew as well as the wild type, with
the exception of pmDL. PML, the primary component of
PODs, was unable to interact with E4 ORF3, indicating that
POD reorganization is carried out in a manner not dependent
on the direct interaction of PML and E4 ORF3.

The specific mechanism by which E4 ORF3 achieves POD
reorganization and DNA replication initiation remains un-
clear. It also is not clear how the E4 ORF6 protein accom-
plishes the same goal without any discernible rearrangement of
PML nuclear bodies. E4 ORF6 recently was shown to interact
with an E3 ubiquitin ligase complex to direct the degradation
of specific cellular proteins such as p53 and MREL11 (15, 27). It
is possible that E4 ORF6 achieves a similar goal of establishing
Ad DNA replication centers by directing the degradation of a
cellular protein(s) that inhibits Ad replication early after in-
fection, but without affecting overall POD architecture. This
idea would indicate that the adjacent localization of Ad DBP
with E4 ORF3-reorganized PML structures observed in wild-
type Ad infection reflects the establishment of Ad replication
centers at sites that lack PML, rather than PML recruitment of
Ad replication proteins to specific nuclear domains. Otherwise,
it would be difficult to reconcile how E4 ORF6 allows the
establishment of Ad replication centers in regions that lack
PML.

The analysis of E4 ORF3 mutants expressed from the nat-
ural E4 promoter and without E4 ORF6 has provided new
information about the function of this Ad protein. Our data
show that E4 ORF3 is a multifunctional protein that tempo-
rally regulates the viral infection program. Virus DNA repli-
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cation is controlled by the coordinated reorganization of POD
complexes into a specific structure as manipulated by E4
ORF3. This function of E4 ORF3 appears to induce an initi-
ating event for DNA replication. Later, the E4 ORF3 protein
regulates viral genomic concatenation by interfering with the
induction of cellular DSBR (3, 30). These two functions com-
plement one another to allow for the maximal yield of viral
genomes available for virus assembly.
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