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packaging (29). Among the viral proteins, only the 52/55-kDa
protein has been shown to date to be required for viral DNA
packaging (15), though pIX has been shown to affect the ability
of the virion to package full-length genomes (1, 2, 6). Early
studies demonstrated that the 52/55-kDa protein is present in
assembly intermediates, but not in mature virions, and is required for virus assembly, suggesting that the 52/55-kDa protein is a scaffolding protein (19). Recently, we demonstrated
that the 52/55-kDa protein is required for viral DNA encapsidation and does not function as a scaffolding protein, because
a mutant virus (pm8001) that does not express this protein
accumulates empty capsids with no viral DNA (15). However,
the mechanism by which the 52/55-kDa protein directs viral
DNA encapsidation is not clear. Presumably, the 52/55-kDa
protein must bind directly to the packaging sequences or interact with other viral or cellular proteins that bind to the
packaging sequences to mediate specific DNA packaging.
Using the yeast two-hybrid system, we demonstrated previously that the 52/55-kDa protein interacts with the adenovirus
IVa2 protein (16). The IVa2 protein is a transcriptional activator of the major late promoter (MLP), acting as a component of two factors that bind to the downstream element (DE)
of the MLP (25, 27, 31), DEF-A and DEF-B. DEF-B is a
homodimer of IVa2 and binds to a site referred to as DE2b
(23). DEF-A is a heterodimer, of which the IVa2 protein is one
component, and binds to the DE1 and DE2a sites. Binding of
DEF-A to the DE2a site requires the cooperation of DEF-B.
The interaction of the 52/55-kDa and IVa2 proteins suggests
that the 52/55-kDa protein may be involved in regulating the
MLP, possibly as a component of DEF-A, since delayed expression of viral late proteins was detected in pm8001-infected
cells (15), although the 52/55-kDa protein itself has no known
DNA binding ability. On the other hand, the DNA binding
property of the IVa2 protein, along with its ability to bind the
52/55-kDa protein, suggests the possibility that the IVa2 protein is involved in DNA encapsidation. Moreover, the IVa2
protein has been shown to be a component of both assembly
intermediates and mature virions, further suggesting a possible
role of IVa2 protein in virus assembly (32).
In this report, we describe experiments to test these possibilities. We have found that the 52/55-kDa protein does not
appear to be involved in binding of the IVa2 protein to the DE.
While examining the DE and packaging sequence A repeats,

Adenovirus has been used for many years as a model system
to study DNA replication, gene expression, and virus-host interactions. In recent years, interest has also been focused on
adenovirus because of its potential as a vector for gene therapy. However, the detailed mechanisms of how virus particles
are assembled and viral DNA is specifically packaged are still
not fully understood. The assembly of adenovirus virions starts
with polymerization of the hexon to form the capsomers that
are the basic structural unit of the capsids (24). Two populations of virus particles, called light and heavy particles, can be
distinguished by CsCl equilibrium centrifugation (26). The
light particles, with a density of 1.315 g/cm2, are premature
assembly intermediates containing no DNA, or, in some cases,
part of the viral genome, and protein components, including
the hexon, penton, and fiber proteins and precursors of proteins VI and VIII. The partial genome in these intermediates
may be the result of shearing of viral DNA outside of the
particle during virus preparation (4) and is predominantly derived from the left end of the viral genome, indicating that
packaging of viral DNA starts from the left end of the viral
genome (30). Core proteins V and VII are not present in the
empty capsids (5). Pulse-chase experiments indicate that DNA
and these core proteins are inserted into the empty capsid to
generate the heavier particles, consisting of young and mature
virions (5). The final maturation process involves the proteolytic cleavage of precursor proteins in the young virion, including pIIIa, pTP, pVI, pVIII, and pVII.
The mechanism of adenovirus DNA encapsidation is not
known. Specific packaging of viral DNA has been shown to be
mediated by the packaging sequence, which is located at the
left end of the viral genome (nucleotides 194 to 382 in Ad5)
(17, 21). This region contains at least five functionally redundant domains, the A repeats, with AI, AII, AV, and AVI being
the most important elements (7, 8). Each of the A repeats fits
a consensus motif and can function independently (28). The
proteins that are involved in DNA packaging are not known,
although cellular components have been shown to bind to
sequences in the packaging domains that are required for
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We have demonstrated previously that the adenovirus L1 52/55-kDa protein binds to the viral IVa2 protein
in infected cells. The significance of this interaction was unclear, however, based on the known functions of
these two proteins: the 52/55-kDa protein is required for viral DNA packaging, while the IVa2 protein is a
transactivator of the major late promoter (MLP). In this report, we have attempted to elucidate a role for each
of the two proteins in the other’s known function. There is no apparent effect of the 52/55-kDa protein on the
interaction of the IVa2 protein with the MLP. Surprisingly, however, we found that the IVa2 protein can
interact with the adenoviral packaging signal and that this interaction involves DNA sequences that have
previously been demonstrated to be required for packaging.
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TABLE 1. DNA sequences used in mobility shift assays

A repeat

Sequencea

Ad5 nucleotide position

DE
PS
AI-II
AI-II-m1
AI-II-m2
AII-a
AII-b
AIV-V
AVI

GATTGTCAGTTTCCAAAAACGAGGAGGATTTGATATTCACCTGG

6132–6175
195–382
238–283
238–283
238–283
254–271
253–287
316–358
355–380

a

TAGTAAATTTGGGCGTAACCGAGTAAGATTTGGCCATTTTCG
TAGTAAATTacGGCGTAACCGAGTAAGATTacGCCATTTTCG
TAGTAAATTTGGGCGTAACtaAtTAAGATTTGGCCATTTTCG
AACCGAGTAAGATTTGGC
TAACCGAGTAAGATTTGGCCATTTTCGCGGG
ATTTTGTGTTACTCATAGCGCGTAATATTTGTCTAGGGCCGCG
CGCGGGGACTTTGACCGTTTACGTGG

The conserved TTTG and CGXG motifs are underlined. The mutated nucleotides in AI-II-m1 and AI-II-m2 are in lowercase letters.

MATERIALS AND METHODS
Cells and viruses. 293 cells are human embryonic kidney cells expressing
adenovirus E1A and E1B proteins (10). 293-L1 cells are 293 cells that stably
express the 52/55-kDa protein, which are used as a helper cell line for growing
the 52/55-kDa mutant virus, pm8001 (15). All of these cells were maintained in
Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum. For 293-L1
cells, 0.5 mg of G418 per ml was added to the medium. Wild-type Ad5 virus was
propagated on 293 cells as described previously (9).
Nuclear extracts. 293 cells were infected with Ad5 or pm8001 at a multiplicity
of infection of 5 PFU/cell. Twenty-four hours after infection, nuclear proteins
were extracted as described previously (3). Briefly, cells were washed twice with
phosphate-buffered saline, resuspended in 4 pellet volumes of buffer A (10 mM
HEPES [pH 7.9]; 10 mM KCl; 1.5 mM MgCl2; 5 mM dithiothreitol [DTT]; 0.5
mM phenylmethylsulfanyl fluoride; 5 g [each] of aprotinin, leupeptin, and
pepstatin per ml) and incubated on ice for 1 h. The cells were then transferred
to a glass Dounce homogenizer and lysed with 20 strokes of a tight-fitting pestle.
The nuclei were centrifuged at 2,000 ⫻ g for 5 min at 4°C. After being washed
once with 1 ml of buffer A, the nuclei were resuspended in 3 pellet volumes of
buffer B (20 mM HEPES [pH 7.9]; 20% glycerol; 420 mM NaCl; 1.5 mM MgCl2;
0.2 mM EDTA; 5 mM DTT; 0.5 mM phenylmethylsulfonyl fluoride; 5 g [each]
of aprotinin, leupeptin, and pepstatin per ml) and incubated on ice for 30 min.
The supernatant was collected after centrifugation at 12,000 ⫻ g for 30 min, snap
frozen on dry ice, and stored at ⫺80°C.
Electrophoretic mobility shift assay. DNA binding assays were performed as
described previously (18), with the following modifications. Four micrograms of
nuclear extract was added to 13 l of reaction mixture containing 10 mM HEPES
[pH 7.9], 20 mM KCl, 3 mM MgCl2, 10 mM EDTA, 12% glycerol, 300 g of
bovine serum albumin per ml, 1 g of poly(dI-dC), 1 mM DTT, and 100,000 cpm
of 32P-labeled probe. The probes were oligonucleotides which were annealed
from synthetic complementary single-stranded DNA (see Table 1 for sequences).
One hundred nanograms of double-stranded DNA was end labeled with 1 U of
T4 DNA kinase and 50 Ci of [␥-32P]ATP in 30 l of buffer at 37°C for 1 h and
then purified on a Sephadex G-25 spin column. The binding reaction mixtures
were incubated at room temperature for 15 min and then were resolved in a 4.5%
polyacrylamide (40:1 ratio of acrylamide to bisacrylamide) gel in 0.5⫻ Trisborate-EDTA buffer for 4 h at 150 V and 10°C. Unlabeled oligonucleotides or a
DNA fragment containing the complete packaging sequence (prepared by PCR)
was added to the mixtures as a competitor in some assays. For supershift assays,
the nuclear extracts were incubated with purified monoclonal anti-IVa2 or polyclonal anti-52/55-kDa antibodies on ice for 15 min and then added to the
reaction mixture for further incubation. Purified monoclonal anti-simian virus 40
(SV40) T antigen (TAg) and polyclonal anti-Rb antibodies were used as controls
in the supershift assays.

RESULTS
The 52/55-kDa protein does not bind to the DE. The interaction of the 52/55-kDa protein with the IVa2 protein, one of
the activators of MLP, led us to investigate a potential role of
the 52/55-kDa protein in regulating the MLP. Although the
52/55-kDa protein is not required for the full activation of the

MLP, the slightly delayed activation of the MLP in cells infected with pm8001 (15) suggested that perhaps the 52/55-kDa
protein up-regulates the MLP during early times of infection.
This effect could be mediated through its interaction with the
IVa2 protein, which binds to the DE. For example, it is possible that the 52/55-kDa protein or its previously reported
40-kDa degradation product (19) is a component of the
DEF-A complex. To test this possibility, we performed electrophoretic mobility shift assays using nuclear extracts from
293 cells infected with wild-type Ad5 or pm8001, which does
not express the 52/55-kDa protein. The probe was a 32P-labeled DE DNA fragment (Table 1). We detected two dominant virus-specific complexes (compare lanes 1 and 2), which

FIG. 1. The L1 52/55-kDa protein is not a component of the complexes
binding to the DE. Electrophoretic mobility shift assays were performed with
nuclear extracts (NE) prepared from uninfected 293 cells (293), Ad5-infected
293 cells (Ad5), or pm8001-infected cells (⌬L1) and a labeled DE probe, with or
without 20⫻ or 200⫻ molar excess cold DE or the E2F binding sequence in the
adenovirus E2 promoter (E2F) as competitors. The arrows indicate the two
dominant virus-specific complexes and free DE probe.
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however, we found significant sequence homology among
these elements. We have demonstrated, then, that the IVa2
protein can bind to the A repeats. Moreover, mutations in
conserved functional motifs of the A repeats eliminate the
binding of the IVa2 protein. These results indicate that the
IVa2 protein interaction with the 52/55-kDa protein may play
a role in the encapsidation of viral DNA.
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correspond to the “a” and “c” complexes reported previously
(23) (Fig. 1). The binding is specific, because cold homologous
probe could compete for complex formation, whereas an E2F
binding sequence could not. The band pattern in the extract
from the pm8001-infected cells (lane 7) was the same as that of
the Ad5-infected cells (lane 2), indicating that the 52/55-kDa
protein was not a component in these complexes. Supershift
analysis with antibodies specific for the IVa2 or 52/55-kDa
proteins showed that the IVa2 protein, as previously reported,
was present in these complexes, while the 52/55-kDa protein

was not (data not shown). Furthermore, the formation of the
two complexes appeared at the same time, 12 h postinfection
of both viruses, and increased thereafter (data not shown),
indicating that the formation of the complexes paralleled the
activation of the MLP. Thus, it appears that the 52/55-kDa
protein does not influence binding of the IVa2 protein to the
MLP.
The packaging sequence competes with DE for binding to
DEF. We next investigated whether the interaction between
the 52/55-kDa and IVa2 proteins is involved in viral DNA
packaging. We examined the sequences in the packaging domain to determine if there were potential binding sites for the
IVa2 protein. There is 60.9% sequence identity between the
AI-II repeats and DE, 51.2% identity between the AIV-V
repeats and DE, and 53.5% identity between the AV-VI repeats and DE. A consensus sequence, CGXGN5TTTG, which
is in the four dominant A repeats (I, II, V, and VI), is also
present in the DE (Fig. 2). This consensus sequence covers two
regions of the DE, DE2b, and DE2a, which have been shown
to be the binding sites of DEF-B and DEF-A, respectively.
This sequence homology between the DE and the A repeats,
especially the presence of the DEF binding sites, suggested
that DEF-A and/or B could bind to the packaging sequence.
We therefore performed mobility shift assays to test if the
packaging sequence could compete with the DE probe for
binding to the DEFs. The sequences of the A repeats used in
the assay are listed in Table 1. The entire 192-bp packaging
sequence (PS) competed for binding to the DE probe (Fig. 3).
The AI-II and AIV-V domains also could block the formation
of complex c, but not complex a, whereas AVI had little effect

FIG. 3. Packaging sequences compete with DE for binding to DEF complexes. Electrophoretic mobility shift assays were performed as described in the legend to
Fig. 1, using the indicated competitors.
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FIG. 2. Sequence similarity between the DE of the major late promoter and
the PS. The binding sites for DEF-A and -B are indicated by the lines above the
DE sequence, and the packaging A repeats are indicated by the lines below the
PS. Identical nucleotides are indicated by asterisks. The conserved CGXG and
TTTG motifs are indicated in boldface type.
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on the formation of both complexes. These results suggested
that two A repeats together could bind to at least one of the
components of the DEFs.
Binding of viral proteins to the AI-II repeats. To prove
further that the packaging sequence could be bound by virusspecific proteins, assays were performed with a 32P-labeled
AI-II probe (Fig. 4). In a comparison of nuclear extracts from
uninfected 293 cells (lane 1) and Ad5-infected 293 cells (lane
2), two virus-specific complexes were formed with the AI-II
probe, which we have designated as complexes x and y. Cold
DE blocked the formation of both complexes, further indicating that a common component, most likely the IVa2 protein,
was involved in the DE and AI-II complexes. Complex x was
inhibited by all of the packaging A repeats tested, with AVI
alone being the weakest competitor. Complex y was only partially competed by the packaging A repeats at the indicated
molar excess. An E2F binding sequence did not compete for
either complex, however, indicating that the competition by
the A repeats was specific (data not shown). We also tested two
smaller oligonucleotides that span the AII repeat, AII-a and
AII-b, as competitors. AII-a did not compete, and AII-b competed less efficiently than cold AI-II (data not shown). This
indicated that the required binding region was larger than
AII-a and that perhaps cooperative binding might occur. In
addition, a 32P-labeled AIV-V probe was tested for binding,
and the same two complexes were detected (data not shown).

To determine if the conserved CGXGN5TTTG motif in the
A repeats was the binding site for complexes x and y, we
introduced mutations into this sequence. First, we mutated the
TTTG to TTAC in both the AI and AII repeats of the AI-II
probe, since TTTG has been defined as a critical component of
the DE binding site for DEF-A to form complex c and is also
an important motif in the A repeats for viral DNA packaging.
This mutant oligonucleotide, AI-II-m1, was used in the assay
as a competitor. Compared with wild-type AI-II competitor
(lanes 5 and 7 in Fig. 4), AI-II-m1 did not block the formation
of complex x efficiently at 20-fold molar excess, indicating that
the mutation might affect the formation of complex x. However, AI-II-m1 did block the formation of both complexes x
and y efficiently at 200-fold molar excess.
To determine the binding sites for complexes x and y further,
different mutations were made, changing the CGAG to TAAT
in the AI-II probe to generate AI-II-m2. This region was also
shown previously to be important for DNA packaging. Direct
binding of 32P-labeled wild-type AI-II, AI-II-m1, and AI-II-m2
probes to viral proteins was compared. Complex x, but not y,
disappeared (compare lanes 2 and 4) when the AI-II-m1 probe
was used (Fig. 5), indicating that TTTG is required to form
complex x, whereas formation of complex y does not require
TTTG. This is in agreement with the results of the previous
experiment in which AI-II-m1 did not compete efficiently for
complex x. However, neither virus-specific complex was de-
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FIG. 4. Binding of viral proteins to the AI-II repeats. Electrophoretic mobility shift assays were performed as described in the legend to Fig. 1, except that a labeled
AI-II probe was used, along with the indicated competitors.
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FIG. 5. Mutational analysis of the binding sites for complexes x and y. Electrophoretic mobility shift assays were performed with wild-type AI-II, AI-II-m1,
and AI-II-m2 probes.

tected with the AI-II-m2 probe (compare lanes 2, 4, and 6),
indicating that CGAG is required for the formation of both
complexes x and y.
The IVa2 protein is a component of complexes x and y. The
next question we wished to address is whether the IVa2 protein
or 52/55-kDa protein is present in complexes x and y. We
performed supershift assays using antibodies to the IVa2 and
52/55-kDa proteins and a 32P-labeled wild-type AI-II probe.
When nuclear extracts from Ad5-infected 293 cells were mixed
with a monoclonal anti-IVa2 antibody, both complexes x and y
disappeared (Fig. 6), indicating that both complexes contained
the IVa2 protein. Nuclear extracts mixed with anti-L1 antibody
or two control antibodies, anti-SV40 large TAg and anti-Rb
(lanes 4 to 6), gave the same binding patterns as the untreated
extract (lane 2). This indicated that the 52/55-kDa protein
might not be present in these two complexes. This conclusion
was further supported by the fact that both complexes x and y
were still present in nuclear extracts from pm8001-infected
cells, which do not contain any 52/55-kDa protein (lane 7).
DISCUSSION
In this report, we investigated the possible significance of the
interaction between the adenovirus 52/55-kDa and IVa2 proteins. Although we were unable to establish a definitive role for
this interaction, we obtained the unexpected result that the
IVa2 protein is not only an activator of MLP, but may also play
a significant role in viral DNA packaging.
The first possibility we tested was whether the 52/55-kDa
protein is involved in the activation of the MLP. The previous

observation that there is a slightly delayed expression of late
viral proteins in pm8001-infected cells indicated that the 52/
55-kDa protein might have an effect on MLP at early times.
We were unable to find the 52/55-kDa protein in complexes
formed with the DE, however, as judged by either antibody
supershift analysis or differences in complex formation in extracts from cells infected with pm8001. While this does not
definitively prove that the 52/55-kDa protein does not affect
transcription from the MLP, it argues strongly against it. It
remains possible that the 52/55-kDa protein could have an
effect on the binding of the DEFs to DE when IVa2 is expressed at low levels during early times of the infection. Another possibility is that the 52/55-kDa protein interacts with
complexes a and c to form a larger complex in vivo, which may
be unstable in the in vitro assays.
Sequence homology between the DE and the packaging
sequence led us to begin to investigate the possibility that the
IVa2 protein is involved in viral DNA packaging. Our discovery that the IVa2 protein is a component of two complexes
binding to the packaging A repeats provides the first evidence
that a viral protein-DNA interaction may be involved in adenovirus DNA packaging. There are two predominant virusspecific complexes formed with the DE and the AI-II probes,
and they share some common properties. First, they share a
common component, the IVa2 protein. Second, they both require common motifs for binding: the TTTG motif is the binding site for DEF-A to form complex c and is also required for
the formation of complex x, and the CGXG motif is in the
binding site of DEF-B and is also required for the formation of
complex y (27). Third, formation of complex x requires both
the TTTG and CGXG motifs, similar to their requirement for
the formation of complex c on the DE (27). Based on the
similarities between the complexes formed with the DE and

Downloaded from http://jvi.asm.org/ on November 15, 2019 by guest

FIG. 6. The IVa2 protein is a component of complexes x and y. Supershift
assays were performed with nuclear extracts (NE) prepared from uninfected 293
cells (293), Ad5-infected 293 cells (Ad5), or pm8001-infected 293 cells (⌬L1)
with anti-IVa2, L1, SV40 TAg, or Rb protein antibodies (AB) and a labeled
AI-II probe.
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the A repeats, we speculate that the factor that makes up
complex y on the packaging AI-II probe may be DEF-B, and
complex x may be DEF-B together with DEF-A.
The TTTG and CGXG motifs in the A repeats that are
required for the formation of complexes x and y have also been
shown to be critical for viral DNA packaging (28), suggesting
that complexes x and y play roles in viral DNA packaging. In
addition to these virus-specific complexes, we also detected
cellular components present in uninfected extracts that bind
the A repeats. These may be the same as the P-complex, which
has been shown previously to bind to the A repeats (29). It is
interesting to note, however, that binding of the P-complex
only requires the TTTG motif and not the CGXG motif. Since
mutations and insertions in the CGXG sequence have been
shown to dramatically reduce the efficiency of viral DNA packaging (28), it appears that CGXG and its flanking sequence are
required for the binding of a factor or factors that are critical
for packaging. Our data demonstrate that this sequence is
essential for the formation of both of the virus-specific, IVa2containing complexes, indicating that the IVa2 protein is likely
involved in mediating viral DNA packaging. Preliminary analysis of an IVa2 mutant virus suggests that the IVa2 protein
might be involved in assembly (H. Young, personal communication).
To our surprise, however, the 52/55-kDa protein does not
appear to be a component of these complexes. The requirement of the 52/55-kDa protein for viral DNA encapsidation
indicates that this protein is involved in one of the steps of this
process. Virus particles from a temperature-sensitive mutant,
ts369, which has a single-amino-acid change in the 52/55-kDa
protein, have been shown to contain only the left end of the
viral genome at the nonpermissive temperature (20). In addition, an L1-null mutant does not encapsidate any DNA (15).
These results indicate that the 52/55-kDa protein may play
roles in both the initial association of the viral DNA with
empty capsids and the subsequent translocation of the viral
DNA. One explanation for why the 52/55-kDa protein is undetectable in the in vitro binding assays is that this protein may
need other structural proteins in the intact empty capsid to
interact stably with the IVa2-DNA complexes and mediate the
encapsidation of the viral DNA. Another possibility is that the
interaction of the 52/55-kDa protein with the IVa2-DNA complexes is not detectable under the in vitro assay conditions.
Bacteriophages  and 29 have been excellent model systems for studying viral DNA packaging. Adenoviruses share
some similarities with the phage systems. First, the genomic,
double-stranded DNAs of these viruses are inserted into an
empty viral capsid. Second, the DNAs have a single packaging
signal located at one end of the genome (22). Third, both
adenovirus and phage 29 have a protein covalently bound to
the 5⬘ end of the DNA, the preterminal protein, and gp3,
respectively. The protein-protein and protein-DNA interactions that are necessary for the translocation of viral DNA into
the capsid have been well defined in the phage systems, but not
in adenovirus. The virus-encoded terminase of phage  and
gp16 of phage 29 are the proteins that interact with the phage
DNA and mediate the translocation of the viral DNA (11, 12,
33, 34). Both the terminase and gp16 function as ATPases, and
DNA translocation is driven by ATP hydrolysis (13). Furthermore, a packaging RNA is required for the translocation of
viral DNA in the phage 29 system (14). It will be of interest
to determine if the adenovirus 52/55-kDa and IVa2 proteins
play similar roles in the encapsidation of its DNA.
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AUTHOR’S CORRECTION
Interaction of the Adenovirus IVa2 Protein with Viral
Packaging Sequences
Wei Zhang and Michael J. Imperiale
Department of Microbiology and Immunology and Comprehensive Cancer Center,
University of Michigan Medical School, Ann Arbor, Michigan 48109-0942
Volume 74, no. 6, p. 2687–2693, 2000. Page 2688, Table 1: We have discovered that there is an error in the sequence of one of
the probes that was used in the assay shown in Fig. 5. In Table 1, we reported the sequence of the A1-A2-m1 probe to be
“TAGTAAATTacGGCGTAACCGAGTAAGATTacGCCATTTTCG.” The correct sequence is “TAGTAAATTcaGGCGTAA
CCGAGTAAGATTcaGCCATTTTCG.”
The result in Fig. 5 stands and is reproducible using the correct sequence. We apologize for any inconvenience this may have
caused to other investigators.
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