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Adenovirus type 5 (Ad5) DNA packaging is initiated in a polar fashion from the left end of the genome. The
packaging process is dependent on the cis-acting packaging domain located between nucleotides 230 and 380.
Seven AT-rich repeats that direct packaging have been identified within this domain. A1, A2, AS, and A6 are
the most important repeats functionally and share a bipartite sequence motif. Several lines of evidence suggest
that there is a limiting trans-acting factor(s) that plays a role in packaging. Both cellular and viral proteins that
interact with adenovirus packaging elements in vitro have been identified. In this study, we characterized a
group of recombinant viruses that carry site-specific point mutations within a minimal packaging domain. The
mutants were analyzed for growth properties in vivo and for the ability to bind cellular and viral proteins in
vitro. Our results are consistent with a requirement of the viral IVa2 protein for DNA packaging via a direct
interaction with packaging sequences. Our results also indicate that higher-order IVa2-containing complexes
that form on adjacent packaging repeats in vitro are the complexes required for the packaging activity of these
sites in vivo. Chromatin immunoprecipitation was used to study proteins that bind directly to the packaging
sequences. These results demonstrate site-specific interaction of the viral IVa2 and L1 52/55K proteins with the
Ad5 packaging domain in vivo. These results confirm and extend those previously reported and provide a

framework on which to model the adenovirus assembly process.

Adenovirus (Ad) assembly has been studied by using pulse-
chase kinetic analyses, through the characterization of temper-
ature-sensitive virus mutants blocked at different stages of as-
sembly at the restrictive temperature, by studies of virus
mutants defective in the expression of proteins involved in the
packaging process, and by studies of mutants defective in the
packaging sequences (2-4, 6-8, 12, 25, 31, 32). The results
suggest that adenovirus assembly follows an ordered series of
assembly and processing events analogous to those found in
the assembly of bacteriophages. Whether the viral genome is
involved in nucleating the initiating steps of capsid morpho-
genesis or whether viral DNA is inserted into an empty, pre-
formed capsid has not been resolved. It is clear, however, that
the viral genome contains cis-acting sequences that mediate
the packaging process (reviewed in reference 20). Adenovirus
DNA packaging occurs in a polar manner from the left end of
the genome (1, 28). The genomes of adenovirus type 3 (Ad3),
AdS5, and Ad16, representatives of adenovirus subgroups B and
C, harbor conserved packaging signals (6, 10, 19, 22). These
conserved cis-acting packaging domains suggest similar mech-
anisms of selective and polar DNA packaging for all adenovi-
rus subgroups.

Ad5 DNA encapsidation is dependent on cis-acting se-
quences located between nucleotides (nt) 230 and 380 (Fig.
1A) (6, 7, 13, 25). Seven repeated sequences (termed A-re-
peats due to their AT-rich content) that contribute to viral
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DNA packaging are located within this domain. Although A-
repeats are functionally redundant, they follow a hierarchy of
importance: Al, A2, AS, and A6 are the most important re-
peats for packaging activity (6, 7, 25). A-repeats contain a
bipartite consensus motif (5'-TTTG Ng CG-3’ [Fig. 1A]). Both
the first and the second half-site of the consensus motif, as well
as the 8-bp spacing between the half-sites, are critical for viral
DNA packaging (25). Several lines of evidence suggest that a
limiting trans-acting factor(s), which binds to the viral packag-
ing sequences, plays a role in the packaging process (7, 25, 26).
First, in vivo coinfection experiments show that viruses with a
greater number of packaging repeats package more efficiently
than viruses with fewer packaging repeats. Second, an isolated
packaging domain on a multicopy plasmid represses packaging
of a wild-type virus in vivo. Both results suggest competition
for a limiting packaging factor(s) in vivo. Multimerized indi-
vidual packaging repeats, termed minimal packaging domains,
have been used to study Ad DNA packaging (5, 26). Minimal
packaging sequences were shown to support packaging in vivo
to various degrees when built into viruses lacking the authentic
packaging domain. When minimal packaging sequences were
used in binding assays in vitro as probes, three cellular tran-
scription factors that bind to these sites were identified:
chicken ovalbumin upstream promoter transcription factor
(COUP-TF), OCT-1, and CCAAT displacement protein
(CDP) (5, 26). It is very unlikely that COUP-TF and OCT-1
are required for Ad packaging, since viruses with mutated or
synthetic packaging domains were identified that functioned
efficiently in packaging in vivo but did not bind these transcrip-
tion factors in vitro. However, a role for CDP in Ad packaging
was suggested in earlier studies (5, 26).

Two viral proteins, L1 52/55K and IVa2, have been found to
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FIG. 1. AdS packaging sequences. (A) Schematic representation of
the left end of the AdS genome. Nucleotide coordinates, relative to the
left terminus, are indicated, and the inverted terminal repeat (ITR) is
represented by a gray box. A-repeats 1 to 7 are represented by arrows
between nt 230 and 380. The E1A transcription initiation site is located
at nt 499. The packaging repeat consensus motif is shown under the
diagram. (B) Sequences surrounding A-repeats 1 and 2 and site-spe-
cific point mutants. A-repeats 1 and 2 are indicated by bold lines above
the sequence. Site-specific point mutations in these A-repeats are
shown with arrows; the nucleotide(s) changed and the mutant desig-
nation are shown.

play important roles in Ad packaging and virus assembly (8, 12,
31, 32), although their exact roles in this process remain un-
clear. A null mutant and a temperature-sensitive mutant of the
L1 52/55K protein, respectively, form empty capsids or capsids
that contain only the left end of the viral genome (8, 12). The
Ad L1 52/55K protein is found within immature virus particles
(8, 12) and forms a physical complex with the Ad IVa2 protein
(9). In turn, the Ad IVa2 protein is essential for virus assembly
and the formation of empty viral capsids. Ad IVa2 is found in
both empty and mature virus particles (31, 32). The IVa2
protein binds to packaging A-repeats 1 and 2 as well as to
A-repeats 4 and 5 in vitro (30). Collectively, these data dem-
onstrate that the Ad L1 52/55K and IVa2 proteins play a key
role(s) in the very early stages of the virus assembly process.
IVa2 appears to be a multifunctional protein during Ad infec-
tion. In addition to its role in viral assembly, IVa2 has been
implicated in the transcriptional control of the major late pro-
moter (MLP) (29) by binding to the DE elements within the
MLP (17).

In this study, we have examined the binding of the Ad IVa2
and L1 52/55K proteins to wild-type and mutant packaging
sequences in vitro and in vivo in comparison to the growth
properties of corresponding mutant viruses. Our results dem-
onstrate that the binding of IVa2 to the packaging sequences in
vitro correlates directly with the packaging efficiency of the
virus in vivo. Furthermore, it appears that the higher-order
IVa2-containing complexes that form on adjacent packaging
A-repeats in vitro are the complexes required for the packag-
ing activity of these sites in vivo. Further, both the IVa2 and L1
52/55K proteins associate with the packaging domain in vivo in
direct correlation with packaging function. Finally, our results
indicate that the cellular protein CDP does not play a role in
packaging. These data are consistent with the known role of
the IVa2 and L1 52/55K proteins in the Ad assembly process,
and they provide strong evidence for a causal link between the
binding of these proteins to packaging sequences and the as-
sembly of virus particles.

J. VIROL.

MATERIALS AND METHODS

Virus constructions. Ad5 di309 (14), the parent for all viruses described in this
report, is phenotypically wild type for growth in vivo. Plasmid pE1A-194/814
contains the left-end Ad5 Xbal fragment (nt 1 to 1399) with a deletion between
nt 194 and nt 814 and a unique Xhol restriction site at the junction of the
deletion (26). A head-to-tail dimer of wild-type Ad5 Al and A2 (A1/2-WT)
(5'-TCGACTGTAGTAAATTTGGGCGTAACCGAGTAAGATTTGGCCAT
TTTCGCGGC-3") was cloned into the pE1A-194/814 background at the dele-
tion junction (Al and A2 TTTG and CG consensus sequences are underlined).
The recombinant plasmid was subsequently rebuilt into intact virus (AdS dI309)
as described elsewhere (27). Comparable plasmids and viruses that contained
individual point mutations within A-repeat consensus sequences were generated
as described above. Viral lysates were titered by a plaque assay using N52.E6
cells. Purified virus particles were prepared by cesium chloride equilibrium cen-
trifugation.

Cultured cells and infections. Ad El-positive N52.E6 cells (24) and N52.E6-
Cre cells (which express Cre recombinase; a generous gift from G. Schiedner and
S. Kochanek, ZMMK, University of Cologne, Cologne, Germany) were used to
amplify and titer recombinant viruses and were maintained in Alpha Modifica-
tion of Eagle medium containing 10% fetal bovine serum. Virus infections were
performed at a multiplicity of infection of 3 PFU per cell for 1 h at 37°C. Cells
were then washed twice with a Tris-buffered saline solution and overlaid with
fresh medium. For the determination of virus yield, infected-cell lysates were
prepared at 4, 24, 48, and 72 h postinfection, and the infectious virus yield was
determined by plaque assays on N52.E6 cells. Packaging assays were performed
as described elsewhere (19). Percent packaging efficiencies were calculated by
dividing the relative percent packaging by the relative percent replication of two
coinfecting viruses. This packaging ratio corrects for the level of replication of
each input virus. The ratios are expressed as a percentage to indicate the relative
packaging efficiency of a viral mutant compared to that of a coinfecting wild-type
virus.

Extract preparation and gel mobility shift assays. Nuclear extracts were pre-
pared at 24 h after infection of N52.E6 cells, as described previously (17, 30), and
were stored at —80°C. Two to five micrograms of nuclear extract was incubated
with 1 pg of poly(dI-dC) and 20,000 to 50,000 cpm of 3*P-labeled probe DNA (5
to 10 fmol of DNA) per in vitro binding reaction. The binding reaction was
carried out in a total volume of 15 pl for 15 min at room temperature in 10 mM
HEPES (pH 7.5)-20 mM KCI-3 mM MgCl,-10 mM EDTA-12% glycerol-1 mM
dithiothreitol-300 pg of bovine serum albumin per ml. The complexes were
resolved electrophoretically at 10 V/cm on a 4% 30:1 (acrylamide/bisacrylamide)
polyacrylamide gel in 0.5X TBE (25 mM Tris [pH 8.3], 25 mM boric acid, 0.5 mM
EDTA) at 4°C. For gel mobility supershift experiments, the anti-IVa2 monoclo-
nal antibody 1A1 (16) was added 1/2 h before or 1/2 h after the addition of probe.
Oligonucleotide probes were generated by 2P labeling using the Klenow frag-
ment of DNA polymerase and [a-**P]dATP or [a->?P]dCTP. Aliquots of radio-
labeled DNA fragments were subjected to trichloroacetic acid precipitation to
measure the specific activity of each probe. The sequences of the top strands of
the probes used are shown in Fig. 3A.

Protein fractionation. Uninfected HeLa cell nuclear extracts were prepared as
described elsewhere (26), and 50 mg of total protein was subjected to heparin
agarose chromatography with a bed volume of 1 ml/10 mg of loaded protein. The
nuclear extract was added to buffer DB-100 (26) and washed with 5 bed volumes
of loading buffer. Bound proteins were eluted by using a 0.1 to 1.0 M linear NaCl
gradient in DB. Binding activities were identified by gel shift analysis using
packaging sequences as a probe. Generally, 2 wl of each heparin agarose column
fraction was used for gel mobility shift assays with CDP binding conditions as
described previously (5).

Antibodies to Ad5 IVa2 and L1 52/55K proteins. Full-length AdS5 IVa2 and L1
52/55K were expressed as glutathione S-transferase fusion proteins and were
purified by glutathione-agarose chromatography by following conventional pro-
cedures. Affinity-purified fusion proteins were resolved on preparative sodium
dodecyl sulfate (SDS)-polyacrylamide gels, extracted, and used for immunization
of rabbits at Cocalico Biologicals (Reamstown, Pa.) according to procedures
approved by the institutional animal care and use committee. Antibodies were
developed in two separate animals for each antigen.

CHIP. Chromatin immunoprecipitation (CHIP) experiments followed the
overall approach described by Schepers et al. (23). N52.E6 cells were infected at
100 particles/cell by using the viruses described below. At 18 h postinfection,
infected cells were processed for CHIP experiments. All buffers contained a
cocktail of protease inhibitors. The serum-containing medium was removed from
the cell monolayer, and serum-free medium was added. Formaldehyde was
added directly to the culture medium to a final concentration of 1%, and the cells
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were incubated for 10 min at 37°C. Cross-linking reactions were terminated by
the addition of glycine to a final concentration of 125 mM, and the cultures were
incubated 5 min at room temperature. Cell monolayers were washed twice with
an ice-cold phosphate-buffered saline solution, and the cells were detached by
scraping into phosphate-buffered saline and then pelleted at 1,000 X g for 4 min
at 4°C. The cell pellet was resuspended in SDS lysis buffer (50 mM Tris-HCI [pH
8.0], 10 mM EDTA, 1% SDS) and incubated on ice for 10 min. Chromatin was
sheared to an average length of ~500 bp by sonication using a Branson Sonifier
450 with three sets of 20- to 30-s pulses (by setting the output control at 5 and the
duty cycle at constant) on ice. Samples were clarified by centrifugation at 25,000
X g and stored at —80°C. Chromatin preparations were normalized by quanti-
tative real-time PCR (Q-PCR), with appropriate primer pairs for the viruses
under study, using an aliquot of chromatin where the cross-links were reversed
and the DNAs were deproteinized by proteinase K digestion at 65°C overnight,
followed by phenol-chloroform extraction and purification using a MinElute
PCR purification kit (QIAGEN).

Chromatin for immunoprecipitation was precleared in immunoprecipitation
dilution buffer (16.7 mM Tris-HCI [pH 8.0], 167 mM NaCl, 1.2 mM EDTA,
0.01% SDS, and 1.1% Triton X-100) using protein A agarose (Upstate Biotech-
nology) for 1 h at 4°C with rotation. Samples were clarified and used for immu-
noprecipitation with excess polyclonal rabbit antibody (determined empirically)
to either the IVa2 or the L1 52/55K protein. Samples were incubated overnight
at 4°C with rotation. Protein A agarose was added, and samples were incubated
at 4°C for 1 h with rotation. Protein A beads were washed five times with
radioimmunoprecipitation assay buffer (50 mM Tris-HCI [pH 8.0], 750 mM
NaCl, 5 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholic acid, 0.1%
SDS), twice with LiCl wash buffer (10 mM Tris-HCI [pH 8.0], 0.25 M LiCl, 1 mM
EDTA, 0.5% Triton X-100, 1% SDS, 1% sodium deoxycholic acid), and twice
with TE buffer (10 mM Tris-HCI [pH 8.0], 1 mM EDTA). Protein A beads were
resuspended in 100 pl of TE buffer, 150 pl of freshly prepared elution buffer (50
mM NaHCO;, 1% SDS) was added, and the samples were incubated for 15 min
at room temperature with rotation. Samples were precipitated, supernatants
were collected, and two additional elution steps were performed. Formaldehyde
cross-linking was reversed by the addition of proteinase K to 500 pg/ml and
incubation at 65°C overnight, followed by phenol-chloroform extraction and
purification using a MinElute PCR purification kit (QIAGEN). Q-PCR was
performed using appropriate primer pairs (indicated below) with a LightCycler-
Fast Start DNA Master SYBR Green I kit (Roche) according to the manufac-
turer’s instructions. Temperatures for primer annealing and MgCl, concentra-
tions were optimized experimentally.

RESULTS

Functional analysis of viruses with wild-type and mutant
minimal packaging domains. Four proteins that bind to ade-
novirus packaging sequences have been identified: cellular pro-
teins CDP, OCT-1, and COUP-TF (5, 26) and the viral protein
IVa2 (30). All of these proteins regulate transcriptional pro-
cesses, and IVa2 additionally plays a role in Ad assembly. The
packaging sequences of Ad overlap the transcriptional en-
hancer elements for the viral early genes. Our goal has been to
probe the potential function of each of these proteins in Ad
DNA packaging distinct from any involvement in early gene
expression. We have approached this investigation in two ways.
First, we take advantage of helper cell lines that complement
the Ad E1 genes to avoid complications of mutations that
reduce virus yield due to effects on El transcription, as op-
posed to effects on viral DNA packaging. Second, we assess
packaging directly by performing coinfection experiments with
wild-type and viable mutant viruses to directly measure viral
DNA packaging efficiencies. Collectively, these assays allow us
to distinguish the roles of different proteins in transcription
versus packaging functions.

In order to assess the contribution of each observed binding
activity to viral DNA packaging in vivo, we constructed and
analyzed viruses where the authentic Ad5 packaging domain
was replaced by two copies of a synthetic oligonucleotide con-
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FIG. 2. Single-step growth curve analysis of mutant viruses.
(A) N52.E6 cells were infected with the different viruses indicated and
subsequently washed. Total cellular lysates were prepared at 4, 24, 48,
and 72 h postinfection. The yield of infectious virus was measured by
plaque assays in N52.E6 cells. WT, wild type. (B) N52.E6 cells were
coinfected with PM2 and wild-type Ad5, and packaging efficiency was
determined. The replication ratio is the level of PM2 viral DNA di-
vided by the level of total viral DNA in coinfected N52.E6 cells. The
packaging ratio is the level of packaged PM2 DNA divided by the level
of total viral DNA packaged. “% Packaging efficiency” is the percent-
age of PM2 packaged compared to that of the coinfecting wild-type
virus, corrected for replication. Results of two independent packaging
assays of PM2 are shown. Exp, experiment.

taining either wild-type A-repeats 1 and 2 or mutated versions
of A-repeats 1 and 2. These repeats were chosen for the anal-
ysis because a virus containing this minimal packaging domain
grows as well as a virus with the authentic packaging domain
(see below). Furthermore, all three cellular activities as well as
the viral IVa2 protein were found to bind these minimal sites
in vitro (5, 26, 30). The wild-type and mutant sites are dia-
gramed in Fig. 1B. Site-specific point mutations were intro-
duced individually into the first two T residues of the packaging
consensus sequence (T—G for PM2 and -3; T—A for PM12
and -13), or the CG consensus motif was mutated to AT. All
mutations were engineered in both A-repeats 1 and 2 and into
both copies of the dimeric inserts in recombinant viruses. Mu-
tant viruses PM13 and CG were not viable, as demonstrated by
the inability to recover viral plaques after repeated attempts to
propagate the mutants. The wild-type parent and mutants
PM2, PM3, and PM12 all gave rise to viable viruses. The
growth properties of these viruses were measured by using
one-step growth curves in the El-complementing cell line
N52.E6 (Fig. 2). Insertion of the A1/2-WT dimer in place of
the authentic packaging domain gave rise to a virus that grew
as well as wild-type AdS. Mutant virus PM12 grew nearly as
well as A1/2-WT, whereas mutant PM2 showed ~50-fold-re-



2834 OSTAPCHUK ET AL.

duced growth (Fig. 2) and mutant PM3 showed ~1,000-fold-
reduced growth potential (data not shown). Results of the
packaging assays comparing the efficiency of packaging of the
PM2 virus with that of a coinfecting wild-type virus show that
the difference in growth is consistent with a packaging defect
(Fig. 2B). PM3 could not be assayed for packaging by using this
assay because of the low yield of virus. The ability of a dimeric
copy of A-repeats 1 and 2 to substitute for the authentic pack-
aging domain, as well as the requirement of the CG sequence
for efficient packaging in vivo, is consistent with our previous
analysis (25). The variable growth properties of viruses with
mutations in the first 2 nt of the TTTG motif of the packaging
consensus formed the basis for subsequent DNA binding stud-
ies to assess the functional relevance of cellular and viral pro-
teins that bind to these sequences in vitro.

The Ad5 IVa2 protein forms multiple complexes with the
packaging repeats in vitro that correlate with functional ac-
tivity in vivo. Zhang and Imperiale previously described the
binding of the viral IVa2 protein to oligonucleotide probes that
contain either A-repeats 1 and 2 or A-repeats 4 and 5 (30).
Two IVa2-specific DNA-protein complexes were described in
this analysis. The synthetic wild-type and mutant sites dia-
gramed in Fig. 1B were used as radiolabeled probes in gel
mobility shift assays with nuclear extracts prepared 24 h after
infection of N52.E6 cells with wild-type AdS (Fig. 3B). The
probes corresponded to a monomeric copy of the A1-A2 syn-
thetic packaging sequence. With the wild-type A1-A2 probe,
three complexes that contained the IVa2 protein, as measured
by their ability to be supershifted by use of a monoclonal
antibody directed against the IVa2 protein (Fig. 3B, lanes 1
and 2), were found. Only complex 1 was detected by using PM2
as a probe (Fig. 3B, lanes 3 and 4), whereas all three complexes
were evident by using a probe carrying the PM12 mutations
(lanes 5 and 6), although complexes 2 and 3 were slightly
reduced compared to their levels with the wild-type probe. The
same analysis was carried out using the other three mutants
(PM3, CG, and PM13). Mutants PM3 and PM13 formed only
IVa2 complex 1, whereas mutant CG was unable to form any
IVa2-specific complex (Fig. 3B, lanes 8 to 10). Comparing
these results to the growth properties of the corresponding
viruses, we conclude from these analyses that viruses that grow
to wild-type or nearly wild-type levels in vivo (A1/2-WT and
A1/2-PM12) form all three IVa2-specific complexes in vitro.
Mutant viruses that show significantly (PM2 and -3) or com-
pletely (PM13 and CG) defective growth either form only IVa2
complex 1 or form no IVa2 complexes at all. Thus, we correlate
the formation of IVa2 complexes 2 and 3 in vitro with pack-
aging activity in vivo.

In order to more accurately determine the basis for the
formation of IVa2 complexes 1, 2, and 3, we performed mo-
bility shift assays using probes that contained single, site-spe-
cific point mutations within the TTTG (PM3) or CG motifs of
either A-repeat 1 or A-repeat 2. The location of each of these
mutations is shown in Fig. 3A, and a representative mobility
shift assay using a subset of these mutant sites is shown in Fig.
3B (lanes 12 to 16). Formation of IVa2 complex 1 required the
CG motif of A-repeat 1; elimination of this site also eliminated
the formation of IVa2 complexes 2 and 3. Formation of IVa2
complex 2 required the TTTG motif of A-repeat 2, while
formation of IVa2 complex 3 required the CG motif of A-re-
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FIG. 3. Binding of IVa2 to wild-type (WT) and mutant minimal
packaging domains. (A) The top line shows the sequence of the wild-
type A1-A2 region; packaging consensus sequences are boldfaced and
underlined. Point mutations introduced into A-repeat 1 or 2 are shown
below, with the mutated nucleotides boldfaced. (B) Gel mobility shift
assays were performed using Ad-infected cell nuclear extracts and a
dimeric A1+2-WT (lanes 1, 2, 7, and 11), PM2 (lanes 3 and 4), PM12
(lanes 5 and 6), PM3 (lane 8), PM-CG (lane 9), PM13 (lane 10),
PM3/CG-2 (lane 12), PM3-1 (lane 13), PM3-2 (lane 14), PM-CG-1
(lane 15), or PM-CG-2 (lane 16) probe. Several binding activities
specific for IVa2 are evident with the wild-type probe and are indicated
by arrows (lane 1, complexes 1, 2, and 3). An anti-IVa2 monoclonal
antibody (mAb) was added to the binding reaction mixtures in lanes 2,
4, and 6. (C) Schematic depiction of the basis for the formation of IVa2
complexes 1, 2, and 3 on A-repeats 1 and 2. IVa2 complex 1 forms over
the CG motif of A-repeat 1. Complex 2 additionally contains an in-
fection-specific protein(s) bound to the TTTG motif of A-repeat 2, and
complex 3 likely contains an additional IVa2 protein bound to the CG
motif of A-repeat 2.

peat 2. These results are summarized in Fig. 3C. We conclude
that the CG motif of A-repeat 1 nucleates the formation of all
three IVa2 complexes formed on A-repeats 1 and 2. The for-
mation of complex 2 takes place by the binding of an additional
infection-specific protein of unknown origin or perhaps IVa2,
while the formation of complex 3 likely includes an additional
IVa2 component at the CG motif of A-repeat 2. The com-
plexes form in a sequential manner, starting with the binding of
IVa2 to the CG motif in A-repeat 1 and then proceeding with
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TABLE 1. CHIP analysis of binding of IVa2 and L1 52/55K proteins to £s147 genomes in vivo”

Result with the indicated primer pair

Antiserum® Crossing point® Amt of DNA recovered (ng)? Fold enrichment®
Pack 9000 Pack 9000 Pack 9000
Preimmune 23.53 22.33 0.037 0.077
a-IVa2 16.99 21.04 1.842 0.164 50 2.1
Preimmune 24.46 25.63 0.027 0.013
a-L1 52/55K 17.70 23.47 1.748 0.050 65 3.8

“ CHIP analysis used chromatin isolated from ts147-infected cells, anti-IVa2 and anti-L1 52/55K sera versus preimmune sera, and Q-PCR with primer pairs

corresponding to the left-end packaging region (Pack) or ~nt 9000 (9000).
b «-1Va2, anti-IVa2, a-L1 52/55K, anti-L1 52/55K.
¢ Results from Q-PCR analyses.

4 Quantification of recovery of specific DNA sequences was obtained from results of Q-PCR analyses by integration using a standard curve.
¢ Fold increase in the amount of DNA recovered by using immune serum over that recovered with preimmune serum.

additional binding to the TTTG motif of A-repeat 2 and sub-
sequent binding to the CG motif of A-repeat 2. However,
experiments using titrations of nuclear extracts in the in vitro
binding reactions did not suggest that the different IVa2-con-
taining complexes formed in a cooperative manner on these
adjacent binding sites (data not shown). Supershift experi-
ments using two polyclonal antibodies and a collection of
monoclonal antibodies raised to L1 52/55K (11) yielded nega-
tive results (data not shown). This finding suggests that L152/
55K is not part of the complexes observed in vitro and is
consistent with the previous observation of Zhang and Impe-
riale (30).

Binding of the IVa2 and L1 52/55K proteins to the AdS
packaging domain in vivo. In order to assess the binding of the
viral IVa2 and L1 52/55K proteins to the AdS5 packaging do-
main in vivo, CHIP experiments using specific antisera di-
rected against these products were performed. Viral chromatin
was sheared by sonication to an average size of ~500 bp, and
the products of immunoprecipitation were quantified by using
Q-PCR. This assay permits accurate quantification over a wide
range of DNA concentrations. In the first set of experiments,
chromatin was prepared 18 h after infection of N52.E6 cells
with Ad5 mutant virus #5147 at the restrictive temperature of
39.5°C. At the nonpermissive temperature of 39.5°C, AdS5 #5147
shows a 5-log-unit reduction in infectious virus yield and does
not make detectable virus particles, because the hexon capsid
protein cannot be transported to the nucleus (15). Thus, the
nuclei of cells infected with this mutant at the restrictive tem-
perature would be expected to be a rich source of viral chro-
matin that is available for packaging but that has not been
packaged because of the hexon defect. Specific antisera di-
rected against the IVa2 and L1 52/55K proteins, as well as
preimmune sera from the corresponding animals, were used
for CHIP. Primer pairs corresponding to different intervals of
the Ad5 genome were used in Q-PCR to assess the quantity
and specificity of immunoprecipitated chromatin; standard
curves were utilized for all primer pairs in order to quantita-
tively measure and compare DNA recovery with CHIP of dif-
ferent segments of the viral genome.

The results, shown in Table 1, are presented in three ways.
First, the crossing points obtained by Q-PCR using different
primer pairs are shown. Second, these data are converted to
quantity of DNA recovered for each primer pair by utilizing

their respective standard curves. Finally, the data are pre-
sented as fold enrichment to compare the amounts of DNA
recovered by using immune versus preimmune serum. Signif-
icantly enhanced immunoprecipitation of the left end of the
Ad5 genome was observed by using either the anti-IVa2 or the
anti-L1 52/55K antiserum in comparison to matched preim-
mune serum (50- or 65-fold, respectively) when a primer pair
corresponding to the left-end packaging domain was used in
the CHIP analysis. Similar results were obtained using anti-
IVa2 and anti-L1 52/55K antisera derived from separate ani-
mals. The specificity of the immune precipitation for the left
end of Ad5 was confirmed by using primer pairs internal to the
viral genome (~nt 9000) (2.1- and 3.8-fold by using the anti-
IVa2 and anti-L1 52/55K sera, respectively [Table 1]) and
primer pairs corresponding to ~nt 15,000 (data not shown).
Thus, the Ad5 Va2 and L1 52/55K proteins are bound to
left-end sequences at late times after viral infection, consistent
with their interaction with the packaging domain.

These results likely do not reflect the interaction of the [Va2
protein (and perhaps the L1 52/55K protein) with known bind-
ing sites in the MLP region for two reasons. First, the MLP is
located at ~nt 6000. Viral chromatin was sheared to ~500-bp
fragments that would physically separate the vast majority of
the left-end sequences from those near the MLP. Second, the
packaging-region primers used for Q-PCR are nearly 6 kbp
from the MLP, whereas the nt-9000 primer pair is 3 kbp from
the MLP. Yet the nt-9000 primers showed minimal binding of
IVa2 and L1 52/55K in the CHIP assay. To further pinpoint
where the IVa2 and L1 52/55K proteins were binding to the left
end of the Ad5 genome, we used two additional assays. First,
we compared the binding of the IVa2 and L1 52/55K proteins
to left-end sequences by using viruses that contained or lacked
a packaging domain. This was accomplished by using a virus
that carries loxP sites flanking a minimal packaging domain
(Fig. 4A). When this virus is grown in a cell line that expresses
Cre recombinase (N52.E6-Cre), recombination between the
loxP sites removes the packaging domain (termed floxing) in a
large percentage of the nuclear viral genomes. The efficiency of
floxing was determined by comparing the results of Q-PCR
using input chromatin and primer pairs that hybridize only to
unfloxed viral genomes versus those of Q-PCR using primer
pairs that recognize both floxed and unfloxed genomes (Fig.
4A, primer pair 5+6 versus primer pair 7+8). The efficiency of
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FIG. 4. CHIP analysis of IVa2 and L1 52/55K protein binding to
Ad genomes containing or lacking the packaging domain in vivo.
(A) Schematic depiction of the parent virus containing a synthetic
packaging domain (dimer of A-repeats 5 to 7 in place of nt 194 to 814
[26] flanked by loxP sites [designated AdSy—loxP]). Infection of
N52.E6-Cre cells results in the recombination (floxing) of the packag-
ing sequences from the viral genome. Primer pair 7+8 is located
outside of the floxed interval and is common to both viral genomes,
while primer pair 5+6 is specific to the unfloxed genome and was used
to determine the efficiency of recombination in viral DNAs present in
the starting chromatin preparation. ITR, inverted terminal repeat.
(B) CHIP analysis using chromatin isolated from N52.E6-Cre cells
infected with Ad5-194/814+A5-7° or Ad5-194/814+A5-7*+loxP
(Ad5y-loxP), anti-IVa2 and anti-L1 52/55K sera, and Q-PCR with a
primer pair (7+8) corresponding to the left-end packaging region. The
concentration of DNA recovered (copies per nanogram) was deter-
mined by extrapolation of the crossing point from a standard curve for
each specific primer pair. The data were evaluated and are presented
as described for Table 1.

floxing in these assays was 96 to 98%, depending on the ex-
periment (data not shown). Using this experimental approach,
we found 7.8- and 8.4-fold enrichment of left-end sequences by
using IVa2- and L1 52/55K-specific antisera, respectively, with
unfloxed viral genomes in comparison to floxed viral genomes
(Fig. 4B). Thus, there was clear enrichment for left-end se-
quences in the CHIP assay when an intact packaging domain
was present in the viral genomes. The difference in CHIP of
floxed versus unfloxed genomes was not as great as the differ-
ence in the selectivity of £5147 genomes when immune serum
was compared to preimmune serum (Table 1). This may rep-
resent the presence of additional packaging elements located
outside the floxed interval (nt 185 to 1010) that are able to bind
the IVa2 and L1 52/55K proteins. The contribution of se-
quences flanking A-repeats 1 to 7 to packaging has been de-
scribed in previous reports (6, 7, 25), and we note the presence
of perfect A-repeat consensus sequences between AdS nt 60
and 73 and between Ad5 nt 177 and 190 present in the floxed
viral genomes.

In the second approach, we took advantage of a virus, in340-
Al1, that lacks a packaging domain at the left end of the
genome and, instead, carries a packaging domain at the right
end of the genome (Fig. 5A). CHIP was performed using I[Va2-
and L1 52/55K-specific antisera, and the products were ana-
lyzed by Q-PCR using left-end and right-end primers, as well
as packaging-domain primers common to both viruses (Fig.
5A, primer pairs 9+10, 3+4, and 1+2, respectively). The re-
sults of this analysis are presented in Fig. 5B and strongly
support the notion that the IVa2 and L1 52/55K proteins spe-
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Virus DMA recov. (ng) Fold-enrich.

142 9+10 3+4 142 9410 3+4
di309/aLA 4710 4281 0321 09X 74X
in340-411/ al1 5.095 0575 2.129 6.6X
di309/alVa2 1528 1.248 0.046 07X 94X
in340-A11/ alVa2 2108 0.132 0.500 10.9X

FIG. 5. CHIP analysis of IVa2 and L1 52/55K protein binding to
Ad genomes carrying left-end or right-end packaging domains in vivo.
(A) Schematic depiction of the parent viruses that carry left-end
(dI309) or right-end (in340-A11) packaging domains. Primer pair 1+2
is located within the packaging region and is common to both viral
genomes. Primer pair 9+10 is specific to the left end of the genome
outside the packaging domain, and primer pair 3+4 is common to both
viruses and specific to the right end of the genome, at a location to the
left of where the packaging domain is inserted into virus in340-A11.
ITR, inverted terminal repeat. (B) CHIP analysis using chromatin
isolated from N52.E6 cells infected with d/309 or in340-A11, anti-IVa2
and anti-L1 52/55K sera, and Q-PCR with primer pairs 1+2, 9+10, and
3+4. The data were evaluated and are presented as described for
Table 1.

cifically interact with the Ad5 packaging sequences. First, com-
parable CHIP of both proteins was observed when a primer
pair that recognizes the packaging sequences contained in both
viruses (primer pair 1+2) was used. In contrast, left-end se-
quences were enriched with the viral genome that contains a
left-end packaging domain by using both IVa2- and L1 52/55K-
specific antisera (primer pair 9+10; 7.4- and 9.4-fold enrich-
ment, respectively). Similarly, right-end sequences were en-
riched with the viral genome that contains a right-end
packaging domain (primer pair 3+4; 6.6- and 10.9-fold enrich-
ment, respectively). Thus, two independent functional assays
verify that the specificities of the interactions of the IVa2 and
L1 52/55K proteins with the left end of the Ad5 genome are
conferred by the packaging domain.

CDP binding is not required for Ad5 packaging. We previ-
ously described a strong correlation between the binding of
CDP to Ad5 minimal packaging domains in vitro and the
activity of these sites for packaging in vivo (5, 26). However, no
definitive evidence for a role of CDP in Ad packaging was
found. To investigate this question further, we analyzed the
binding of CDP to minimal packaging domains containing
point mutations in the packaging consensus sequence (Fig.
1B). CDP was partially purified from HeLa cell nuclear ex-
tracts and used in mobility shift assays (Fig. 6). CDP bound to
the wild-type A1-A2 probe as expected (Fig. 6, lane 1); the
identity of CDP was confirmed by using specific antisera di-
rected against this protein (data not shown), as previously
reported (5). A linker scanning mutation that disrupts the
TTTG motif of the Ad5 packaging consensus sequence abol-
ished CDP binding (Fig. 6, lane 2), whereas mutation of the
CG motif did not interfere with CDP interaction (lane 3);
these results are consistent with those previously reported with
the same mutations in the context of A-repeats 5 and 6 (5).
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FIG. 6. CDP binding to A-repeats does not correlate with packag-
ing efficiency. Gel mobility shift assays were performed by using the
CDP present in fractionated HeLa cell nuclear extracts and a dimeric
A1/2-WT (lane 1), LS (lane 2), CG (lane 3), PM2 (lane 4), PM3 (lane
5), PM12 (lane 6), or PM13 (lane 7) probe. Arrow indicates CDP
binding activity.

CDP did not bind to probes containing point mutations PM2
and PM3, whereas CDP bound efficiently to probes with the
PM12 and PM13 mutations (Fig. 6, lanes 4 to 7). These results
are consistent with the preference of CDP for binding AT-rich
sequences (18), since the PM2 and PM3 mutations changed T
residues to G, while the PM12 and PM13 mutations changed T
residues to A. Since the PM13 mutation eliminated virus via-
bility in vivo but, in contrast, did not reduce CDP binding in
vitro, we conclude that binding of CDP to the Ad5 packaging
domain is not required for viral DNA packaging. This conclu-
sion is consistent with our inability to immunoprecipitate CDP
with the packaging domain in CHIP experiments using four
different antibodies that recognize CDP efficiently in the con-
text of mobility shift assays (data not shown).

DISCUSSION

Like many Ad-encoded proteins, the viral IVa2 product
appears to be multifunctional. IVa2 was originally described as
a DNA binding activity that bound to two sites (DE1 and DE2)
within transcribed sequences of the major late promoter (17).
Binding of IVa2 to these elements stimulates late gene tran-
scription (29). The IVa2 protein subsequently was found to
interact with the L1 52/55K protein in vitro and in vivo and to
bind to adenovirus packaging repeats in vitro (9, 30). That the
IVa2 product is involved in virus assembly is supported by
several lines of research. First, a virus that carries tandem
termination codons early in the IVa2 coding region has a
defect in virus particle assembly in vivo (32). Second, the IVa2
protein is physically found within immature and mature Ad
virions (8). Third, the L1 52/55K protein plays an important
role in virus assembly, since a temperature-sensitive mutant at
the restrictive temperature and a null mutant display similar
phenotypes—either a short segment of viral DNA is packaged
or no viral DNA is packaged into immature virus particles,
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respectively (8, 12). The interaction of IVa2 with the L1 52/55K
protein links these two products in one or more very early steps
in virus assembly and viral DNA packaging. Finally, the IVa2
protein binds to Ad packaging repeats in vitro (30).

The results presented in this study strengthen these obser-
vations in important ways. We find that the IVa2 and L1
52/55K proteins bind to the Ad5 packaging domain in vivo
(Table 1; Fig. 4 and 5). This is the first demonstration that the
L1 52/55K protein interacts with Ad packaging sequences, and
our results provide confirmation in vivo of IVa2 binding to Ad
packaging repeats detected using in vitro assays (30). A direct
correlation was observed between the packaging activities of
mutant viruses in vivo and the binding of higher-order IVa2-
containing complexes to AdS5 packaging repeats in vitro (Fig.
3B, complexes 2 and 3). Zhang and Imperiale (30) observed
two IVa2-specific complexes in their analyses, and we found
three such complexes with our A1-A2 packaging probe.
Through the analysis of individual mutants with mutations in
each of the packaging repeat consensus sequences (Fig. 3), we
conclude that IVa2-containing complexes 1 to 3 form by the
sequential addition of IVa2 to the CG motif of A-repeat 1, the
subsequent addition of an infection-specific protein on the
adjacent TTTG of A-repeat 2 to form complex 2, and likely the
binding of an additional IVa2 protein at the CG motif of
A-repeat 2 to form complex 3. We believe that IVa2 is not the
additional protein utilized in the formation of complex 2. In
results not shown, we found that transfection of an expression
plasmid encoding full-length IVa2 into N52.E6 cells resulted in
the synthesis of IVa2 protein that could generate only complex
1 by using a packaging A1-A2 probe. Complexes 2 and 3 were
not observed in these assays, consistent with a role for another
infection-specific protein(s). Our data and those of Zhang and
Imperiale (30) clearly support the conclusion that the CG
motif of the AdS packaging consensus nucleates the formation
of a primary IVa2 complex and that additional IVa2-contain-
ing complexes form subsequent to this event. Since our data
directly correlate the formation of IVa2 complexes 2 and 3
with packaging activity in vivo (Fig. 2 and 3), it will be impor-
tant to understand the basis for the formation of the these
complexes.

Kedinger and colleagues (17) suggested that two types of
IVa2-containing complexes form on the MLP. One contains a
dimer of the IVa2 protein alone, while a second complex
contains IVa2 with another, unknown protein of ~40 kDa.
Recently, Pardo-Mateos and Young (21) reported that a
smaller form of the IVa2 protein, with a molecular size of ~40
kDa, is synthesized by translational initiation at methionine 75
in the IVa2 coding region. We do not believe that complex 2 on
the packaging domain is formed by a heterodimer of full-
length IVa2 and the 40-kDa IVa2, since identical complexes
were observed in gel shift experiments with nuclear extracts
prepared from cells infected with a virus (21) that does not
synthesize the 40-kDa IVa2 protein (data not shown). Com-
plexes 2 and 3 do not appear to represent IVa2 complexes that
also contain the L1 52/55K protein for several reasons. First,
Zhang and Imperiale (30) found efficient formation of two
IVa2-containing complexes on Ad packaging repeats by using
extracts prepared from cells infected with an L1-null virus.
Second, we did not detect a supershift of these complexes by
using the same antisera against L1 52/55K proteins that were
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successfully used in the CHIP experiments. In addition, we did
not detect any supershift complexes by using a collection of
monoclonal antibodies to L1 52/55K. Although neither we nor
Zhang and Imperiale (30) observed L1 52/55K binding in vitro,
we did detect an association of L1 52/55K with the packaging
domain in vivo. The methods for preparing chromatin are
quite different from the methods for preparing nuclear extracts
for gel mobility shift assays. Significantly, formaldehyde is
added to the cells in the course of chromatin preparation. This
can lead to protein-protein cross-linking as well as protein-
DNA cross-linking. Immunoprecipitation of chromatin by an-
tibodies to L1 52/55K could occur because L1 52/55K interac-
tion with IVa2 is stabilized by cross-linking where the IVa2
protein binds directly to the DNA. This protein complex may
not be stable in the nuclear extracts used for mobility shift
assays.

We previously described the binding of the cellular tran-
scription factors COUP-TF, OCT-1 and CDP to minimal Ad5
packaging domains in vitro (5, 26). We concluded that
COUP-TF likely was not involved in Ad packaging, since this
protein bound well in vitro to packaging repeat A6, which
worked poorly for packaging in vivo, and bound poorly to
packaging repeat Al, which functioned efficiently for packag-
ing. Similarly, we ruled out the involvement of OCT-1 in Ad
packaging, since this protein does not bind A-repeats 5 and 6
of Ad3, yet these sites function efficiently to direct packaging in
place of the natural AdS packaging domain. It now also ap-
pears very unlikely that CDP is involved in Ad5 packaging,
since CDP bound efficiently to A-repeats 1 and 2 carrying the
PM13 mutation (Fig. 6), yet a virus containing this mutation
was completely defective in growth. We speculate that the
binding of transcription factors to Ad packaging elements may
reflect a role for these activities in the function of the E1A
enhancer region—either as activators (in the case of OCT-1)
or as repressors (in the cases of COUP-TF and CDP) at early
or late times after infection. In conclusion, our results support
a functional role for the binding of the Ad IVa2 protein to
packaging sequences with the selective encapsidation of the
viral genome in vivo. Further studies are required to clarify the
role of other infection-specific proteins in site-specific recog-
nition of Ad packaging repeats and to understand the earliest
steps in virus assembly that depend on these DNA-protein
interactions.
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