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The adenovirus IVa2 and L1 52/55-kDa proteins are involved in the assembly of new virus particles. Both
proteins bind to the packaging sequence of the viral chromosome, and the lack of expression of either protein
results in no virus progeny: the absence of the L1 52/55-kDa protein leads to formation of only empty capsids,
and the absence of the IVa2 protein results in no capsid assembly. Furthermore, the IVa2 and L1 52/55-kDa
proteins interact with each other during adenovirus infection. However, what is not yet clear is when and how
this interaction occurs during the course of the viral infection. We defined the domains of the L1 52/55-kDa
protein required for interaction with the IVa2 protein, DNA binding, and virus replication by constructing L1
52/55-kDa protein truncations. We found that the N-terminal 173 amino acids of the L1 52/55-kDa protein are
essential for interaction with the IVa2 protein. However, for both DNA binding and complementation of the
pm8001 mutant virus, which does not express the L1 52/55-kDa protein, the amino-terminal 331 amino acids
of the L1 52/55-kDa protein are necessary. These results suggest that the production of infectious virus
particles depends on the ability of the L1 52/55-kDa protein to bind to DNA.

Adenovirus DNA encapsidation is a process that remains
poorly understood. Several studies have shown that packaging
of the adenovirus genome is dependent on cis-acting DNA
elements comprising the packaging sequence, located at the
left end of the genome between nucleotides (nt) 194 and 380 in
adenovirus type 5 (Ad5) (3, 9, 13, 21). More recently, studies
have focused on characterizing viral components involved in
packaging that specifically interact with the packaging se-
quence as well as other factors that interact with these com-
ponents. The packaging sequence contains at least seven func-
tional units, called A repeats (3, 4, 13, 22). At least two viral
proteins, L1 52/55-kDa and IVa2, are involved in packaging
sequence interactions (19, 20, 30, 32).

The IVa2 protein is a viral product that was first reported to
be a transcriptional activator of the adenovirus major late
promoter (16, 17, 26). More recently, the IVa2 protein was
found to bind directly to the A repeats in the packaging do-
main in vitro and in vivo (19, 20, 30). The IVa2 protein is
present in assembly intermediates and mature virions (7, 11,
28). Characterization of a IVa2 mutant virus, pm8002, demon-
strated that no viral particles were formed during infection
although gene expression and viral DNA replication were not
affected (31). These results support an essential role for the
IVa2 protein in virus assembly and suggest that it is involved in
DNA packaging.

The L1 52/55-kDa protein is a nonstructural nuclear phos-
phoprotein that migrates as a doublet on sodium dodecyl sul-

fate (SDS)-polyacrylamide gels. It is detected in empty capsids
and assembly intermediates but is not found in mature virions,
which suggests a scaffolding role for this protein (11). In in-
fections with the temperature-sensitive mutant virus H5ts369,
which produces a nonfunctional L1 52/55-kDa protein at the
nonpermissive temperature, empty capsids associated with the
left end of the viral genome form at the nonpermissive tem-
perature (12). A more pronounced phenotype occurs in infec-
tions with the pm8001 mutant virus, which is unable to produce
the L1 52/55-kDa protein. This virus has normal early and late
viral gene expression and DNA replication but produces empty
capsids with no associated viral DNA (7).

Recently, we and others demonstrated that the L1 52/55-kDa
protein binds to the packaging sequence in vivo by using
chromatin immunoprecipitation (ChIP) assays (19, 20). This
interaction might be mediated by another protein, since puri-
fied L1 52/55-kDa protein did not bind to the packaging se-
quence in vitro even in the presence of the IVa2 protein, which
is known to bind to the packaging sequence (20). Although the
IVa2 and L1 proteins interact in infected cells (8), the inter-
action is not required for binding of either protein to the DNA
since the packaging sequence can be immunoprecipitated from
pm8001-infected cells with antibody against the IVa2 protein
or from pm8002-infected cells with antibody against the L1
protein (20).

To further investigate the role of the L1 52/55-kDa protein
in adenovirus assembly, we have constructed L1 52/55-kDa
proteins containing truncations of the N terminus and the C
terminus. These proteins were expressed in vitro and in vivo
and analyzed for functionality in terms of interaction with the
IVa2 protein, DNA binding, and the ability to complement the
pm8001 mutant virus in trans. We found that the N-terminal
173 amino acids (aa) of the L1 52/55-kDa protein were essen-
tial for interaction with the IVa2 protein. However, the amino-
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terminal 331 aa were necessary for both DNA binding and
pm8001 complementation. These results support the idea that
DNA binding and the production of infectious virus particles
are related functions of the L1 52/55-kDa protein.

MATERIALS AND METHODS

Cells and viruses. 293 cells are adenovirus-transformed human embryonic
kidney cells (6). 293 cells that stably express the L1 52/55-kDa protein (293-L1)
were used as a helper cell line to grow the pm8001 mutant virus, which fails to
express the L1 52/55-kDa protein (7). 293 cells that stably express the IVa2
protein (293-IVa2) were used as a helper cell line to grow the pm8002 mutant
virus, which fails to express the IVa2 protein (31). Wild-type Ad5 virus was
propagated as previously described (5, 30). The L1 52/55-kDa temperature-
sensitive mutant virus H5ts369 was propagated in 293 cells at the permissive
temperature (32°C) (12). All cells were maintained in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum and 5% CO2. 293-L1 and 293-IVa2
cells were grown under selection with 500 �g/ml Geneticin G418 (Gibco BRL).

Plasmid constructs. We used pGEX-L1 as previously described (8) for ex-
pression of the full-length glutathione transferase (GST)–L1 52/55-kDa fusion
protein (aa 2 to 416). pGEX-L1(2–173) (numbers in parentheses indicate amino
acid numbers) was generated by digesting pGEX-L1 with HindIII (Ad5 nt
11565), filling in the ends with Klenow fragment, digesting with SmaI, and
religating the vector. pGEX-L1(2-331) was created by digesting pGEX-L1 with
NaeI (nt 12041) and SmaI and religating the vector. pGEX-L1(174-416) and
pGEX-L1(331-416) were generated by isolating the HindIII-SmaI (nt 11565 to
13065) or NaeI (nt 12041 to 12590) fragments from pGEX-L1 and cloning them
into the SmaI site of pGEX-3X or pGEX-5X, respectively. pGEX-L1(1-52) and
pGEX-L1(1-105) were created by PCR amplification of fragments encoding
amino acids 1 to 52 and 1 to 105 by using 5�Ad5(aa1) BamHI as the 5� primer and
either 3�Ad5(aa52) EcoRI or 3�Ad5(aa105) EcoRI as the 3� primer (Table 1).
Amplified fragments were digested with BamHI and EcoRI and ligated into the
corresponding sites of pGEX-3X. All of these constructs were sequenced to
confirm their composition.

For expression of the truncated L1 52/55-kDa proteins in mammalian cells, we
first constructed a vector containing the Ad5 major late tripartite leader. Primers
were designed to amplify the tripartite sequence by using pBK-tripIVa2 as a
template (32). NheI and EcoRI restriction sites were introduced in the 5� and 3�
ends, respectively, of the oligonucleotides (Table 1). The PCR product was digested
and inserted in the corresponding sites of pCI (Promega) to obtain pCI-trip. Primers
were designed to amplify the full-length L1 52/55-kDa protein and the truncation
mutants containing amino acids 2 to 331, 2 to 173, 2 to 105, 1 to 52, 174 to 416, and

331 to 416 (Table 1). The 5� and the 3� primers contained EcoRI and XbaI restric-
tion sites, respectively. PCR products were digested with EcoRI and XbaI and
inserted in the corresponding sites of pCI-trip.

Preparation of antisera. Anti-IVa2 rabbit antiserum was generated by immu-
nizing a rabbit with a synthetic peptide that spans amino acids 21 to 37. The
anti-L1 52/55-kDa sheep antiserum was generated by immunizing a sheep with a
synthetic peptide that spans amino acids 100 to 122. Immunizations were per-
formed by Bethyl Laboratories, Inc. (TX). The anti-L1 monoclonal antibody was
generated by immunizing mice with the GST-L1 fusion protein, which was
purified by glutathione Sepharose-4B affinity chromatography as previously de-
scribed (8, 20). The purified protein was injected into three mice. Sera from all
three mice tested positive for antibodies to the L1 52/55-kDa protein by Western
blot analysis of adenovirus-infected 293 cell lysates. The mouse with the highest
anti-L1 titer was chosen for fusion and generation of the hybridoma cell lines.
Twenty-three cell lines with supernatants that reacted with the GST-L1 fusion
protein but not the GST protein were expanded. When reassayed by enzyme-
linked immunosorbent assay, 13 of the expanded cell lines were positive for
antibodies to the L1 52/55-kDa protein. Ten of the cell lines were cloned by
limiting dilution and retested as described above. This resulted in the isolation of
two hybridoma cell lines that secreted antibodies specific to the L1 52/55-kDa
protein. The hybridoma termed 4A8 was used for these studies. To map the
antibody epitope, several of the deleted GST-L1 fusion proteins were tested by
Western blotting with the 4A8 antibody. The antibody reacted with all fusion
proteins containing the N terminus of the L1 52/55-kDa protein (amino acids 1
to 52, 1 to 105, 2 to 173, or 2 to 331) but not with constructs lacking it (amino
acids 174 to 416 or 331 to 416). To further map the epitope, a GST fusion
protein, containing the L1 open reading frame (ORF) from pm8001 and there-
fore expressing only the first 17 amino acids of the L1 52/55-kDa protein, was
tested by Western blotting. The 4A8 antibody reacted with this protein, suggest-
ing that the epitope was located within the extreme N terminus of the protein.

Expression of GST fusion proteins. Escherichia coli BL21 cells transformed
with the pGEX-L1 constructs were induced as described previously (8). The
expressed protein was purified using glutathione Sepharose-4B beads (Pharma-
cia Biotech) and 30% ammonium sulfate precipitation.

Preparation of whole-cell or nuclear extracts from mammalian cells. To pre-
pare whole-cell lysates, 293 cells in 10-cm dishes were mock infected or infected
with Ad5, pm8001, or pm8002 at a multiplicity of infection of 10 PFU/cell for
24 h. Cells were washed twice with 5 ml of phosphate-buffered saline solution and
lysed by addition of 500 �l of E1A lysis buffer (10) and incubation for 30 min at
4°C. Cell debris was removed by centrifugation at 10,000 � g at 4°C for 10 min.
Nuclear protein extracts were prepared as described previously (2, 30).

Binding assays. To determine if the GST-L1 proteins could interact with the
IVa2 protein produced from adenovirus, in vitro binding assays were performed
as described previously (8). Briefly, 15 ml of induced bacterial cultures expressing
pGEX-L1 constructs was lysed by sonication in phosphate-buffered saline con-
taining 0.1% �-mercaptoethanol and 2 mM EDTA. Cleared extracts were incu-
bated for 1.5 h at 4°C with E1A lysis buffer-equilibrated glutathione Sepharose-4B
(Pharmacia Biotech) and mixed with 200 �g Ad5-infected or mock-infected lysates.
Mixtures were incubated for 1 h at 4°C and washed three times with E1A buffer. For
Western blot analysis, samples were resuspended in SDS sample buffer and sepa-
rated on a 10% SDS-polyacrylamide gel. Proteins were transferred to nitrocellulose
and probed for the L1 52/55-kDa protein with rabbit anti-L1 antibodies (8) and for
the IVa2 protein with rabbit anti-IVa2 antibodies (31). Proteins were visualized
using a secondary horseradish peroxidase-conjugated antibody and chemilumines-
cence as recommended by the manufacturer (Amersham Pharmacia Biotech).

Mutant virus complementation assays. Dishes (10 cm) of 50%-confluent 293
cells were transfected using calcium phosphate with 10 �g of the pCI-trip–L1
constructs. Cells were infected 48 h later with 10 PFU/cell of the pm8001 mutant
virus for an additional 48 h. One-third of the cells were subjected to three rounds
of freezing and thawing and sonication to prepare viral lysates. Plaque assays
with 293-L1 cells were performed to determine the amount of infectious virus
produced. To examine possible contamination with revertant wild-type virus,
plaque assays were simultaneously performed with 293 cells. The second fraction
of cells was used to prepare whole-cell protein lysates to detect expression of the
L1 52/55-kDa and IVa2 proteins by Western blotting. The final third of the cell
suspension was used to isolate viral genomic DNA to test for possible recombi-
nation events during the course of the transfection-infection.

Recombination assays. Viral genomic DNA was isolated from transfected-
infected cells by using a modification of the procedure described by Hirt (7, 14)
and used as a template for PCR with primers upstream and downstream of the
L1 ORF (7). These primers specifically amplify an adenovirus genomic DNA
fragment of approximately 2 kb and do not amplify the transfected plasmids.
PCR products were digested with SpeI, which recognizes a site introduced into

TABLE 1. Primer sequences

Primer Sequencea

5�Ad5(aa1) BamHI .........................5�GCGGATCCATATGCATCCGGTGCT
GCGGCAGAT3�

3�Ad5(aa52) EcoRI.........................5�CGGAATTCTTACGGGGGTTCGTAA
TCACC3�

3�Ad5(aa105) EcoRI.......................5�GCGAATTCTACTCTCCCTCGCGGTC3�
5�trip NheI .......................................5�GGGCTAGCTTCATCATCAATAATA

TACCTTATTTT3�
3�trip EcoRI.....................................5�GGGAATTCTACTTGCGACTGTGAC

TGGTTAGA3�
5�Ad5(aa1) EcoRI...........................5�CGGAATTCTTATGCATCCGGTGCT

GCGGCAGAT3�
5�Ad5(aa174) EcoRI.......................5�CGGAATTCTTAACAACCACGTGCG

TACGCTT3�
5�Ad5(aa331) EcoRI.......................5�CGGAATTCTTCGGCGGCGCGAGCT

CAGCGA3�
3�Ad5(aa52) XbaI ...........................5�CGTCTAGATTCGGGGGTTCGTAAT

CACCAT3�
3�Ad5(aa105) XbaI .........................5�CGTCTAGATTCTCTCCCTCGCGGT

CGCGAA3�
3�Ad5(aa173) XbaI .........................5�CGTCTAGATTGCTTTTTTGAAAGT

TAATCTCCTGGTT3�
3�Ad5(aa331) XbaI .........................5�CGTCTAGATTTACGGCTCACGCTC

ACGGCCTT3�
3�Ad5(aa416) XbaI .........................5�CGTCTAGATTTTAGTACTCGCCGT

CCTCTGGCT3�

a The positions of the endonuclease recognition sites are underlined. Adeno-
virus genome sequences are in boldface type.
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the ORF at amino acids 19 to 21 of the L1 52/55-kDa protein during the
mutagenesis process to generate the pm8001 mutant (7). Therefore, any rever-
tant due to recombination between the transfected plasmid and the pm8001
chromosome will not be digested.

Immunoprecipitations and Western blotting. Dishes (10 cm) of 50%-conflu-
ent 293 cells were transfected for 48 h as described above and infected at 10
PFU/cell with the pm8001 virus for 24 h. For radiolabeling, 50 �Ci/ml of [35S]me-
thionine-cysteine (Amersham Pharmacia Biotech) was added to the media 24 h
postinfection and the cells were incubated for an additional 6 h before harvest.
Cells were harvested and lysed in E1A lysis buffer as previously described (10).

For immunoprecipitations, 100 �g of radiolabeled or unlabeled protein lysates
was mixed with 4 �g of the rabbit polyclonal antibodies to L1 52/55-kDa (8) and
IVa2 proteins or rabbit immunoglobulin G (IgG) as a control and incubated over-
night at 4°C. Immunocomplexes were collected by incubation with 25 �l protein
G-Sepharose beads (50% slurry; Amersham Pharmacia Biotech) for 2 h at 4°C and
washed three times with 1 ml of E1A lysis buffer. Radiolabeled proteins were
resolved in a 10% SDS-polyacrylamide gel and fixed using a fixing solution (isopro-
panol:water:acetic acid, 25:65:10) for 30 min. Gels were soaked in Amplify fluoro-
graphic reagent (Amersham Pharmacia Biotech) for 30 min, dried under vacuum at
80°C, and exposed to film (Kodak) at �80°C. Nonradiolabeled immunoprecipitated
complexes were boiled in SDS sample buffer, separated by 10% SDS-polyacrylamide
gel electrophoresis, and analyzed by Western blotting (10). Full-length L1 52/55-kDa
and L1(2-331) (numbers in parentheses indicate amino acid numbers) proteins were
assayed using the sheep anti-L1 antibody at a 1:10,000 dilution. L1(2-173), L1(1-
105), and L1(1-52) proteins were assayed using the mouse anti-L1 antibody at a
1:2,000 dilution. L1(174-416) and L1(331-416) proteins were probed using the rabbit
anti-L1 antibody at a 1:10,000 dilution.

ChIP. Chromatin immunoprecipitation experiments, in which protein-DNA
interactions in intact cells are measured by cross-linking the cells, coimmuno-
precipitating the protein and its cognate DNA, and analyzing the precipitated
DNA using PCR, were performed as previously described (20). The indicated
polyclonal antibodies and rabbit IgG were used for immunoprecipitations. The
resulting immunoprecipitated DNA (ChIP DNA) was used as a template for
PCR amplification by use of primers to amplify the packaging sequence or a
portion of the L1 gene as a control.

RESULTS

Previous results showed that the IVa2 and L1 52/55-kDa
proteins interact in vitro and in vivo (8). Furthermore, both
proteins bind to the Ad5 packaging sequence located at the left

end of the genome (19, 20, 30). We examined the domains of
the L1 52/55-kDa protein required for the interaction with the
IVa2 protein and the DNA and the importance of those inter-
actions for the encapsidation function of the L1 52/55-kDa
protein. To do this, we constructed L1 52/55-kDa protein N-
terminal and C-terminal truncation mutants (Fig. 1A) and
analyzed them in vitro by GST pulldown assays in combination
with lysates from pm8001-infected cells and in vivo for their
ability to coprecipitate the IVa2 protein, to complement the
pm8001 virus in trans, and to interact with the packaging se-
quence.

The N-terminal 173 amino acids of the L1 52/55-kDa protein
are necessary and sufficient for interaction with the IVa2 pro-
tein. We took advantage of our ability to detect interactions in
vitro using a GST–L1 52/55-kDa fusion protein (8). GST pro-
teins were immobilized on glutathione beads and visualized by
Coomassie blue staining (Fig. 1B). The smaller proteins that
appear in some of the lanes were confirmed as breakdown
products by Western blotting (data not shown). We tested the
ability of equal amounts of the intact purified GST fusion
proteins containing the N- or C-terminal deletions to bind to
the IVa2 protein compared to the full-length L1 52/55-kDa
protein (Fig. 1C). Neither of the truncations missing the N
terminus of the protein was able to interact with the IVa2
protein, nor was GST alone. Results using constructs contain-
ing various lengths of the N terminus of the L1 52/55-kDa
protein indicated that L1(2-331) and L1(2-173) interacted as
well as the full-length construct. Deletion of an additional 68
amino acids from the N terminus [L1(1-105)] impaired binding
ability and further deletion eliminated binding, suggesting that
the N-terminal 173 amino acids of the L1 52/55-kDa protein
are necessary and sufficient to support an interaction with the
IVa2 protein in vitro.

FIG. 1. In vitro binding of L1 52/55-kDa and IVa2 proteins. (A) Schematic representation of the full-length (L1) and N-terminally and
C-terminally truncated L1 52/55-kDa proteins (amino acids 2 to 331, 2 to 173, 1 to 105, 1 to 52, 174 to 416, and 331 to 416). The deletions are
represented by the thin black lines. (B) Coomassie blue staining of the GST fusion proteins purified by glutathione Sepharose-4B affinity
chromatography. The arrowheads point to the intact proteins. (C) Western blot analysis of IVa2–L1 52/55-kDa protein interaction. The purified
GST–L1 52/55-kDa fusion proteins were mixed with protein extracts from either Ad5-infected (�) or mock-infected (�) 293 cells and analyzed
for binding. The IVa2 protein was detected using polyclonal anti-IVa2 antibody. Lanes 16 and 17 contain 10 �g of whole-cell lysates (WCL) used
as positive or negative controls, respectively.
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To confirm in vivo that the IVa2-L1 52/55-kDa protein in-
teraction was not an artifact of the in vitro approach, we
constructed eukaryotic expression vectors containing the ade-
novirus major late tripartite leader sequence followed by the
N- or C-terminal deletions of the 52/55-kDa ORF. We used
the tripartite leader to ensure efficient translation in infected
cells (15). The L1 constructs were transfected into 293 cells
followed by infection with the pm8001 mutant virus, which fails
to express the L1 52/55-kDa protein. Whole-cell lysates were
tested for the expression of the L1 52/55-kDa and IVa2 pro-
teins by Western blotting. We used lysates from mock-infected
293 cells as a negative control, from 293-L1 cells as a positive
control for L1 52/55-kDa protein expression, or from 293 cells
infected with the pm8001 mutant to confirm the lack of expres-
sion of the L1 52/55-kDa protein. We detected the full-length
L1 52/55-kDa protein and all truncations with the exception of
the L1(331-416) protein (Fig. 2A); it is possible that this small
protein is not stable. As expected, we did not detect L1 52/55-
kDa protein expression from either mock- or pm8001-infected
cells, and we detected the L1 52/55-kDa protein in 293-L1
cells. Similar levels of the IVa2 protein were detected in all
samples except the mock-infected lysates (Fig. 2B).

Protein lysates were used for coimmunoprecipitation assays
with antibodies to either the L1 52/55-kDa or the IVa2 protein.
Radiolabeled lysates were also prepared to confirm expression
of the mutant proteins and to demonstrate that the antibody
used for the coimmunoprecipitations recognized all of the
truncated proteins. All of the truncated proteins were immuno-
precipitated (data not shown). Western blot results from the
coimmunoprecipitation experiments were consistent with
those obtained in vitro in the GST pulldown experiments (Fig.

2C). The full-length L1 52/55-kDa protein from Ad5 infection
or pCI-trip–L1 transfection, as well as the truncation mutants
expressing amino acids 2 to 331 and 2 to 173, was able to
coprecipitate with the IVa2 protein. These results confirmed
that the 173 amino acids of the N terminus of the L1 52/55-kDa
protein were sufficient to interact with the IVa2 protein.

The N-terminal 331 amino acids are necessary to comple-
ment the pm8001 mutant virus in trans. The pm8001 mutant
virus is able to be propagated only in the 293-L1 complement-
ing cell line, which provides the L1 52/55-kDa protein in trans.
Using a transient virus complementation assay with 293 cells,
we determined whether the transfected truncated forms of the
L1 52/55-kDa protein were able to complement the pm8001
virus infection in trans. 293 cells were transfected with the
plasmids expressing the various L1 mutants and subsequently
infected with the pm8001 mutant virus as described above.
Virus progeny from these transfection-infections were col-
lected, and titers were determined with 293 and 293-L1 cells.
We expected infectious virus progeny if the L1 52/55-kDa protein
expressed in trans could complement the pm8001 mutation. The
progeny would be phenotypically infectious but genotypically
mutant and unable to produce de novo L1 52/55-kDa protein
upon subsequent infection. Therefore, the complemented virus
would replicate only in 293-L1 cells, which provide the wild-
type L1 52/55-kDa protein in trans. The results from two rep-
resentative experiments are shown in Table 2 and indicate that
only the full-length L1 52/55-kDa protein and the L1(2-331)
truncation mutant were able to complement the pm8001 mu-
tant. The yield obtained with the expression of the L1(2-173)
protein was reduced by a factor of 103 compared with results
for the full-length L1 52/55-kDa protein or the L1(2-331) trun-

FIG. 2. Interaction of L1 52/55-kDa and IVa2 proteins in vivo. 293 cells were transfected with the indicated L1 52/55-kDa constructs or empty
vector for 48 h followed by infection with pm8001 mutant virus. Cells were lysed 48 h later, and 20 �g whole-cell lysates was analyzed by Western
blotting to detect expression of the (A) L1 or (B) IVa2 proteins. (C) Immunoprecipitations were performed with the indicated polyclonal
antibodies (IP Ab), followed by Western blotting with antibodies against L1 52/55-kDa (top panel) or IVa2 (bottom panel) proteins. Wild-type
Ad5-infected lysates (Ad5) or mock-infected lysates (mock) were used as a positive control and a negative control, respectively.
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cation. Titration of virus in 293 cells served as a control for
generation of wild-type virus due to marker rescue and showed
no such rescue as measured by the lack of plaque formation
after 2 weeks.

To further rule out the possibility of recombination events,
viral genomic DNA was isolated from transfected-infected
cells and used as a template for PCR with primers that bind
upstream and downstream of the L1 ORF and specifically
amplify the adenovirus genomic DNA (7). These primers do
not amplify the L1 cDNA from the transfected expression
plasmids. An SpeI site was introduced in the L1 52/55-kDa
protein ORF during the process of generating the pm8001
mutant virus and therefore is a marker for the presence of the
mutations. The PCR products from all of the experimental
samples were completely digested, confirming the presence of
the mutations in the viral genomic DNA (Fig. 3). As controls,
viral genomic DNA from wild-type Ad5- or pm8001-infected
cells was isolated and amplified. As expected, these PCR prod-
ucts were undigested or digested, respectively. No amplifica-
tion product was detected when a plasmid containing the L1
52/55-kDa ORF was used as a control template, demonstrating
the specificity of the primers for viral genomic DNA. These
results confirmed that no recombination events occurred dur-
ing the experiment, supporting the conclusion that we were
observing complementation in trans. Our results demonstrate
that the mutant L1 52/55-kDa protein containing the N-termi-
nal 331 amino acids was able to complement the pm8001 virus.

Analysis of L1 52/55-kDa protein binding to the packaging
sequence. In vitro electrophoretic mobility shift assays using
purified proteins or infected cell nuclear extracts showed no
interaction of the L1 52/55-kDa protein and the packaging
sequence (20, 23, 30). However, an in vivo interaction of the L1
52/55-kDa protein with the packaging sequence has been re-
ported (19, 20). In order to determine if the mutant L1 52/55-
kDa proteins had the ability to bind to the packaging sequence,
we performed ChIP assays on cross-linked nuclear lysates from
293 cells that were transfected-infected as described above.
PCR amplifications of the ChIP samples were performed using
primers designed to amplify the packaging sequence or control
primers to amplify a fragment of the L1 ORF (20). Only the
full-length L1 protein and the L1(2-331) mutant were able to
bind to the packaging sequence (Fig. 4A). No amplification
product of the L1 sequence was detected, indicating specificity
of the immunoprecipitation for the packaging sequence (Fig.
4B). PCR amplification controls confirmed the presence of

both DNA sequence targets in the input DNA (Fig. 4C), and
no PCR product was detected from immunoprecipitations us-
ing rabbit IgG (Fig. 4A).

DISCUSSION

The L1 52/55-kDa protein is known to interact with the IVa2
protein and the viral packaging sequence and to play a key role
in adenovirus DNA packaging, but very little is known about
the mechanism involved. We constructed N-terminal and C-
terminal L1 52/55-kDa protein truncations to define the func-
tional domains of the protein. We examined the L1 52/55-kDa–
IVa2 protein interaction, binding to the packaging sequence,
and the ability of these proteins to complement the pm8001
mutant virus, which fails to express the L1 52/55-kDa protein.

The ability to detect binding in vitro between the GST–L1
52/55-kDa fusion proteins and the IVa2 protein presented a
relatively simple assay to examine the domains within the L1
52/55-kDa protein responsible for this interaction. This analy-
sis showed that the N-terminal 173 amino acids were necessary
and sufficient to support an interaction equivalent to that seen
for the full-length L1 52/55-kDa protein. Furthermore, the
constructs lacking the N terminus of the L1 52/55-kDa protein,
L1(174-416) and L1(331-416), were completely incapable of
interacting with IVa2. The in vivo coimmunoprecipitation re-
sults are consistent with the GST pulldown results and confirm
that the L1 52/55-kDa proteins containing the N-terminal 173
or 331 amino acids are able to bind the IVa2 protein; this
interaction is detectable using antibodies recognizing either of
the proteins for the immunoprecipitation. Binding to the IVa2
protein likely involves sequences at the extreme N terminus of
the L1 52/55-kDa protein, since a GST fusion protein contain-
ing amino acids 2 to 105 was able to bind in vitro although with
much-reduced ability compared to the full-length protein. The
region extending to amino acid 173 might be involved in sta-
bilizing this interaction, in providing additional contacts, or in
the proper folding of the amino-terminal end of the L1 52/55-
kDa protein.

The N-terminal 331 amino acids of the L1 52/55-kDa protein
were required for both binding to the packaging sequence and
complementation of the pm8001 mutant virus in trans. This
suggests that the ability of the virus to complete assembly

FIG. 3. Recombination assays. Low-molecular-weight DNA was iso-
lated from transfected-infected cells and used as a template for PCR to
amplify a DNA fragment containing the L1 ORF. PCR products from
transfections using the three functional constructs, full-length, L1(2-
331), and L1(2-173), were not digested (�) or digested (�) with SpeI.
Controls used for PCR were DNA isolated from wild-type (wt) or
pm8001 infections and pCI-trip–L1 plasmid DNA (plasmid). The 1-kb
Plus DNA ladder (Gibco BRL) is shown as the DNA standard.

TABLE 2. Complementation assay titers

Transfected
construct

Result (PFU/ml) for:

Expt 1 Expt 2

293-L1 cells 293 cells 293-L1 cells 293 cells

L1 4.0 � 106 3.0 � 101 2.1 � 106 7.0 � 101

L1(2–331) 1.0 � 106 1.0 � 101 7.0 � 105 2.0 � 101

L1(2–173) 3.0 � 103 4.0 � 101 2.0 � 103 2.0 � 101

L1(2–105) 1.0 � 101 2.5 � 102 2.0 � 101 6.0 � 101

L1(2–52) 2.5 � 102 2.0 � 101 4.0 � 102 3.0 � 101

L1(174–416) 1.6 � 101 2.0 � 101 4.0 � 101 4.0 � 101

L1(331–416) 2.0 � 101 6.0 � 101 1.5 � 101 4.0 � 101

Empty vector 1.0 � 101 1.0 � 102 2.0 � 101
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requires the binding of the L1 52/55-kDa protein to the pack-
aging sequence and possibly to other trans-acting factors. Fur-
thermore, amino acids between 173 and 331 are essential for
the interaction with the packaging sequence, although amino
acids 1 to 173 are also required since the L1(173-416) mutant
does not bind. Our mutant proteins do not allow us to deter-
mine whether binding to the IVa2 protein is required for
complementation, since all of the mutants that bind the pack-
aging sequence also bind the IVa2 protein. We constructed
two additional mutants, a truncation containing amino acids
105 to 416 and a deletion mutant lacking amino acids 105 to
173, but neither construct was expressed to detectable levels in
cells after transfection.

Alignment of the protein sequences from several different
human adenovirus serotypes (Ad2, Ad5, Ad7, Ad10, Ad12,
Ad17, and Ad40) as well as from other species, such as sheep,
mouse, and monkey, indicates that the L1 52/55-kDa protein is
highly conserved, with approximately 78% overall sequence
identity. However, the first 60 amino acids (N terminus) and
the last 50 amino acids (C terminus) of the protein have a
lower degree of identity, which might argue against an impor-
tant role for these sequences during the adenovirus life cycle.
However, the variability in both ends might be the reason for
the serotype specificity of the L1 52/55-kDa protein: the L1
52/55-kDa protein from adenovirus subgroups A, B, and D
cannot complement the defect of the Ad5 pm8001 mutant virus
(subgroup C) (32).

It is likely that the mutation in the H5ts369 virus affects the
conformation of the protein at the nonpermissive temperature.
Analysis of the ability of the L1 52/55-kDa protein from this
virus to bind the packaging sequence or the IVa2 protein when
grown at the nonpermissive temperature indicated no defect in
either activity, however (data not shown). This suggests that a
third, unknown function is affected. A recent report identified
three forms of the L1 52/55-kDa protein (25). The authors

proposed that the processed products of the L1 52/55-kDa
protein might participate in later stages of the virus maturation
process, such as DNA packaging and maturation of virions, the
last steps in the formation of virions during adenovirus life
cycle. The same three forms of the L1 52/55-kDa protein were
previously reported as degradation or cleavage products (11).
The identification of a consensus recognition site in the L1
52/55-kDa protein for the 23K viral protease suggests that a
47K protein might be produced as a result of the protease
activity after amino acid position 351 (27). We found this
position to be identical in all serotypes compared, suggesting
that cleavage is important.

Although the L1 52/55-kDa protein is encoded in the major
late transcription unit, it is also expressed during the early
phase of adenovirus infection (1, 18, 24), suggesting that it
might play additional roles during adenovirus infection. While
the pm8001 mutant does not exhibit any early phenotypes in
culture (8), it is possible that such an early role exists during a
natural infection. The L1 52/55-kDa protein was first reported
to have a scaffolding role in adenovirus assembly, since it is not
found in mature virions but is detected in empty capsids, as-
sembly intermediates, and young virions (11). The fact that
empty capsids are formed in the absence of the L1 52/55-kDa
protein expression upon cell infection with pm8001 virus sug-
gests that the L1 52/55-kDa protein might not be involved in
the formation of the capsid shells (7). However, the role of the
L1 52/55-kDa protein in packaging of the viral genome is well
established, since cells infected with H5ts369 at the nonper-
missive temperature accumulate empty capsids associated with
only the left end of the genome (12). Furthermore, in the
absence of the L1 52/55-kDa protein, empty capsids are formed
with no viral genome associated, supporting this conclusion (7).
More recently, the L1 52/55-kDa protein has been shown to bind
in vivo to the packaging sequence (19, 20), a sequence absolutely
required for encapsidation of the adenovirus genome (3, 4, 13,

FIG. 4. ChIP assays. 293 cells were transfected-infected with the indicated constructs. Cross-linked nuclear extracts were used for immuno-
precipitations with the indicated antibodies (IP Ab) to the L1 52/55-kDa or IVa2 proteins or rabbit IgG control. (A) After immunoprecipitation,
ChIP DNA was used as a template for PCR to amplify the packaging sequence. No template (� control) was used as a negative control for the
PCR. (B) The immunoprecipitates from the sample which was transfected with the wild-type L1 protein were amplified using primers that
recognize the L1 ORF. The same lack of amplification of the L1 ORF was obtained with all constructs (data not shown). The control used for the
L1 PCR was the wild-type L1 input chromatin DNA (� control). (C) Input chromatin DNA was used as a template control for PCR to detect the
presence of the PS and L1 DNA targets before immunoprecipitation.
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22). Another recent report used in vitro pulldown assays, in which
biotin-labeled A1-A2 repeats of the packaging sequence were
used as a bait to identify DNA binding proteins from Ad5 in-
fected cell nuclear extracts (29). The authors suggested that the
L1 52/55-kDa protein binds to the DNA nonspecifically and spec-
ulated this is mediated by the IVa2 protein (29). However, based
on ChIP assays with Ad5 wild-type-, pm8001-, or pm8002-infected
cells, we and others have demonstrated that the IVa2 and L1
52/55-kDa proteins bind independently to the packaging se-
quence in vivo and that L1 52/55-kDa protein binding is sequence
specific (19, 20). Although both the IVa2 and L1 52/55-kDa pro-
teins play a critical role in adenovirus assembly, the interaction
between these proteins might be unrelated to packaging sequence
binding. Consistent with this hypothesis, we show that the L1(1-
173) protein is impaired in its ability to bind to the packaging
sequence and to assemble mature virions even though it binds the
IVa2 protein. The L1 52/55-kDa and IVa2 proteins have also
been reported to bind to pVII (29), the major core protein,
suggesting these proteins might form a higher-order complex that
plays a role in encapsidation. Further experimentation will be
required to assess whether the L1 52/55-kDa–IVa2 interaction is
required for DNA packaging, however. Taken together, these
results suggest that the L1 52/55-kDa–IVa2 protein interaction
does not depend on binding to the packaging sequence and that,
furthermore, there might be two different populations of the L1
52/55-kDa protein involved in the two functions, IVa2 interaction
and DNA binding.

In summary, we find that the L1 52/55-kDa protein inter-
acts with the IVa2 protein by using the N-terminal 173
amino acids of the protein, while 331 amino-terminal resi-
dues are essential for the interaction with the packaging
sequence. Furthermore, the ability of the virus to encapsi-
date its genome correlates with binding of the L1 52/55-kDa
protein to the packaging sequence. While the exact bio-
chemical function of the L1 52/55-kDa protein remains elu-
sive, a continued dissection of its roles in assembly should
lead us to such an understanding.
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