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Previous work demonstrated that the adenovirus L1 52/55-kDa protein is required for assembly of viral
particles, although its exact role in the assembly process is unclear. The 52/55-kDa protein’s early expression,
however, suggests that it might have other roles at earlier times during infection. To uncover any role the
52/55-kDa protein might have at early times and to better characterize its role in assembly, a mutant
adenovirus incapable of expressing the 52/55-kDa protein was constructed (H5pm8001). Analysis of the onset
and extent of DNA replication and late protein synthesis revealed that HSpm8001-infected 293 cells entered the
late stage of infection at the same time as did adenovirus type 5 (Ad5)-infected cells. Interestingly, HSpm8001-
infected cells displayed slightly lower levels of replicated viral DNA and late proteins, suggesting that although
not required, the 52/55-kDa protein does augment these activities during infection. Analysis of transcripts
produced from the major late and IVa2 promoters indicated a slight reduction in H5pm8001-infected com-
pared to AdS-infected cells at 18 h postinfection that was not apparent at later times. Analysis of particles
formed in HS5pm8001 cells revealed that empty capsids could form, suggesting that the 52/55-kDa protein does
not function as a scaffolding protein. Subsequent characterization of these particles demonstrated that they
lacked any associated viral DNA. These findings indicate that the 52/55 kDa-protein is required to mediate
stable association between the viral DNA and empty capsid and suggest that it functions in the DNA

encapsidation process.

At late times during adenovirus infection, two abundant
particles are formed that can be separated by CsCl equilibrium
centrifugation (39). The heavier of these particles is the mature
virus, while the lighter particles are empty capsids. Analysis of
the protein composition of empty capsids shows that although
they lack all core components, they contain hexon, penton
base, fiber, and the precursor forms of proteins VI and VIII
(29, 39, 51, 58). In addition, several other proteins that are not
found in the mature virus are found in empty capsids and may
function as scaffolding proteins during the assembly process
(29, 51, 55, 58). Pulse-chase experiments combined with the
analysis of defective particles formed during infection of cells
with temperature-sensitive mutants revealed a third, less-abun-
dant class of particles known as assembly intermediates (14,
15). Further characterization of these particles by reversible
cross-linking revealed that they could be separated into two
components, termed heavy and light intermediates. Light in-
termediates have the same protein composition as empty cap-
sids but are associated with a small fragment of the viral ge-
nome. The heavy intermediates contain the full-length viral
genome and lack all scaffolding proteins. A precursor/product
relationship between assembly intermediates and mature viri-
ons was suggested by kinetic analyses showing that radiolabel
incorporated into assembly intermediates could be chased into
mature virions (14, 15). A fourth type of particle known as the
young virion was identified upon analysis of H2ts1, which con-
tains a temperature-sensitive mutation in the viral protease
gene (29, 63, 64). Cells infected with H2ts1 at the nonpermis-

* Corresponding author. Mailing address: University of Michigan,
1500 E. Medical Center Dr., 6310 CCGC, Ann Arbor, MI 48109-0942.
Phone: (734) 763-9162. Fax: (734) 647-9271. E-mail: imperial@umich
.edu.

T Present address: Dept. of Microbiology and Immunology, Stanford
University School of Medicine, Stanford, CA 94305-5124.

7860

sive temperature accumulate viral particles that contain a full-
length viral genome associated with core proteins V and VII.
Young virions are identical to mature virions except that sev-
eral viral proteins are present in a precursor form (Illa, VI,
VII, VIII, and terminal proteins) and proteins X, XI, and XII
are absent. Overall, these findings suggest that the first step in
viral morphogenesis is association of viral proteins (some in
precursor form) with scaffolding proteins to form the empty
capsid. The association of viral DNA is the next detectable step
and results in the formation of light intermediates. The DNA
is then encapsidated, and the scaffolding proteins are degraded
or released to produce the heavy intermediate. Young virions
are formed by the incorporation of viral core proteins, and the
final step is the cleavage of precursor proteins by the viral
protease to produce the mature virion.

Characterization of an adenovirus harboring a temperature-
sensitive mutation in the L1 52/55-kDa protein (H5ts369)
revealed that this protein is required for viral assembly (23).
When HeLa cells were infected with H5ts369 at the nonper-
missive temperature, light intermediates accumulated. Analy-
sis of these intermediates indicated that they were associated
with the left end of the viral genome, suggesting that the
52/55-kDa protein has a role in DNA encapsidation. Later
findings indicated that early assembly intermediates have many
copies of the 52/55-kDa protein and that these structures grad-
ually lose the 52/55-kDa protein as they mature into virions
(22). This led Hasson et al. (22) to suggest that the 52/55-kDa
protein may act as a scaffolding protein in a manner similar to
that shown for several bacteriophage assembly pathways (re-
viewed in reference 5).

Despite its clearly demonstrated role in viral assembly, other
observations suggested that the 52/55-kDa protein might have
additional functions at early times during infection. Unlike
other members of the late families of gene products, mRNAs
encoding the 52/55-kDa protein are detected very early after
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infection has commenced (9, 57). Subsequent analysis has re-
vealed the presence of distinct regulatory mechanisms that
ensure expression of the 52/55-kDa protein at early times.
First, unlike what is seen at late times during infection, when
transcription from the major late promoter (MLP) proceeds
through to the right end of the genome (1, 17, 65), transcrip-
tion at early times terminates downstream of the L3 poly(A)
site (30, 47). Second, polyadenylation at the L1 poly(A) site
was shown to be activated by flanking sequences that facilitate
recruitment of processing factors to this site at early times (12,
16, 18). Third, the presence of an intronic splicing repressor
immediately upstream of the IIla splice acceptor results in
almost exclusive splicing to the 52/55-kDa protein exon at early
times (33). The appearance of the 52/55-kDa protein before
viral DNA replication has begun, or before any viral structural
proteins have been produced, suggests that it may be respon-
sible for some activity early in the infectious process.

Previously, we reported that the 52/55-kDa protein interacts
with the IVa2 protein during infection (21). Since the Va2
protein is a late-stage-specific transcriptional activator of the
MLP (62), this suggested that a possible early role for the
52/55-kDa protein might be to regulate proper temporal acti-
vation of late gene expression by interacting with the IVa2
protein. Analysis of assembly intermediates and mature viri-
ons, however, revealed that the IVa2 protein was a component
of these particles (67), making it possible that interaction with
the 52/55-kDa protein was important for viral assembly. Al-
though the phenotype of H5ts369 did not suggest a role for the
52/55-kDa protein at early times, it was possible that the tem-
perature-sensitive mutation did not affect any putative function
of the 52/55-kDa protein required prior to assembly of the viral
particle. Additionally, the analysis of H5ts369 could not differ-
entiate between a role for the 52/55-kDa protein as a scaffold-
ing protein or in DNA encapsidation (22). To determine if the
52/55-kDa protein has an important role at early times, as well
as to further characterize the role of the 52/55-kDa protein in
viral assembly, we constructed a mutant adenovirus incapable
of expressing the 52/55-kDa protein. The analysis of this mu-
tant virus reveals that the 52/55-kDa protein is not required for
entry into the late stage of infection, indicating that it does not
provide a necessary function at early times. Characterization of
assembly intermediates that form in the absence of the 52/55-
kDa protein indicates that it does not function as a scaffolding
protein but instead mediates encapsidation of the viral ge-
nome.

MATERIALS AND METHODS

Plasmid constructs. Adenovirus type 5 (Ad5) nucleotide numbering is from
the published sequence (10). pTG3602 contains a full-length AdS genomic clone
and has been described previously (6). The 52/55-kDa open reading frame
(ORF) from amino acids 2 to 416 was constructed by cloning the NsiI/HindIII
fragment (nucleotides [nt] 11054 to 11565) and the HindIIl/Smal fragment (nt
11565 to 13065) into the PstI and HinclI sites of pPGEM-3Zf(—) (Promega Corp.,
Madison, Wis.). The resulting vector was digested with Sphl, blunt ended with T4
DNA polymerase, ligated to BamHI linkers (8-mers; Promega Corp.) and di-
gested with BamHI. The resulting 2-kb BamHI fragment containing the 52/55-
kDa ORF was then cloned into the BamHI site of pGEM-3Zf(—) to create
pGLI1.

pBK-tripL1 was generated through a series of cloning steps, the details of
which we will gladly provide upon request. Briefly, we amplified the 5’ end of a
c¢DNA encoding the 52/55-kDa protein from a late stage adenovirus-infected 293
cell cDNA library (21), using PCR. The primers used corresponded to a 5’
primer (A) complementary to the first exon of the tripartite leader (nt 6051 to
6069) and a 3’ primer (B) complementary to the 52/55-kDa protein ORF (nt
11367 to 11350), and the amplified product therefore contained the tripartite
leader and extended to nt 11367 in the 52/55-kDa protein ORF (Fig. 1A). This
product was combined with the rest of the 52/55-kDa ORF and cloned into the
Nhel and Xbal sites of pPBK-CMV (Stratagene Cloning Systems, La Jolla, Calif.)
to generate pBK-tripL1 (Fig. 1A).

A PCR strategy was employed to mutate the 52/55-kDa protein ORF (Fig.
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FIG. 1. Helper cell line isolation and construction of the mutant 52/55-kDa
ORF. (A) Schematic illustration of the 52/55-kDa protein expression vector
(pBK-tripL1) used to generate 293-L1 cells. The location of primers A and B
used in cloning are indicated, as well as that of the Mlul site at nt 11312. Ab-
breviations: trip, tripartite leader cDNA; L1 ORF, 52/55-kDa ORF; pA, poly-
adenylation site; CMV, cytomegalovirus. The open box indicates adenovirus
sequences located downstream of the 52/55-kDa ORF. (B) Immunoblot analysis
of 293-L1 cells. Whole-cell lysates prepared from 293-L1 or 293 cells were
examined by using a polyclonal rabbit antibody to the 52/55-kDa protein. Ad: +,
lysate was prepared from adenovirus-infected 293 cells at 20 h postinfection; —,
uninfected cell lysate. Lysate (ug), amount of lysate loaded. (C) Schematic
representation of the mutant 52/55-kDa ORF. The locations of primer binding
sites (C, D, E, and F) and restriction endonuclease cleavage sites (M, H, and X)
used in the construction of the mutant are indicated at the bottom. M, Mlul; H,
HindIII; X, Xbal. The upper portion of the figure displays the nucleotide se-
quence of the N terminus of the 52/55-kDa protein ORF (nt 11096 to 11116).
The encoded amino acid is indicated below each triplet, and the codon position
within the 52/55-kDa OREF is indicated below that. Arrows indicate point muta-
tions that were introduced into this region. Underlined nucleotides correspond
to the Spel site that is created by these mutations. *, position of stop codons
created by these manipulations.

1C). A5’ fragment (CD) extending from nt 10321 to 11115 was synthesized by
using primers C (5'-CAGGTACTGGTATCCCACC-3") and D (5'-CTACTAG
TCTTACTCTTGCCGCTGCTG-3"). A 3’ fragment (EF) extending from nt
11100 to 12298 was synthesized by using primers E (5'-GTAAGACTAGTAGC
AGACATGCAGGGC-3') and F (5'-CTTAGTACTCGCCGTCCTC-3"). Prim-
ers D and E are complementary at their 5’ ends and alter the sequence between
nt 11102 and 11113 from CAA GAG CAG CGC to TAA GAC TAG TAG. Bold
nucleotides represent mutations introduced by these primers, and underlined
nucleotides indicate a Spel site that was created in the mutant. Fragments CD
and EF were digested with Spel, ligated, and PCR amplified, using primers C and
F to generate the ALI fragment (Fig. 1). The Xbal/HindIII fragment (nt 10589
to 11565) was isolated from the AL1 fragment and used to replace the corre-




7862 GUSTIN AND IMPERIALE

sponding region of the wild-type gene in a clone of the viral KpnB fragment (nt
8537 to 14290) to generate pKpnBALL.

For the synthesis of antisense riboprobes, different regions of the adenovirus
genome were cloned into pGEM-3Zf(—). pGL3pA contains Ad2 sequences that
span the L3 poly(A) site (nt 22237 to 22667) from pGEMLI (12). pGL3pArev
contains the same sequences in the reverse orientation. pGHwt contains Ad2
sequences spanning the L1 poly(A) site (nt 13976 to 14146). pGES3/Pst contains
Ad5 sequences spanning the IVa2 coding region (nt 4060 to 4245) isolated from
clone E53 (21). Transcription of pGL3pA, pGL3pArev, pGHwt, and pGES3/Pst
by T7 RNA polymerase produces transcripts complementary to the L3, E2A, L1,
and IVa2/E2B mRNAs, respectively.

Cell lines. Low-passage 293 cells (20) were maintained as described previously
(21). A cell line that stably expresses the 52/55-kDa protein was generated by
transfecting pBK-tripL1 into 293 cells. Approximately 5 X 10° 293 cells were
plated in a 6-cm-diameter dish 48 h prior to transfection. Four to 6 h prior to
transfection, cells were fed with 4.5 ml of complete medium. Calcium phosphate-
DNA precipitates were prepared as described previously, using 10 ng of pBK-
tripL1 and 10 pg of pPGEM DNA per ml of precipitate (34). Precipitate (0.5 ml)
was added to the cells, and 16 h later the cells were washed twice with phosphate-
buffered saline (PBS) and fed with fresh medium. Twenty-four hours later, the
cells were trypsinized and plated at increasing dilutions to allow for the out-
growth of individual colonies in the presence of G418, which was added the
following day at 0.5 mg/ml. Cells were fed every 3 to 4 days with fresh medium
containing G418 until colonies could be detected. Colonies were picked, ex-
panded, and analyzed by immunoblotting for expression of the 52/55-kDa pro-
tein. Following isolation, one positive cell line that expressed the highest level of
the 52/55-kDa protein was subcloned by limiting dilution and designated 293-L1.

Viruses. Ad5 stocks were prepared on 293 cells as described previously (19).
H5ts369 contains a temperature-sensitive mutation in the 52/55-kDa protein and
was grown on 293 monolayers at 32°C (23). Plaque assays were performed at
37°C, except for H5ts369 assays which were incubated at either 32 or 39.5°C.

To construct H5Spm8001, we employed the bacterial recombination protocol
described by Chartier et al. (6). pKpnBAL1 was digested with Kpnl, and the
KpnBAL1 fragment (nt 8537 to 14290) was isolated. Ten nanograms of the
purified KpnBAL1 fragment and 10 ng of pTG3602 that had been linearized
at the Pmel site (nt 13258) were cotransformed into Escherichia coli BJ5183
and plated on medium containing ampicillin. Since the yield of plasmid DNA
from BJ5183 was too low to analyze directly, it was used to transform DH5«
cells. Restriction analysis of a plasmid isolated from this transformation
(pTG3602AL1) indicated that a Spel site had been introduced into the 52/55-kDa
protein ORF and that no rearrangements had occurred. 293-L1 cells were trans-
fected with 1 pg of Pacl-digested pTG3602AL1 and monitored for the develop-
ment of cytopathic effect (CPE). CPE became evident 11 days later, at which
time a viral lysate was prepared and plaqued on 293-L1 and 293 cells. No plaques
were detected on 293 cells. Two isolated plaques were picked from 293-L1 cells
and replaqued on both cell lines. Again, no plaques were detected on 293 cells,
and several isolated plaques picked from 293-L1 cells were used as master stocks
for the growth of H5pm8001. DNA was prepared from plaque lysates by using a
modification of the procedure described by Hirt (26). Plaque lysates were ad-
justed to 0.6% sodium dodecyl sulfate (SDS)-10 mM EDTA and incubated at
room temperature for 15 min, followed by the addition of NaCl to 1.5 M and
incubation overnight at 4°C. Samples were spun at top speed in a microcentrifuge
for 10 min. Ten microliters containing 50 mg of predigested pronase/ml and 5 pl
containing 10 mg of RNase A/ml were added to the supernatants, and the
samples were incubated at 37°C for 1 h, extracted twice with phenol and once
with chloroform-isoamyl alcohol (24:1), precipitated, washed, and resuspended
in 100 wl TE (10 mM Tris, 1 mM EDTA, pH 8). Protein samples were prepared
in E1A lysis buffer and analyzed by immunoblot as described previously (21).

Viral growth assays. One million cells were plated on a 35-mm-diameter plate
and allowed to attach overnight. Cells were infected the next day by aspirating
the medium and adding virus at a multiplicity of infection (MOI) of 0.1 in 0.5 ml
of Dulbecco modified Eagle medium (DMEM)-2% fetal bovine serum (FBS).
Following adsorption of virus for 90 min, 2 ml of complete medium was added.
Viral lysates were prepared by washing cells twice with PBS and resuspending in
0.25 ml of DMEM-2% FBS, followed by three cycles of freeze-thaw. Lysates
were plaqued on 293-L1 or 293 cells as described above.

Infection time course analysis. Infections for the analysis of RNA used 10°
cells, whereas infections for the isolation of DNA and protein used 5 X 10° cells.
Cells were trypsinized, spun at 250 X g for 5 min, resuspended in complete
medium, and counted in a hemocytometer. Cells were again pelleted at 250 X g
for 5 min and resuspended at 107 cells/ml in DMEM-2% FBS containing virus
at an MOI of 10. Virus was allowed to adsorb for 20 min at 37°C with occasional
mixing, followed by the addition of 1 ml of complete medium and plating. At the
indicated times postinfection, cells were washed twice with PBS and harvested.
For immunoblot analysis, whole-cell lysates were prepared by lysing the cells in
25 ul of E1A lysis buffer as described previously (21). The preparation of rabbit
polyclonal antiserum that recognizes the 52/55-kDa protein, as well as the mouse
monoclonal antibodies to the IVa2 and 72-kDa DNA binding protein, have been
described previously (21, 37, 54). Polyclonal rabbit antibodies to the fiber protein
were the kind gifts of P. Hearing and C. Anderson.

Viral DNA was prepared by using the modified Hirt procedure described
above and analyzed by Southern blotting. Samples were digested with KpnI and
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Spel, electrophoresed on a 0.8% agarose gel, transferred to Zetaprobe mem-
brane (Bio-Rad Laboratories, Hercules, Calif.), and prehybridized in 0.5 M
NaHPO,-1 mM EDTA-7% SDS (pH 7.2) at 65°C for 1 h. A radiolabeled,
Ad5-specific probe was synthesized using pTG3602 and the Random Primer
Labeling kit (Life Technologies Inc., Gaithersburg, Md.) and boiled immediately
before use. The prehybridization solution was removed, and fresh solution con-
taining probe (10° cpm/ml) was added to the membrane and incubated overnight
at 65°C. The membrane was rinsed twice with 2X SSC (1X SSC is 0.15 M NaCl
plus 0.015 M sodium citrate) at room temperature, twice with 40 mM NaHPO,
(pH 7.2)-1 mM EDTA-5% SDS at 65°C for 30 min, twice with 40 mM NaHPO,
(pH 7.2)-1 mM EDTA-1% SDS at 65°C for 30 min, blotted dry, and exposed to
film. The amount of bound probe was quantitated in a PhosphorImager (Mo-
lecular Dynamics Inc., Sunnyvale, Calif.).

RNA was isolated by the method of Chomczynski and Sacchi (8), except that
all volumes were reduced by 75%. The RNA was precipitated, resuspended in 0.1
ml of TE, and quantitated by measuring the optical density at 260 nm. Poly(A)™
RNA was purified from 16 pg of total RNA as described previously (13). One-
fourth of the poly(A)* RNA was electrophoresed on a formaldehyde-denaturing
gel and transferred to a Zetaprobe nylon membrane. Prehybridization, hybrid-
ization, and washing were the same as described above for Southern analysis.
Plasmids used for the synthesis of riboprobes were linearized with HindIII,
extracted once with phenol, once with chloroform-isoamyl alcohol (24:1), pre-
cipitated, and resuspended in TE at 1 mg/ml. One microliter of linearized
plasmid was incubated at 37°C for 1 h with 1 U of T7 RNA polymerase (Life
Technologies Inc.) in the manufacturer’s recommended buffer supplemented
with 50 wCi of [**P]JUTP, 10 uM UTP, and 0.5 mM (each) ATP, CTP, and GTP,
followed by the addition of 1 U of RNase-free DNase I and incubation at 37°C
for another 15 min. Riboprobes were extracted once with phenol and once with
chloroform-isoamyl alcohol (24:1) and were purified in a G50 quickspin column
(Boehringer Mannheim Corp., Indianapolis, Ind.) before being added to mem-
branes.

Transmission electron microscopy. Infections for analysis by electron micros-
copy were carried out as described above for the time course analysis. At 40 h
postinfection, cells were washed twice with PBS, fixed for 1 h in 2% buffered
glutaraldehyde, postfixed for 1 h with buffered 1% osmium tetroxide, dehy-
drated, and infiltrated with Epon epoxy resin. The resulting block was then
sectioned, and grids containing the ultrathin sections were double stained with
lead citrate and uranyl acetate and examined by using a Philips CM-100 trans-
mission electron microscope operated at 60 kV.

Purification of assembly intermediates. HSpm8001 infections were carried out
at an MOI of 5; all other infections were at an MOI of 10. H5ts369 infections
were carried out at 39.5°C; all others were at 37°C. Forty-eight hours postinfec-
tion, 2 X 10® cells were centrifuged at 250 X g, washed with PBS, and resus-
pended in 5 ml of 10 mM Tris, pH 8. The cells were lysed by three cycles of
freezing and thawing and centrifuged at 1,500 X g for 15 min, and the superna-
tant was layered onto a 28-ml step gradient prepared by underlaying 14 ml of a
1.45-g/cm® CsCl solution beneath 14 ml of a 1.2-g/cm® CsCl solution. The virus
was centrifuged in an SW28 rotor at 72,000 X g for 2 h, harvested, and layered
onto a preformed (1.2 to 1.45 g/cm®) CsCl gradient and centrifuged in an SW41
rotor at 68,500 X g for 16 h. After centrifugation, fractions were collected from
the gradient and analyzed for protein content by using the Bio-Rad protein assay
kit to determine the location of viral particles. The density of individual fractions
was determined with a refractometer.

For analysis of protein composition, particles were added directly to sample
release buffer (21), electrophoresed on a 10% SDS-polyacrylamide gel, and
visualized directly by using the Gel Code silver stain kit (Pierce Chemical Com-
pany, Rockford, Ill.) or by immunoblotting. DNA was isolated from viral parti-
cles by diluting into 0.3 ml of pronase digestion buffer (2 mg of predigested
pronase/ml, 50 mM Tris, 1 mM EDTA, 0.5% SDS, pH 7.5) and incubating at
37°C for 1 h with occasional mixing. Samples were extracted twice with phenol,
once with chloroform-isoamyl alcohol (24:1), precipitated, washed with 70%
ethanol, dried, and resuspended in water. Southern analysis was as described
above.

RESULTS

Construction of 293-L1 helper cell line. Previous work had
demonstrated that the adenovirus 52/55-kDa protein is re-
quired for the assembly of viral particles (23), indicating that
propagation of a 52/55-kDa protein null mutant virus would
require the isolation of a complementing cell line. To generate
a cell line that expressed the 52/55-kDa protein, the construct
shown in Fig. 1A was transfected into 293 cells. We included a
cDNA for the adenovirus tripartite leader at the 5’ end of the
OREF in an effort to increase expression of the 52/55-kDa
protein during adenovirus infection. The tripartite leader is a
210-bp sequence spliced to the 5’ end of all mRNAs produced
from the MLP at late times during infection and has been
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TABLE 1. Plaquing efficiency of H5ts369 on 293-L1 cells

Titer (PFU/ml)*

Cell line

32°C 39.5°C
293-L1 1.3 X 10" 1.1 X 10"
293 1.5 X 10'° 6.3 X 10°

“ H5ts369 was plaqued on 293 or 293-L1 cells at the permissive (32°C) or
nonpermissive (39.5°C) temperature.

shown to enhance transport of these mRNAs out of the nu-
cleus and their subsequent translation (2, 28, 36). Figure 1B
shows that the 52/55-kDa protein was detectable in lysates pre-
pared from 293-L1 cells, a clonal cell line isolated after trans-
fection of 293 cells with pBK-tripL1, while it was not detected
in untransfected cells. Comparison with late-stage AdS-infect-
ed 293 cell lysates indicated that the level of 52/55-kDa protein
expressed in this cell line was at least 10% of that seen during
a normal adenovirus infection. To confirm that the level of
52/55-kDa protein expression in 293-L1 cells was sufficient to
complement a virus with a defective 52/55-kDa protein, we
examined the ability of H5ts369 to grow on 293-L1 cells at the
nonpermissive temperature. While replication of H5ts369 in
293 cells was strictly temperature dependent, H5ts369 grew
nearly as well in 293-L1 cells at the nonpermissive temperature
as at the permissive temperature (Table 1). These results dem-
onstrate that 293-L1 cells express the 52/55-kDa protein at
levels approaching that seen during adenovirus infection and
this is sufficient for complementation of a virus expressing a
defective 52/55-kDa protein.

Isolation of pm8001. We employed the bacterial recombina-
tion system described by Chartier et al. (6) to generate a re-
combinant AdS genome containing several point mutations at
the 5" end of the 52/55-kDa protein ORF (pTG3602AL1, Fig.
1C). In addition to introducing stop codons at positions 18, 20,
and 21, these mutations create a Spel site. We confirmed that
these mutations block expression of the 52/55-kDa protein by
cloning the mutant ORF into the pBK-CMV expression vector
and transfecting it into 293 cells. Analysis of transfected cell
lysates did not reveal any detectable 52/55-kDa protein, while
cells transfected with the wild-type ORF produced readily de-
tectable levels (data not shown). The mutant adenovirus was
generated by digesting pTG3602AL1 with Pacl and transfect-
ing it into 293-L1 cells. Following two rounds of plaque puri-
fication, viral DNA was prepared from several isolated plaques
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and analyzed by PCR for the presence of a Spel site in the
52/55-kDa protein ORF (Fig. 2). Amplification of pTG3602 or
pTG3602AL1 gives rise to the expected 1-kb fragment span-
ning the 5’ end of the 52/55-kDa protein ORF, but only the
product amplified from pTG3602AL1 is digestible with Spel
(compare lanes 12 and 14). Analysis of a number of different
plaques from two independent isolates indicated that all had
the expected Spel site in the 52/55-kDa protein ORF, confirm-
ing that a clonal population of recombinant adenovirus had
been isolated. These results demonstrated that a mutant ade-
novirus containing the expected mutations in the 52/55-kDa
protein ORF, designated H5pm8001, had been isolated.

To confirm that the mutations on the viral genome blocked
expression of the 52/55-kDa protein, we infected two H5pm8001
isolates into 293 or 293-L1 cells and examined whole-cell ly-
sates for the presence of the 52/55-kDa protein. Figure 3A
shows that, as expected, the 52/55-kDa protein was detected in
all 293-L1 cell lysates tested. When 293 cells were infected with
either isolate of HSpm8001, however, no 52/55-kDa protein
was detected (lanes 2 and 3), confirming that the point muta-
tions in pm8001 did block expression of the 52/55-kDa protein.
To prove that H5pm8001 was indeed infecting the cells, the
lysates were probed for the viral E2A 72-kDa DNA binding
protein (72K protein). Figure 3B shows that all infected cell
lysates were positive for the 72K protein, confirming a specific
block in expression of the 52/55-kDa protein.

Analysis of the growth characteristics of H5pm8001 revealed
a clear dependence on coexpression of the 52/55-kDa protein
for viral growth. Figure 4 shows that when 293 cells were in-
fected with H5pm8001 the viral yield did not exceed 10*> PFU/
ml, even when infections were allowed to proceed for 5 days. In
contrast, when 293-L1 cells were infected with HSpm8001,
yields of 10° PFU/ml were obtained after only 48 h. When the
plaquing efficiency of H5pm8001 grown in 293-L1 cells was
compared on 293 and 293-L1 cells, a 3- to 4-log difference was
observed. The smaller difference observed when comparing
plaquing efficiency was most likely due to the appearance of
wild-type revertants that arose due to recombination with the
52/55-kDa protein coding sequences present in 293-L1 cells. In
support of this, PCR analysis of H5pm8001 lysates prepared
after extended passage in 293-L1 cells indicated that a fraction
of the virus in these lysates had lost the Spel site located in the
52/55-kDa OREF and the 52/55-kDa protein could be detected
by immunoblot when these lysates were used to infect 293 cells
(data not shown). All H5pm8001 stocks used for the experi-
ments described below tested negative for wild-type adenovi-
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FIG. 2. PCR analysis of plaque isolates. Viral DNA was prepared from plaque isolates and analyzed by PCR using primers B and C (Fig. 1). Samples were either
analyzed directly (lanes —) or were adjusted to 5 mM MgCl, and digested with 0.5 U of Spel (lanes +) prior to electrophoresis on a 1.2% agarose gel. pTG3602AL1
and pTG3602 indicate amplification from the mutant or wild-type plasmid, respectively. Uninfected, amplification of DNA prepared from uninfected 293-L1 cells. Lane

M, 1-kb molecular size marker.



7864 GUSTIN AND IMPERIALE

A:

293
+ 293
+ 293
293-L1
+ 293-L1
+ 293-L1

pm8001: -

- e @—72K

1 2 3 4 5 6

FIG. 3. Immunoblot analysis of 293 and 293-L1 cells infected with H5pm8001.
Whole-cell lysates were prepared from uninfected (—) or H5pm8001-infected
(+) 293 and 293-L1 cells. Fifty micrograms of each lysate was analyzed by im-
munoblot with the indicated antibody. (A) Analysis with antibodies to the 52/
55-kDa protein. (B) The blot in panel A was stripped and reprobed with anti-
bodies to the E2A 72-kDa DNA binding protein (72K).

rus by PCR, exhibited at least a 4-log-lower titer on 293 cells
than on 293-L1 cells, and did not produce detectable 52/55-
kDa protein in 293 cells.

Viral gene expression and DNA replication in pm8001-in-
fected cells. As mentioned above, the 52/55-kDa protein’s early
expression during infection suggests that it might have other
functions in addition to its demonstrated role in assembly. In
particular, because the IVa2 protein is a transcriptional acti-
vator of the MLP (62), interaction between the 52/55-kDa
protein and the IVa2 protein might be important for proper
regulation of gene expression during infection. Since DNA
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FIG. 4. Growth characteristics of H5pm8001. 293 or 293-L1 cells were in-
fected with H5pm8001, and viral lysates were prepared at 24-h intervals for 5
days. The titers of these lysates were then determined on both 293 and 293-L1
cells. Labeling of the bars corresponds to the cell line from which the lysate was
prepared, followed by the cell line in which it was titered. The 293/293 sample
was not assayed at 24 or 120 h.
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FIG. 5. Analysis of viral DNA replication. 293 or 293-L1 cells were infected
with H5pm8001 or Ad5, and viral DNA was prepared at the indicated hours
postinfection (hpi). The DNA was digested with KpnI and Spel and analyzed by
Southern using a radiolabeled Ad5-specific probe. The arrow indicates the lo-
cation of the KpnB fragment (nt 8527 to 11311) that is cleaved by Spel in DNA
isolated from H5pm8001 infections.

replication is a prerequisite for entry into the late stage of in-
fection and activation of the MLP (60), we compared the onset
and extent of viral DNA replication in 293 cells infected with
H5pm8001 or AdS. Figure 5 reveals that replicated viral DNA
was detected by 12 h postinfection in both Ad5 and H5pm8001
infections. Although in this experiment H5pm8001 produced
more DNA at 12 h postinfection than did AdS, this difference
was not apparent in other experiments. Despite the relative
abundance of H5pm8001 DNA at 12 h postinfection, by 18 h
postinfection the Ad5 infections consistently contained more
viral DNA (compare lanes 9 and 12). Quantitation of the
amount of viral DNA at 18 h postinfection in two independent
experiments indicated that an average of four times more
DNA accumulated in Ad5- versus H5pm8001-infected 293
cells. This difference was not apparent when 293-L1 cells were
infected with H5pm8001 (compare lanes 1 to 3 with lanes 7 to
9). These results show that although the onset of viral DNA
replication is not affected in HSpm8001-infected 293 cells, viral
DNA does not accumulate to the same levels as those seen in
wild-type Ad5 infections.

Next, we wanted to determine if the loss of the 52/55-kDa
protein resulted in any major defects in viral gene expression.
For this experiment, protein lysates prepared from H5pm8001-
infected or AdS-infected 293 cells at various times postinfec-
tion were examined by immunoblot for the presence of early
and late viral proteins. Figure 6A shows that, as expected, no
52/55-kDa protein was detected in H5pm8001 cell lysates,
while it could be detected by 12 h postinfection in AdS infec-
tions. Analysis of early gene expression using an antibody to
the E2A 72K protein revealed no major differences between
H5pm8001-infected and Ad5-infected 293 cells (Fig. 6B).
Analysis of IVa2 expression revealed that although it was de-
tected at the same time in infections with either virus, signifi-
cantly less accumulated in H5pm8001-infected cells (Fig. 6C,
compare lanes 4 to 7 with lanes 10 to 13). Similarly, the fiber
protein could be detected by 18 h postinfection with either
virus, but there was consistently less produced in H5pm8001
infections than in Ad5 infections (Fig. 6D, compare lanes 4 to
7 with lanes 10 to 13). These results suggest that the 52/55-kDa
protein is not required for expression of late proteins but is



VoL. 72, 1998

A. pm8001 AdS

hpt: - 6 1218 24 30 36 6 12 18 24 30 36
66—

~-52/55K
46—
- L —

= =
B. w«— e - SN <72«
e— — - —_—- - -
¢ - el ..
40—
D' 86—
- - D < Fiver
1.2 3 4 5 6 7 8 9 10 11 12 13

FIG. 6. Expression of viral proteins in HSpm8001-infected 293 cells. Twenty-
five micrograms of whole-cell lysates prepared from 293 cells infected with
H5pm8001 or AdS at the indicated times postinfection were analyzed by immu-
noblot using antibodies to the 52/55-kDa protein (52/55K) (A), to the E2A
72-kDa DNA binding protein (72K) (B), to the IVa2 protein (C), and to the fiber
protein (D). hpi, hours postinfection. The faster-migrating band in panel B is a
degradation product of the 72K protein (54). The locations of molecular weight
markers are indicated on the left.

important for achieving the level of late protein synthesis seen
during a wild-type infection.

To determine if the decrease in late protein accumulation
seen with H5pm8001 correlated with reduced transcription, we
examined the steady-state levels of viral RNAs corresponding
to the E2A, IVa2, L3, and L1 families of gene products. Anal-
ysis of the E2A transcripts in HSpm8001- and AdS-infected 293
cells revealed no major difference in the time of appearance or
accumulation of these mRNAs (Fig. 7A). IVa2, L3, and IIla
mRNAs were detected at 18 h postinfection in HSpm8001- or
Ad5-infected cells and accumulated to roughly equivalent lev-
els in both infections (Fig. 7B, C, and D, respectively). Al-
though not dramatic, one difference that was apparent from
this analysis was that the late mRNAs were less abundant at
the beginning of the late phase in HSpm8001 infections than in
AdS infections (compare lanes 3 and 8 in Fig. 7B, C, and D).
After normalizing to the level of E2A transcripts there was 30
to 40% less late mRNA in H5pm8001- than in Ad5-infected
cells at 18 h postinfection, while they accumulated to equal or
greater levels at later times. This difference was apparent in
multiple independent experiments and may explain the lower
level of late proteins observed in HSpm8001-infected 293 cell
lysates (Fig. 6). Another difference that was apparent from this
analysis was that no mRNA corresponding to the 52/55-kDa
protein was detected in H5pm8001-infected 293 cells (Fig. 7D
and E). Despite the lack of detectable 52/55-kDa protein
mRNA, IlIa transcripts did not appear to be expressed earlier
or at higher levels in H5pm8001 infections. These results dem-
onstrate that the 52/55-kDa protein is not essential for correct
temporal regulation of viral gene expression but indicate that it
does contribute to full activation of late gene expression at the
transition from the early to late stage of infection.

Analysis of pm8001 assembly intermediates. Since HSpm8001
was able to make the transition from the early to late stage of
infection and express late proteins, we next used transmission
electron microscopy to examine whether any assembly inter-
mediates were formed in H5pm8001-infected 293 cells. Figure
8A shows that capsid-like structures were visible in H5pm8001-
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infected 293 cells. Unlike the capsids seen in AdS-infected cells,
which contained a darkly staining core, capsids in HSpm8001-
infected 293 cells were lightly staining, suggesting that they
lacked core components (compare Fig. 8E with B and C).
Analysis of H5Spm8001-infected 293-L1 cells revealed a larger
proportion of darkly staining capsid structures that more close-
ly resembled those seen in AdS-infected cells (Fig. 8D). The
appearance of lightly staining capsid structures in H5pm8001-
infected 293 cells was similar to what had been reported pre-
viously for H5ts369 (23) and suggested that, like those of the
temperature-sensitive mutant, HSpm8001 capsids did not con-
tain a full complement of viral DNA.

The intermediates were further characterized by using CsCl
gradients for purification and density determination. As ex-
pected, two distinct populations of viral particles were purified
from Ad5-infected 293 cells: the heavier particle (1.34 g/cm?)
corresponded to mature virions, while the lighter particle (1.29
g/cm?®) represented empty capsids (39, 51, 55). Analysis of
H5pm8001-infected 293-L1 cells also revealed particles with
densities of 1.34 g/cm® and 1.29 g/cm?®. Characterization of
particles from H5pm8001-infected 293 cells, however, revealed
only a single population of particles, with a density of 1.29
g/cm’. Examination of H5ts369 intermediates from 293 cells
infected at the nonpermissive temperature indicated that, as
previously published, these cells accumulated particles that
were slightly denser than empty capsids, with a median density
of 1.31 g/em® (23). No particles with densities greater than 1.29
g/cm® were detected in H5pm8001-infected 293 cells, indicat-
ing a slightly different phenotype from that seen with H5ts369.

Previous work had demonstrated no appreciable differences
in the protein composition of Ad5 empty capsids and H5ts369
intermediates formed at the nonpermissive temperature (23).
To determine if intermediates formed in the absence of the
52/55-kDa protein had any major differences with Ad5 empty
capsids or H5ts369 intermediates, we analyzed the protein
composition of purified particles by silver staining. Analysis of
intermediates purified from Ad5-, H5Spm8001-, and H5ts369-
infected 293 cells revealed that all appeared to contain hexon,
penton base, and fiber (Fig. 9). As reported previously, the
proteins found in empty capsids and H5ts369 intermediates
were very similar. Comparison with HSpm8001 intermediates
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FIG. 7. Analysis of RNA produced in H5pm8001-infected 293 cells. Poly(A)*
RNA was prepared from 293 cells infected with H5pm8001 or Ad5 at the indi-
cated times and analyzed by Northern blotting, using probes specific for E2A
mRNA (A), IVa2 mRNA (B), L3 mRNA (C), and L1 mRNA (D). (E) A longer
exposure of the blot in panel D to demonstrate the lack of 52/55-kDa protein
mRNA in H5pm8001 infections. hpi, hours postinfection.
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FIG. 8. Transmission electron microscopy of HSpm8001-infected cells. (A, B,
and C) 293 cells infected with H5pm8001. (D) 293-L1 cells infected with
H5pm8001. (E) 293 cells infected with Ad5. Magnification in panel A, X25,000.
Magnification panels D to E, X46,000. Bars, 300 nm.
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FIG. 9. Analysis of the protein composition of H5pm8001 intermediates.
Particles were purified by two rounds of CsCl gradient centrifugation and ana-
lyzed by silver staining. Lanes: pm8001, intermediates from H5pm8001-infected
293 cells; MV and EC, mature virions and empty capsids, respectively, prepared
from Ad5-infected 293 cells; ts369, particles prepared from H5ts369-infected 293
cells at 39.5°C. The identities of several components of the mature virion are
indicated based on their mobility in the gel. The arrow denotes the 70-kDa pro-
tein described in the text and molecular weight markers are indicated on the left.

revealed no major differences in the protein composition of
these particles; however, the relative abundance of some of the
proteins seemed to be altered. Noticeably, H5pm8001 inter-
mediates consistently contained more pVII than did H5ts369
intermediates. Additionally, a protein with an apparent molec-
ular size of 70 kDa was readily detectable in both H5ts369 and
Ad5 intermediates but was much less abundant in H5pm8001
particles. The 90-kDa protein visible in lanes 2 and 3 was not
consistently detected in all experiments. These results demon-
strate that HSpm8001 intermediates and those formed during
infection with either Ad5 or H5ts369 have very similar protein
compositions.

Since we had previously demonstrated that the IVa2 and
52/55-kDa proteins interact during infection (21), we examined
whether the IVa2 protein was incorporated into assembly in-
termediates in HSpm8001-infected 293 cells. Purified particles
prepared from H5pm8001-, Ad5-, and H5ts369-infected 293
cells were examined by immunoblot for the presence of the
IVa2 protein. Figure 10A shows that the IVa2 protein was
detectable in mature virions and Ad5 empty capsids. Analysis
of H5ts369 intermediates revealed that the IVa2 protein was
incorporated into these particles, indicating that the mutation
in H5ts369 did not affect IVa2’s incorporation into virions.
Finally, analysis of H5pm8001 intermediates demonstrated
that the IVa2 protein was incorporated into capsids in the
absence of the 52/55-kDa protein. Interestingly, mature virions
displayed a second immunoreactive band that migrated slightly
faster than that detected in empty capsids, intermediates, or
whole-cell lysates. This suggests that the IVa2 protein is pro-
cessed during virus assembly and may explain the discrepancy

ROLE OF THE ADENOVIRUS L1 52/55-kDa PROTEIN 7867

between the previously reported size of the IVa2 protein (56
kDa) and the isolation of a 50-kDa protein from virions that
was identified as IVa2 by tryptic peptide mapping (50, 67). To
confirm that the processing of IVa2 seen in Ad5 mature virions
was not due to general degradation of the purified particles, we
analyzed the immunoblot shown in Fig. 10A with antibodies
to the fiber protein. Figure 10B shows that no degradation of
fiber is seen in any of the particles, confirming that the results
shown in Fig. 10A were specific to the IVa2 protein. As expect-
ed, analysis of these particles with antibodies to the 52/55-kDa
protein confirmed that it was present in Ad5 and H5ts369
intermediates but absent from mature virions and H5pm8001
intermediates (Fig. 10C).

Characterization of H5ts369 intermediates formed at the
nonpermissive temperature revealed that these particles dif-
fered from empty capsids due to their association with the left
end of the viral genome (23). Since the intermediates found in
H5pm8001-infected 293 cells appeared to have the same den-
sity as empty capsids, we examined whether they were associ-
ated with any viral DNA. Viral DNA was prepared from AdS,
H5pm8001, and H5ts369 intermediates, digested with Kpnl and
Clal, and analyzed by Southern blotting with an adenovirus-
specific probe. Clal cleaves AdS at nt 982, close to the left end
of the viral genome. Cleavage of DNA isolated from H5ts369
intermediates revealed a predominant band corresponding to
the left end-derived Clal fragment, confirming association of
these particles with the left end of the viral genome (Fig. 11,
lane 3). Although empty capsids displayed a small amount of
associated viral DNA, the entire genome was represented
(lane 2). The detection of DNA in empty capsids is most like-
ly due to contamination of these preparations with a small
amount of mature virions. This was confirmed by our ability to
detect a small amount of the core proteins pVII and VII in
these preparations (data not shown). Analysis of H5pm8001
intermediates failed to reveal any associated viral DNA even
after extended exposure of the blot (Fig. 11B), suggesting that
the 52/55-kDa protein is required for stable association of the
viral genome with the empty capsid.

g o
T B A =S
i ”~ ® - ® @ v
B. — - — - - -a— fiber
=
- -

C. '—52/55;(

-
1 2 3 4 5 6

FIG. 10. Immunoblot analysis of H5pm8001 intermediates. Viral particles
were purified and analyzed with the indicated antibodies. Lanes: pm8001, inter-
mediates from H5pm8001-infected 293 cells; MV and EC, mature virions and
empty capsids, respectively, prepared from Ad5-infected 293 cells; £5369, parti-
cles prepared from 293 cells infected with H5ts369 at 39.5°C. (A) Anti-IVa2
immunoblot. (B) Anti-fiber immunoblot. (C) Anti-52/55-kDa protein immuno-
blot. Ad, Whole-cell lysate prepared from Ad5-infected 293 cells at 20 h postin-
fection; 293, uninfected whole-cell lysate.
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FIG. 11. Analysis of viral DNA associated with H5pm8001 intermediates.
Viral DNA was prepared from purified particles, digested with Kpnl and Clal,
and analyzed by Southern with an AdS-specific probe. Lanes: pm8001, interme-
diates from H5pm8001-infected 293 cells; MV and EC, mature virions and empty
capsids, respectively, prepared from Ad5-infected 293 cells; #5369, particles pre-
pared from 293 cells infected with H5ts369 at 39.5°C. (B) Longer exposure of the
blot shown in panel A, with lane 1 removed. The arrow indicates the left
end-specific Clal fragment.

DISCUSSION

In this report we have described the isolation and charac-
terization of an adenovirus harboring a mutation that blocks
expression of the 52/55 kDa-protein, HSpm8001. As expected,
successful propagation of H5pm8001 required the generation
of a helper cell line capable of providing the 52/55-kDa protein
in trans. Our analysis of the ability of H5pm8001 to progress
through the viral life cycle in 293 cells has provided several
insights into the role of the 52/55-kDa protein during infection.
First, the 52/55-kDa protein was not required for entry into the
late stage of infection. Second, the 52/55-kDa protein was not
required for full activation of the MLP at late times during
infection. Third, the 52/55-kDa protein was not required for
the formation of empty capsid structures, suggesting that it
does not function as a scaffolding protein during assembly.
Finally, the inability to detect DNA associated with capsids
that form in H5pm8001-infected 293 cells strongly argues that
the 52/55-kDa protein is essential for association between the
viral genome and the empty capsid or in the encapsidation
process itself.

The early appearance of the 52/55-kDa protein has been
taken as an indication that it might have additional functions at
early times during infection (23). In addition, the identification
of a variety of regulatory mechanisms apparently designed to
ensure the early expression of the 52/55-kDa protein strength-
ens this argument (12, 16, 18, 30, 57, 66). Our analysis of
H5pm8001-infected 293 cells, however, did not reveal a re-
quirement for the 52/55-kDa protein at early times: there was
no effect on the expression of the E2A 72K protein or RNA.
Furthermore, as determined by examining the onset of DNA
replication and gene expression, H5Spm8001-infected 293 cells
made the transition from the early to late stage of infection at
the same time as did Ad5-infected cells. Analysis of DNA
replication and late gene expression, however, did reveal some
differences between H5pm8001-infected and AdS-infected 293
cells. First, HSpm8001-infected 293 cells accumulated less viral
DNA as the infection progressed (25% of that of AdS-infected
cells at 18 h postinfection). This difference was either less
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dramatic or not apparent at earlier times or when H5pm8001
was infected into 293-L1 cells. Second, lower levels of late
proteins were synthesized in H5pm8001 infections as deter-
mined by immunoblotting with antibodies to the fiber and
IVa2 proteins. One possible explanation for this finding would
be that the 52/55-kDa protein stabilized proteins produced at
late times during infection, thereby allowing them to accumu-
late to higher levels. Pulse-chase experiments designed to ex-
amine this possibility, however, revealed no difference in the
half life of the IVa2 protein in H5pm8001-infected or AdS-
infected 293 cells. Third, Northern analysis revealed that al-
though L3, L1, and IVa2 mRNAs could be detected by 18 h
postinfection in HSpm8001 and AdS5 infections, they were con-
sistently less abundant in H5pm8001 infections at this time (60
to 70% of wild type levels). Despite the differences apparent at
18 h postinfection, these mRNAs accumulated to similar levels
at later times in infections with either virus.

Interestingly, a similar phenotype has been reported for
adenoviruses containing mutations in MLP elements. Initial
characterization of the MLP had suggested that it was a rela-
tively simple promoter composed of a TATA box and an up-
stream promoter element (UPE) (3). The UPE is a cis-acting
sequence element that is specifically bound by a factor termed
USF/MLTF at late times during infection, and is required for
full transcriptional activity in constructs that remove the MLP
from its natural context in the viral genome (25, 27, 41, 56). Reach
et al. described the construction of an adenovirus (HSUSFO0)
containing point mutations in the UPE that abolish binding of
USF, and impair transcription from the MLP in vitro (52).
Analysis of transcription from the MLP in H5SUSFO-infected
HelLa cells, however, revealed only a twofold decrease at 12 h
postinfection, that was no longer apparent by 24 h postinfec-
tion (52). Their findings suggested that activation of the MLP
involves multiple, partially redundant, cis-acting DNA sequence
elements, and subsequent analysis of the MLP has identified a
CAAT box, along with MAZ and Sp1 binding sites, and a down-
stream element (DE) that contribute to activation of the MLP
(35, 40, 49, 52, 53).

The DE consists of two DNA sequence elements located
downstream of the MLP called DE1 and DE2 that are bound
by protein complexes termed DEF-A and DEF-B, respectively
(31, 32, 42, 43, 62). Purification of these complexes has indi-
cated that DEF-B consists of IVa2 homodimers, while DEF-A
consists of IVa2 and an unknown 40-kDa protein (32, 62). Our
demonstration that the IVa2 and 52/55-kDa proteins interact
(21), combined with the observation that one of the major
degradation products of the 52/55-kDa protein is 40 kDa (22),
suggests that this may be the functional partner of IVa2 in the
DEF-A complex. Although the downstream elements are re-
quired for full activation of the MLP in vitro, analysis of an
adenovirus containing a mutated DEL1 site did not display any
defect in transcription from the MLP, suggesting that the
downstream element may be functionally redundant as well
(53). It should be noted, however, that this mutant did not
disrupt the DE2 site, which also contains a DEF-A binding
site, leaving open the possibility that in this mutant DEF-A
function is provided through an interaction with the DE2 site
(43, 53).

Despite the similarity between H5pm8001 and adenoviruses
containing mutations in single MLP elements, some differ-
ences exist as well. Although HSUSFO displayed a twofold re-
duction in DNA replication at 12 h postinfection, at later
times, DNA accumulated to wild-type levels (52). H5pm8001
displayed a fourfold drop in DNA replication at 18 h postin-
fection that was not apparent at earlier times. One possible ex-
planation for the lower level of late proteins seen in HSpm8001-
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infected cells could be that there are fewer viral templates
available for the transcriptional machinery. This explanation
could account for the lower level of L3, IVa2, and Illa tran-
scripts observed at 18 h postinfection but is not consistent with
the detection of equivalent amounts of these mRNAs at later
times. Also, the levels of E2A 72K protein and mRNA were
unaffected at late times in H5pm8001 infections, suggesting
that, at least in this case, the accumulation of viral mRNA and
protein was independent of template concentration. The most
dramatic difference between HSpm8001 and HSUSFO was that
the HSUSFO mutation only affected transcription from the
MLP (52). Our analysis indicated that in H5pm8001-infected
293 cells, the reduced level of transcription was not restricted
to the MLP but extended to the IVa2 promoter as well. The
IVa2 transcription start site is separated from the MLP initi-
ation site by 210 bp, and the two are divergently transcribed. In
vitro analysis of the IVa2 promoter has indicated a certain
degree of overlap with MLP regulatory elements, and muta-
tions that affect MLP activity have been shown to affect [Va2
promoter activity as well (7, 44-46). Interestingly, character-
ization of the IVa2 promoter has not included sequences that
extend to the DE, so a role for these sequences, and hence the
52/55-kDa protein in activation of the IVa2 promoter, cannot
be ruled out.

Characterization of intermediates formed in H5pm8001-in-
fected 293 cells revealed that particles formed with a density
identical to that of empty capsids (1.29 g/cm?). This is in con-
trast to what was seen for H5ts369, which accumulated parti-
cles with a density of 1.31 g/cm? (23). Additionally, comparison
of the polypeptide composition of H5pm8001 intermediates
with those of AdS empty capsids and H5ts369 intermediates
revealed some subtle differences. AdS empty capsids and H5ts369
intermediates contained a polypeptide with an apparent mo-
lecular size of 70 kDa that was present at much lower levels in
H5pm8001 intermediates. Previous reports demonstrating an
interaction of adenovirus capsid components with hsp70 sug-
gest a possible identity for this protein (38, 48). Another differ-
ence that was apparent from this analysis was that HSpm8001
intermediates consistently displayed more pVII than did H5ts369
intermediates or empty capsids. D’Halluin et al. reported that
although pVII was present in all gradient fractions it could only
be cross-linked to young virions, indicating that it was specif-
ically associated with these particles (14). As the density and
protein composition of H5pm8001 intermediates were very
similar to what has been reported previously for empty capsids
(39), this would suggest that the abundance of pVII was due to
nonspecific association with the pm8001 intermediates.

Characterization of H5ts369 suggested several possible roles
for the 52/55-kDa protein during assembly. The observation
that the 52/55-kDa protein was present in assembly interme-
diates but absent from mature virions suggested that it might
function as a scaffolding protein (22). In other viral systems,
mutation or elimination of scaffolding proteins results in either
the complete lack of capsid formation or the appearance of
aberrant capsid structures (5, 11, 59, 61). The finding of nor-
mal-appearing capsid structures in HSpm8001-infected 293
cells indicates that the 52/55-kDa protein most likely does not
function as a scaffolding protein during capsid assembly. Char-
acterization of the viral DNA associated with intermediates
formed in H5ts369-infected HeLa cells at the nonpermissive
temperature demonstrated an association with the left end of
the viral genome (23). This suggested that the 52/55-kDa pro-
tein was involved in either association between the DNA and
capsid or in DNA packaging. Previous work analyzing an ad-
enovirus that has a deleted packaging signal (HS5d1309-AS5)
indicated that the viral packaging signal is required for capsid
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assembly to take place. Cells infected with H5d1309-A5 accu-
mulate normal levels of viral DNA and late proteins, but no
empty capsids are produced (22, 24). Presumably, this reflects
a requirement for interaction between capsid components and
the packaging signal that initiates the assembly process and the
formation of empty capsids. The inability to detect DNA as-
sociated with empty capsids would indicate that this initial
interaction between capsid components and the packaging sig-
nal is relatively unstable or short-lived. If this model is correct,
then the appearance of empty capsids in H5pm8001-infected
293 cells suggests that the 52/55-kDa protein functions subse-
quent to the initial interaction between the packaging signal
and capsid components.

The results presented above indicate that the 52/55-kDa pro-
tein is required for stable association between the viral DNA
and capsid. This is consistent with a role for the 52/55-kDa pro-
tein in encapsidation of the viral genome. Although very little
is known regarding the mechanism by which the adenovirus
chromosome is inserted into the empty capsid, this event most
likely requires interaction between factors bound at the pack-
aging signal and capsid components (4). We would speculate
that the interaction between the IVa2 and 52/55-kDa proteins
is involved in packaging the viral genome. It will be interesting
to examine if these proteins, alone or in combination, have any
affinity for the adenovirus packaging signal.
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