
Vol. 66, No. 2JOURNAL OF VIROLOGY, Feb. 1992, p. 723-731
0022-538X/92/020723-09$02.00/0
Copyright C 1992, American Society for Microbiology

cis and trans Requirements for the Selective Packaging of
Adenovirus Type 5 DNA

MARIA GRABLEt AND PATRICK HEARING*

Department of Microbiology, Health Sciences Center, State University ofNew York,
Stony Brook, New York 11794-7621

Received 29 August 1991/Accepted 28 October 1991

Polar packaging of adenovirus DNA into virions is dependent on the presence of cis-acting sequences at the
left end of the viral genome. Our previous analyses demonstrated that the adenovirus type 5 (AdS) packaging
domain (nucleotides 194 to 358) is composed of at least five elements that are functionally redundant. A
repeated sequence, termed the A repeat, was associated with packaging function. Here we report a more

detailed analysis of the requirements for the selective packaging of Ad5 DNA. By introducing site-directed point
mutations into specffic A repeat sequences, we demonstrate that the A repeats represent cis-acting functional
components of the packaging signal. Additional elements, located outside the originally defined packaging
domain boundaries and that resemble the A repeat consensus sequence, also are capable of promoting the
packaging of viral DNA. The cis-acting components of the packaging signal appear to be subject to certain
spatial constraints for function, possibly reflecting a necessity for the coordinate binding of packaging proteins
to these sites. In agreement with this idea, we present evidence that the interaction of a limiting trans-acting
factor(s) with the packaging domain in vivo is required for efficient encapsidation of the Ad5 genome.

Very little is known about the mechanism that allows
selective packaging of the adenovirus (Ad) genome into viral
capsids late in the infectious cycle. This event presumably
involves the specific recognition of cis-acting viral DNA
sequences followed by condensation and encapsidation of
the viral genome (2, 6-8, 12, 13, 33). It has been shown for
adenoviruses in subgroups B (Ad3, Ad7, and Adl6 [3, 19, 25,
30, 34]) and C (AdS [3, 20]) that the viral DNA is inserted
into preformed empty capsids in a polar fashion from left to
right, suggesting the existence of cis-acting packaging ele-
ments in the left end of the genome. Incomplete particles
formed by Ad3 and Ad7 contain subgenomic DNA mole-
cules that are enriched in left-end sequences even though
both ends of the viral genome are represented in equivalent
quantities in the nuclear pool of subgenomic DNAs (3, 4, 25,
30, 34). Analysis of Ad16 variant viruses that contain dif-
ferent amounts of left-end sequences duplicated at the right
end of the genome identified left-end sequences important
for selective packaging located between nucleotides (nt) 290
and 390 (19).
We have previously identified a cis-acting packaging do-

main that is located between nt 194 and 358 at the left end of
the AdS genome (Fig. 1A) (17, 21, 22). Mutants lacking this
region are nonviable but can be rescued by insertion of the
left-terminal 355 nt at the right end of the genome (22). The
Ad5 packaging domain shares properties with eukaryotic
transcriptional enhancer elements since the packaging signal
functions at either end of the viral genome, in an inverted
orientation, and can be moved within several hundred base
pairs from its original location without a reduction in virus
yield (21). Because of a cis requirement for virus replication,
it has not been possible to determine whether sequences
within the inverted terminal repeats (ITR) are also required
for packaging.
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The Ad5 packaging domain consists of at least five ele-
ments that are functionally redundant (17). Four of the five
regions contain an AT-rich repeated sequence motif termed
the A repeat (Fig. 1). The fifth region does not contain any
obvious primary sequence similarity to the A repeat aside
the fact that it is also AT rich. Our results indicated that the
A repeats function to enhance viral packaging and that the
efficiency of the packaging process is determined by the
number of individual elements that are present in the viral
genome. On the basis of these results, several models
accounting for the selectivity of the encapsidation process
can be proposed. It is possible that the individual repeats
represent the binding sites for a packaging protein and,
considering the repetitive structure of the packaging signal,
that the repeated elements form an array of interspersed
binding sites whereby the binding of packaging proteins to all
the sites would result in the formation of a defined protein-
DNA structure. However, given the AT-rich character of the
A repeats, it is also conceivable that the function of these
elements is to alter the structural conformation of the DNA
helix through the introduction of bends (35). Depending on
the spatial arrangement of the bending sites, the change in
conformation either could be restricted to a confined region
such as the AT-rich sequences themselves or could affect the
conformation of the left-end portion of the DNA molecule as
a whole. In this case, the cis-acting recognition signal would
be represented by a structural rather than a sequence-
specific feature of the viral genome.
The AdS packaging domain is located within the early

region 1A (E1A) enhancer region (Fig. 1A) (17, 21-23). The
ElA enhancer is composed of two functionally distinct
enhancer elements that regulate viral gene expression. En-
hancer element I is repeated and specifically regulates tran-
scription of the ElA gene (22, 23). Element I mutants are
efficiently complemented when the ElA gene products are
provided in trans. Enhancer element II is located between
these repeated sequences and regulates transcription in cis
of all early regions on the viral chromosome (23). The
reduction in viral early gene expression observed with
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domain which resemble the A repeat consensus sequence.
Our results suggest that a particular spacing of adjacent
packaging elements with respect to each other is required to
ensure packaging activity. It is likely that this observed
spacing constraint reflects the necessity for the coordinate
binding of packaging proteins to these sites. Finally, we
present evidence that a limiting trans-acting factor(s) inter-
acts with the packaging domain in vivo.3V
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FIG. 1. (A) Schematic diagram of the left end of the AdS genome
including the ElA 5' flanking region. Numbers at the top indicate
nucleotide positions relative to the left terminus of the genome. The
ITR and the packaging/enhancer domain are represented by stippled
and open boxes, respectively. The ElA TATA box motif (T/A) is
indicated by a black circle. ElA transcription is initiated at nt 499,
as indicated by the arrow. An enlarged view of the packaging/
enhancer region (nt 194 to 358) is shown below. A repeats Al
through AV are represented by the hatched boxes. Their nucleotide
positions relative to the left terminus of the genome are indicated by
the numbers below the line. Components of the enhancer region
(elements I and II [23]) are represented by solid bars above the line.
(B) Schematic view of mutant virus dl309-194/316. This virus was
used as the parental virus for construction of the LS and insertion
mutants. The nucleotide numbers correspond to the first nucleotides
present on either side of the deletion. The deleted sequences are
indicated by the stippled box.

element II mutants results in decreased DNA replication and
a corresponding three- to sevenfold reduction in virus yield
compared with that of a wild-type virus (21, 23). The
cis-acting defect observed with element II mutants can be
complemented in mixed infections with a wild-type virus in
which viral proteins required for efficient propagation are
provided in trans (17, 21, 23). Our recent data suggest that
the originally defined enhancer element II domain (nt 250 to
280) is not sufficient to provide full enhancer activity but that
additional flanking sequences are required to ensure proper
enhancer function (17). The nature of these elements is still
unknown.
Here we describe a more detailed analysis of the cis and

trans requirements for the selective packaging of AdS DNA
into virions. By introducing site-directed mutations in spe-
cific A repeat sequences, we clearly demonstrate that the A
repeats represent functional components of the AdS packag-
ing signal. Our analysis also identifies additional packaging
elements located outside the originally defined packaging

Mutant viruses and plasmids. Ad5 d1309 is a phenotypically
wild-type virus that contains a unique XbaI cleavage site at
3.8 map units (24). d1309-194/316 (Fig. 1B [17]) is a d1309
variant that carries a deletion of sequences between nt 194
and 316. AdS d110/28 was previously described as d1309-194/
243:274/358 (17). This double mutant contains a deletion
between nt 194 to 243 and between nt 274 to 358 in a d1309
background. The linker scanning (LS) mutants (dl309-LS)
and the spacer mutant dl309-380:in6 were originally con-
structed in plasmid pKS-194/316. This plasmid contains the
left-end XbaI fragment from d1309-194/316 (0 to 3.8 map
units) cloned into the EcoRI and XbaI restriction sites in the
polylinker region of the pBS-KS (+) Bluescript vector (pKS;
Stratagene). The spacer mutants derived from d110/28 were
constructed in plasmid pElA-10/28 (17), which contains the
left-end XbaI fragment from d1309-194/243:274/358 cloned
into pBR322. All mutations were subsequently rebuilt into
intact viruses by the method of Stow (32). Mutant viruses
were propagated and titered on 293 cells, a human embry-
onic kidney cell line that constitutively expresses the Ad5
ElA and E1B gene products (18).
A series of LS mutations and an insertion mutation were

made by using synthetic oligonucleotides approximately 30
bp in length and complementary to a minimum of 10 bases on
each side of the substitution. The names of the LS and
insertion mutations and the sequences of the oligonucleo-
tides used to construct them are shown in Table 1. The
mutant plasmids were constructed by the method of Kunkel
(27). Insertion mutants dllO/28-194:in4 and dllO/28-358:in4
were generated by partial linearization of the parental plas-
mid pElA-10/28 with XhoI, followed by a repair reaction
with Klenow DNA polymerase and subsequent ligation. The
authenticity of each mutation was verified by nucleotide
sequence analysis using the dideoxy procedure (31).

Determination of virus yield and packaging efficiency. The
293 cell line (18) was propagated in monolayer cultures in
Dulbecco modified Eagle medium supplemented with 10%
calf serum. Viral infections of 293 cells were performed at a
multiplicity of infection of 5 PFU per cell at 37°C for 1 h.
After infection, cells were washed two times with phos-
phate-buffered saline solution and fresh medium was added.

TABLE 1. Nucleotide sequences of site-directed LS and insertion mutants'
Oligonucleotide Sequence
LS1... 5'-GATTTTGTGTTACGTCGACCGCGTAATATTTG-3' (328-333)
LS4... 5'-GTCCTCGAGGGTCGACTGTTACTCATAGC-3' (316-321)
LS5... 5'-CATAGCGCGTAGTCGACGTCTAGGGCC-3' (340-345)
LS6... 5'-GGGCCGCGGGGAGTCGACCCGTTTACGTGG-3' (363-368)
LS7... 5'-CGGGGACTTTGACGTCGACCGTGGAGACTCGCC-3' (370-375)
380:in6... 5'-CCGTTTACGTGGGTCGACAGACTCGCCC-3' (380)

I The nucleotide sequence flanking each site-directed mutation is shown; each sequence listed represents the oligonucleotide used for mutagenesis. The 6-bp
substitutions with the LS mutants and the insertion mutation described in the text are underlined. Numbers in parentheses indicate the location (nucleotides) of
the substitution in the Ad5 genome.
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For determination of virus yield in a single infection, the
infected cell cultures were harvested 48 h postinfection and
lysed by three cycles of freezing and thawing. The amount of
infectious virus present in these lysates was determined by
plaque assays on 293 cells. To determine the packaging
efficiency of the mutant viruses, 293 cells were coinfected
with 5 PFU of both a mutant virus and wild-type virus dl309.
At 48 h after infection, one half of the cells was used to
isolate total nuclear DNA and the other half was used to
prepare viral DNA from virions. For the isolation of infected
cell total nuclear DNA, the cells were lysed by the addition
of Nonidet P-40 to 0.4%, the nuclei were precipitated, and
total nuclear DNA was isolated as described previously (17,
21). For the isolation of viral DNA from virions, the proce-
dure described by Hammarskjold and Winberg (19) was
used, with the following modifications (17). Infected cells
were precipitated and resuspended in lysis buffer (20 mM
Tris [pH 9.0], 0.2% deoxycholate, 10% ethanol). After
incubation for 60 min at room temperature, the lysate was
cleared at 10,000 x g for 30 min. The supernatant was
adjusted to 2 mM CaCl2 and 2 mM MgCl2 and was digested
with 40 pug of RNase A per ml and 10 jig of DNase I per ml
at 37°C for 30 min. The reaction was stopped by the addition
of EDTA and ethylene glycol-bis(P-aminoethyl ether)-
N,N,N',N'-tetraacetic acid (EGTA) to a final concentration
of 5 mM each. Virus particles were lysed by the addition of
Sarcosyl to 0.5%, and the samples were digested with 1 mg
of pronase per ml at 37°C for 1 h to several hours. After
extensive phenol-chloroform extractions, the viral DNA was
precipitated with ethanol. DNA isolated from nuclei or
virions was digested with ClaI and analyzed by Southern
hybridization (28) using plasmid pElA-WT, 32P-labeled by
the random primer method (14), as a probe. The relative
intensities of the bands in autoradiograms were determined
by laser densitometry, using blots that were exposed to
X-ray film without an intensifying screen. The data pre-
sented for virus yield in the single infections and the data for
packaging efficiency based on coinfection experiments rep-
resent the averages of four to five independent experiments.

Cotransfection experiment. Monolayer cultures of COS1
cells (16) were grown in Dulbecco modified Eagle medium
containing 10% fetal bovine serum. Plasmid pUC-WT-ENH
contains the wild-type packaging/enhancer region from Ad5
nt 189 to 355 cloned into the SmaI site in the polylinker
region of pUC9 (1). Plasmid pOR4 (9) contains simian virus
40 (SV40) sequences 5171 to 160 between the SV40 HindlIl
and BstNI sites, which encompass the SV40 origin of repli-
cation, and an EcoRI linker at the BstNI site. The fragment
spanning the origin of DNA replication was excised from
vector sequences by EcoRI digestion followed by a repair
reaction using Klenow DNA polymerase and a second
digestion with HindlIl. This fragment was then inserted
between the Klenow-repaired PstI site and HindIII site of
the vector plasmid pUC-WT-ENH. The resulting plasmid is
referred to as pOR4-PAC+. As a control, we inserted the
pOR4-derived EcoRI-HindIII fragment into the same loca-
tion of a pUC19 plasmid that does not contain the packaging/
enhancer region. This control plasmid is referred to as
pOR4-PAC-. The authenticity of each plasmid construct
was verified by nucleotide sequence analysis (31). DNA
transfections of COS1 cells were performed by the calcium
phosphate precipitation method (36). At approximately 65%
confluency, the cells were transfected with 5 ,ug of d1309
DNA and 15 ,ug of either pOR4-PAC+, pOR4-PAC-, or
salmon sperm carrier DNA per 100-mm diameter dish. After
incubation for 12 h with the calcium phosphate precipitate,

the cells were washed with Tris-buffered saline solution
(TBS), TBS containing 3 mM EGTA, and TBS. Fresh me-
dium was added, and cultures were harvested 36 h later. The
cells were lysed by three cycles of freezing and thawing, and
infectious virus yields were determined by plaque assay on
293 cells. An aliquot of each culture was used to determine
total levels of viral DNA and cytoplasmic late mRNA. Total
nuclear DNA was isolated from purified nuclei as described
above. The level of total viral DNA was quantitated by slot
blot analysis, using a 32P-labeled probe of the AdS genome.
Total RNA was extracted from cell lysates with guanidinium
thiocyanate followed by centrifugation over cesium chloride
(28). The level of viral late mRNAs were quantitated by slot
blot analysis using a 32P-labeled probe corresponding to AdS
late region L3 (52.5 to 58.5 map units).

RESULTS

Construction and analysis of viruses containing LS muta-
tions in the packaging domain. To further test the involve-
ment of the A repeats in the encapsidation process, we
constructed a series of viral mutants in which individual A
repeats were specifically inactivated by the introduction of a
6-bp LS mutation. In view of the functional redundancy of
the packaging elements, the mutations were introduced into
a mutant virus background (d1309-194/316; Fig. 1B) (17)
containing a deletion ofA repeats I, II, and III. Recombinant
viruses (Fig. 2) were constructed that contain LS mutations
in A repeat IV (d1309-LS4, nt 316 to 321), in A repeat V
(dl309-LSS, nt 340 to 345), and in the spacer region between
A repeats IV and V (d1309-LS1, nt 328 to 333). Two
independent assays were used to test the efficiency of
packaging with the mutant viruses. First, overall virus
growth was determined in single infections of 293 cells. As
described above, viruses containing mutations that affect
enhancer element II function show reduced expression of
the early gene products which results in decreased viral
DNA replication and a corresponding reduction in virus
yield (23). This effect, referred to as the element II pheno-
type, is independent of viral packaging and can be efficiently
complemented when viral gene products required for repli-
cation are provided in trans by a coinfecting wild-type virus
(17, 21). To determine what portion of the observed reduc-
tion in virus yield was due to a packaging defect, mutant
viruses were analyzed in a coinfection experiment with the
wild-type parental virus d1309. In these experiments, 293
cells were coinfected with a mutant and a wild-type virus.
Two days after infection, one half of the cells was used to
isolate total nuclear DNA from purified nuclei and the other
half was used to isolate encapsidated viral DNA from
purified virus particles. Both coinfecting genomes were
distinguished by restriction enzyme digestion followed by
Southern hybridization analysis. By comparing the relative
amounts of mutant and wild-type DNAs in the nuclei of
infected cells with the amount of each viral DNA that was
actually present in intact virus particles, the packaging
efficiency of the mutant genome could be accurately mea-
sured independent of an enhancer element II effect.
The parental mutant virus d1309-194/316 showed a three-

fold decrease in virus yield in a single infection and a sixfold
reduction in the amount of packaged DNA compared with
the wild-type virus in a coinfection (17) (Fig. 2). The data
obtained with the LS mutants in A repeats IV and V in single
infections and coinfections are shown in Fig. 2 and 3. Mutant
viruses d1309-LS4 and d1309-LS1 grew as well as the parental
mutant virus when assayed in single infections or in coinfec-
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CACA IGAGTCC TAAACAATGAGT ATCG C GAT CCCGGCGCCC CTGAAACTGG CAAATGCACC TCTGA
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FIG. 2. (A) Viral mutants with LS mutations in A repeats IV and V. At the top is shown the nucleotide sequence of the parent virus

d1309-194/316 between nt 190 and 385. An XhoI linker is present at the deletion junction and is indicated by an open box. Nucleotide numbers
relative to the left end are indicated above the line. A repeats IV and V are encircled. The positions and names of the LS mutants are indicated
by brackets below the sequence (each LS mutation replaced the wild-type sequence with the sequence GTCGAC). The corresponding single-
and double-mutant viruses are listed below, and the LS mutations are indicated by hatched boxes. For single-virus infections, mutant virus
yields (YIELD) are expressed as the fold reduction in yield relative to that of the wild-type virus (yield wild type/yield mutant ratio). The total
virus yield in an infection with the wild-type virus (dl309) was approximately 10,000 PFU per infected cell. In coinfection experiments, mutant
virus packaging efficiency (COINF.) is expressed as the fold reduction in packaged mutant DNA relative to the packaged coinfecting wild-type
DNA. These data were normalized to the amount of each viral DNA (mutant and wild type) present in total nuclear DNA. ND, encapsidated
mutant viral DNA was below the level of accurate quantitation; NV, mutant virus was nonviable in repeated reconstruction experiments.

tions with a wild-type virus. Mutation of A repeat V (dl309-
LS5), however, resulted in an additional 40-fold decrease in
virus yield relative to the parental mutant virus in a single
infection, and no detectable signal was observed in packaged
virion DNA in a coinfection. This mutant virus replicated to
a level comparable to that of the wild-type virus (Fig. 3),
indicating that the reduction in packaged DNA was due to a
cis-acting packaging defect. When LS mutations in A repeats
IV and V were coupled (d1309-LS4/5), the resulting virus was
nonviable. This result demonstrated that while A repeat IV
lacked detectable function when A repeat V was intact, A
repeat IV was essential for virus viability in the absence ofA
repeat V.

Additional packaging elements are located outside the orig-
inally defined packaging domain. Our previous studies dem-
onstrated that at least two A repeats were required for virus
viability (17). On the basis of this observation, the results
described above with the single LS mutations in A repeats
IV and V indicated that an additional packaging element(s)
may lie outside the originally described packaging domain
(nt 194 to 358) that may be required for virus viability in the
dl309-194/316 mutant background. Our previous results (17)
and those described below suggested that there are spatial
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FIG. 3. Southern hybridization analysis of nuclear and virion
DNAs isolated from 293 cells coinfected with the wild-type virus
and mutants depicted in Fig. 2. Total nuclear DNA and virion DNA
were digested with ClaI and analyzed by Southern hybridization,
using an AdS left-end fragment as a 32P-labeled probe. The corre-

sponding wild-type (WT) and LS mutant (LS) left-end DNA frag-
ments are indicated. The mutant viruses tested were d1309-194/316
(lanes 1), dl309-LS4 (lanes 2), dl309-LS1 (lanes 3), and d1309-LS5
(lanes 4).

constraints on the location and function of individual pack-
aging elements. Therefore, a mutant virus (dl309-380:in6;
Fig. 4) that contains a 6-bp insertion at nt 380 was con-
structed in a dl309-194/316 background. This mutant was
constructed on the basis of the hypothesis that a 6-bp
insertion between two critical packaging elements would
significantly impair virus growth. This insertion, however,
reduced packaging efficiency only three- to fourfold com-
pared with the parental virus (Fig. 4). A similar decrease in
packaging efficiency was observed when this insertion was
coupled with the LS mutation in A repeat IV (dl309-LS4/
380:in6; Fig. 4), a mutant virus in which A repeat V is critical
for viability. These results suggested that if an additional
packaging element(s) existed outside the nt 194 to 358
packaging domain, it likely would be located to the left of nt
380.
Two sequences which resemble A repeats by virtue of

their AT-rich character are located between nt 358 and 380
(Fig. 4). One element, termed A repeat VI, is located
between nt 363 and 368, and a second element, A repeat VII,
is positioned between nt 370 and 375. We constructed
mutant viruses which contain LS mutations in these putative
packaging elements in the d1309-194/316 mutant virus back-
ground. The data obtained with these mutants in single
infections and coinfections with a wild-type virus are shown
in Fig. 4 and 5. Mutation of A repeat VI (dl309-LS6, nt 363
to 368) resulted in the loss of virus viability. Mutation of A
repeat VII (d1309-LS7, nt 370 to 375) led to a three- to
fivefold decrease in virus yield relative to the parental
mutant. In the coinfection, the amount of packaged mutant
DNA was reduced correspondingly. The double mutation of
A repeats IV and VII, dl309-LS4/7, resulted in a comparable
decrease in packaging efficiency. These results demonstrate
that A repeats VI and VII constitute functional components
of the Ad5 packaging signal. Since deletion of these elements
in a wild-type virus background had no effect on the pack-
aging ability of the mutant genome (22), these results lend
further support to the model that the packaging signal is
composed of functionally redundant elements (17, 21). From
these analyses, we conclude that additional packaging ele-
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FIG. 4. Viral mutants with LS mutations in A repeats VI and VII and an insertion at nt 380. The schematic, mutant names, and packaging
analyses are as described in the legend to Fig. 2. The positions and names of the LS mutants are indicated by brackets below the sequence
(each LS mutation replaced the wild-type sequence with the sequence GTCGAC). The insertion mutations contains insertions of the sequence
GTCGAC. The corresponding single- and double-mutant viruses are listed below; the LS mutations are indicated by hatched boxes, and the
insertions are indicated by inverted triangles.

ments are located outside the originally defined boundaries
of the packaging domain. In the absence of A repeats I, II,
and III, A repeats V and VI play a key role in the packaging
process, since inactivation of either element led to a drastic
decrease in virus viability (Fig. 3, d1309-LS5; Fig. 5, d1309-
LS6). A repeats IV and VII and possibly an element to the
right of nt 380 help to optimize the packaging efficiency,
perhaps by facilitating formation of a packaging-competent
complex, but are not absolutely essential for packaging
function.
A spatial requirement correlates with packaging efficiency.

Our previous studies indicated that there are spacial con-
straints on the cis-acting elements involved in Ad5 packaging
(17, 21). To further test the possibility that efficient assembly
of a packaging-competent complex requires functional inter-
actions between multiple packaging elements, we con-
structed two mutant viruses in which the spacing between a
truncated packaging domain and flanking leftward and right-
ward sequences was altered. The parent virus used to
construct these variants was a double-mutant virus, dIlO/28
(Fig. 6) (17), that contains A repeats I, II, VI, and VII. This
virus displayed a 143-fold decrease in virus yield in a single
infection (17) (Fig. 6). Even though this mutant virus repli-
cated to a level comparable to that of the wild-type virus in
a coinfection, no mutant DNA was detectable in virions,
indicating that the observed growth defect was largely due to
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FIG. 5. Southern hybridization analysis of nuclear and virion
DNAs isolated from 293 cells coinfected with the wild-type virus
and mutant viruses depicted in Fig. 4. Southern hybridization
analysis of total nuclear DNA and virion DNA was performed as

described in the legend to Fig. 3. The mutant viruses tested were

d1309-194/316 (lanes 1), dl309-LS7 (lanes 2), dl309-LS4/7 (lanes 3),
dl309-380:in6 (lanes 4), and dl309-LS4/380:in6 (lanes 5).

a packaging deficiency of the mutant genome (17). Our
previous results demonstrated that the residual packaging
activity seen with this mutant is due, at least in part, to the
presence of A repeats I and II (17). To test whether these
two elements are sufficient to allow packaging of the mutant
genome or whether functional interactions with adjacent
elements are required to generate a packaging-competent
substrate, two spacer mutants (dllO/28-194:in4 and dllO/28-
358:in4; Fig. 6) that differ from the parental virus by a 4-bp
insertion at the indicated positions (nt 194 or 358) were
constructed. The results of single infections and coinfections
with these mutant viruses are shown in Fig. 6.
A 4-bp insertion at the leftward deletion endpoint (dllO!

28-194:in4) resulted in a sevenfold increase in yield in a
single infection relative to the parental mutant virus. In a
coinfection, the amount of packaged mutant DNA was
reduced approximately 9-fold compared with the wild-type
virus, while packaged DNA in the coinfection with the
parental mutant was not detectable (>50-fold decrease). In
contrast, the insertion of 4 bp at the rightward deletion
endpoint (dllO/28-358:in4) resulted in the loss of virus via-
bility. With both spacer mutants, the relationship of se-
quences flanking both sides of the truncated packaging
domain remained unchanged with respect to each other,
whereas their position relative to the intervening packaging
region varied according to the site of the insertion. That
these results do not reflect the phenotype of enhancer
element II mutants was evident by the altered packaging
efficiency in the coinfection experiment. We therefore con-
clude that the particular spacing of adjacent cis-acting ele-
ments with respect to each other is important in order to
develop functional interactions between individual compo-
nents of the packaging signal. In the absence of A repeats
III, IV, and V, A repeats I and II function in conjunction
with sequences flanking the originally defined packaging
domain. In view of the results obtained with the LS mutants
(Fig. 3 and 5), it is likely that A repeats VI and VII represent
such interaction sites in the rightward direction. We have not
yet identified the leftward sequences that participate in the
formation of the packaging-specific complex. It is possible

v
.

v
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FIG. 6. Viral mutants with insertions at the leftward and rightward deletion endpoints of a minimal packaging domain. At the top are
shown the positions of A repeats I through VII, depicted by shaded boxes, relative to the left terminus of the viral genome. The parental
mutant virus d110/28 and the spacer mutants described in the text are shown below. The deleted sequences in dIlO/28 are indicated by solid
bars; shaded boxes represent A repeats present in the mutant genome; 4-bp insertions are indicated by open triangles. The nucleotide number
in each mutant virus name corresponds to the site of the 4-bp insertion. The packaging analysis of the mutant viruses was performed as
described for Fig. 2.

that sequences in the ITR play a role in this process (see
Discussion).
A titratable factor binds to the packaging domain. To

determine whether the packaging elements represent binding
sites for trans-acting factors, we inserted the packaging
domain (nt 194 to 358; Fig. 1A) into a plasmid vector (pOR4
[91) containing the SV40 origin of replication (pOR4-PAC+).
This plasmid replicates to high copy number in COS1 cells,
a monkey cell line that constitutively expresses SV40 large T
antigen (16). If a limiting trans-acting factor(s) interacts with
the packaging signal in vivo, the presence of an excess of
unlinked binding sites could compete for factor binding and
thus prevent the formation of a functional packaging com-
plex on the Ad5 genome. This possibility was supported by
results obtained from the analysis of a number of mutant
viruses described previously (17). These mutants showed a
greater decrease in packaging efficiency in a coinfection with
a wild-type virus relative to the reduction in yield observed
in a single infection, a phenotype which could reflect a
competition between the coinfecting wild-type and mutant
viruses for a limiting packaging factor(s). COS1 cells were
cotransfected with pOR4-PAC+ plasmid DNA and wild-type
dl309 DNA, and the infectious virus yield was determined 36
h after transfection. As controls, d1309 DNA was transfected
alone or with the vector plasmid pOR4 lacking the packaging
domain (pOR4-PAC-). Additionally, total nuclear DNA was
examined for the accumulation of replicated AdS DNA and
total cellular RNA was examined for the accumulation of
transcribed late viral mRNAs.
These results (Table 2) demonstrated that high levels of

unlinked packaging domain sequences inhibited viral
growth. Cotransfection of wild-type d1309 DNA with pOR4-
PAC+ plasmid DNA resulted in a greater than 600-fold
reduction in virus yield, whereas transfection of viral DNA
in the presence of an equivalent amount of vector sequences

(pOR4-PAC-) reduced virus yield only fivefold. Comparable
levels of total viral DNA (within twofold of each other) were

present in transfected cells (Fig. 7A), indicating that equal
numbers of viral templates were available for packaging, and
comparable levels of viral late mRNAs were observed (Fig.
7B). Therefore, the defect responsible for the reduction in
virus yield must have occurred at a late step in the infectious

cycle, which is consistent with a defect in the packaging of
viral DNA. We conclude that the unlinked Ad5 packaging
domain present in the transfected plasmid DNA likely com-
peted for the binding of a limiting trans-acting component(s)
required for the efficient packaging of AdS DNA in vivo.

DISCUSSION

In the case of bacteriophage lambda, it has clearly been
shown that the process by which phage DNA is selected
from a pool of intracellular DNA for packaging involves the
recognition of specific viral sequences, termed cos sites, by
a phage-encoded protein, the terminase (10, 15). Binding of
the terminase to its recognition sites results in the formation
of a specific nucleoprotein complex which is required for
recognition and further interactions of the phage DNA
molecule with the empty proheads (10, 15). Experimental
evidence obtained from the analysis of several temperature-
sensitive mutants suggests that Ad packages its DNA into
preformed empty capsids, the proheads (2, 6-8, 12, 13, 33).
The identification of packaging domains in several Ad ge-
nomes and the demonstration of polarity in the encapsida-
tion process (3, 17, 19-21, 25, 30, 34) suggests that the
specificity of the encapsidation process depends on recogni-

TABLE 2. Virus yields generated in COS1 cells transfected with
d1309 DNA, d1309 DNA plus pOR4-PAC+, and d1309 DNA plus

pOR4-PAC a

Transfected DNA Reduction in virus
yield (fold)

d1309............. 1
d1309 + pOR4-PAC+............. >600
d1309 + pOR4-PAC.5............S

a Cells were transfected with the indicated DNAs, and infectious virus
yields were determined by a plaque assay with cellular extracts prepared 36 h
after transfection. Virus yields are expressed as fold reduction relative to the
yield obtained by transfection of d1309 DNA alone. The total virus yield in a
virus infection of COS1 cells with the wild-type virus (d1309) was approxi-
mately 2,000 PFU per infected cell. The infectious virus yield in a transfection
with wild-type viral DNA was reduced approximately 104, presumably
because of the inefficient nature of the transfection procedure.
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FIG. 7. Viral DNA and RNA accumulation in transfected COS1
cells. COS1 cells were transfected with d1309 DNA (rows 1 and 2),
d1309 plus pOR4-PAC+ (rows 3 and 4), or d1309 plus pOR4-PAC-
(rows 5 and 6). Total nuclear DNA (lane A) and total RNA (lane B)
were isolated 36 h after transfection and applied to nitrocellulose
filters. Viral DNA (lane A) was probed with uniformly labeled Ad5
genomic DNA. Viral RNA (lane B) was probed with a cloned DNA
fragment corresponding to late region 3.

tion of specific viral sequences present in the left end of the
genome by a packaging protein(s).

In a recent report, we demonstrated that the Ad5 packag-
ing domain is composed of five functionally redundant
elements which have an additive effect on the packaging
efficiency of the viral genome (17). Four of the five elements
contain a repeated sequence motif, the A repeat, with the
consensus sequence 5'-GT(N3-,4)TTTG-3' (Fig. 8). On the

ElA core E2F EIA core

basis of these results, we proposed three models to account
for the selectivity of the packaging process. First, the
individual packaging elements might represent specific bind-
ing sites for packaging proteins. Binding of a packaging
protein(s) to its recognition site(s) would allow the viral
genome to recognize and position itself with an empty
prohead, and packaging could ensue. Second, individual
packaging elements might represent an array of interspersed
binding sites such that coordinate binding of the appropriate
packaging proteins to all of these sites would result in the
formation of a structurally defined nucleoprotein complex at
the left end of the viral genome. Only molecules bearing this
structure would be recognized as bona fide packaging sub-
strates. It is possible that the formation of this complex
requires further interactions with factors bound to the in-
verted terminal repeat sequences (ITR). This assumption is
based on our previous results which demonstrated that the
packaging domain (nt 194 to 358) can function independent
of position and orientation but must be located close to the
terminus of the viral genome in order to maintain packaging
activity (21). Additional data in support of this model have
been obtained from the analysis of several temperature-
sensitive mutants, which suggested that factors implicated in
the formation of the DNA synthesis initiation complex may
play a role in viral DNA encapsidation (5). Third, as a
consequence of their AT-rich character, the A repeats could
also represent functional bending loci (35). This model
implies that the packaging specificity is determined by a
structural rather than a sequence-specific feature of the viral
genome. It is conceivable that a packaging protein recog-
nizes the overall conformation of a DNA molecule repre-

A l A ll
E2F

GTGTACACAG GAAGTGACAA TTTTCGCGCG GTTTTAGGCG GATGTTGT IG CGTAACCG TAAGATTT CCATTTTCGC GGGAAAACTG
CACATGTGTC CTTCACTGTT AAAAGCGCGC CAAAATCCGC CTACAACA¶ATTTAAAC GCATTGGC ATTCTAAA* GGTAAAAGCG CCCTTTTGAC

200 210 220 230 240 250 260 270 280 290

E1A core
A III A IV A V A VI A VIl

AATAAGAGGA 4TTCT TT T TACTCA TAGCGTAA TAT CTA GGGCCGCG GACTT CCGTTTGTGG AGACTCGAAA
TTATTCTCCT WACTTTAGA AjTT G T ATCGC ATT AT CCCGGCGcC CTGAGG CAAAtCACC TCTGAGCGGG

300 310 320 330 340 350 360 370 380 390

A repeat I

A repeat 11

A repeat III

A repeat IV

A repeat V

A repeat VI

A repeat VIl

5'- GTAAATTTG -3'

GTAAGATTTG

GTGAA&TCTG

ATAATTTTG

GTAATATTTG

GGGACTTTG

GACCGTTTA

Consensus: 5'- GT N 3_4TTTG -3

FIG. 8. Nucleotide sequence of the AdS genome between nt 191 and 390. Numbers below the sequence correspond to nucleotides relative
to the left terminus. A repeats I through VII are encircled. Binding sites in this region for transcription factors are shown above the sequence
(ElA core enhancer element I shown by arrows and E2F binding sites shown by dark bars) (1, 23, 26). The nucleotide sequences of the
individual A repeats are shown below, along with a consensus sequence drawn from a comparison of these sites.
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sented as bent DNA or that this structure is required for
recognition of a prohead. To examine the possibility that the
A repeats represent functional bending sites, we analyzed
the electrophoretic migration of restriction fragments span-
ning the various LS mutations relative to the electrophoretic
mobility displayed by the corresponding parental restriction
fragment. While the left end of the viral genome displayed
aberrant electrophoretic mobility consistent with bent DNA
(data not shown; 11, 29) and particular LS mutations altered
the mobility of mutant DNA fragments, our analysis did not
reveal any obvious correlation between the packaging effi-
ciency of a mutant virus and the molecular conformation of
its mutant genome, determined as bent DNA (data not
shown).

In this report, we provide further evidence for the pro-
posal that the A repeats constitute functionally redundant
packaging elements. Specific mutation of A repeat V, in the
absence of A repeats I, II, and III (Fig. 2), greatly reduced
the packaging efficiency of the mutant genome (Fig. 3),
clearly demonstrating a functional involvement of this repeat
in the packaging process. Analysis of additional LS mutant
viruses has shown that additional elements (A repeats VI
and VII; Fig. 4) are required for efficient packaging of the
viral genome. These elements correspond to sequences
which strongly resemble the A repeat consensus sequence
(Fig. 8). The fact that inactivation of individual repeats
impaired the packaging efficiency of the mutant viruses to
different extents (compare dl309-LS5, dl309-LS4, d1309-
LS6, and dl309-LS7 in Fig. 2 and 4) is indicative of a
functional hierarchy between individual members of the A
repeat family. The different activities displayed by the pack-
aging elements might reflect differences in affinity of the
individual binding sites for factor binding. In the absence of
A repeats I, II, and III, A repeats V and VI play a key role
in the packaging process, since inactivation of either element
had a drastic effect on virus viability (Fig. 2 and 4). In the
presence of A repeats V and VI, the remaining elements, A
repeats IV and VII and possibly an element to the right of nt
380, were not absolutely required for viral growth but helped
to optimize the packaging efficiency of the mutant genome
(Fig. 4).
From the results obtained from the analysis of spacer

mutants (dllO/28-194:in4 and dllO/28-358:in4; Fig. 6), we
propose that a particular spacing of adjacent A repeat motifs
with respect to each other is required to promote efficient
packaging. This likely reflects the need for the coordinate
binding of packaging proteins to multiple sites. In the ab-
sence of A repeats IV and V, A repeats I and II are required
but not sufficient to allow packaging of the mutant genome
(Fig. 6). The fact that the introduction of approximately one
half of a helical turn at the rightward border of the deletion
(dllO/28-358:in4) resulted in the loss of virus viability sug-
gests that the residual packaging efficiency seen with d110/28
requires functional interactions between A repeats I and II
and additional elements located rightward of nt 358. In view
of the results obtained with the LS mutants described above,
it is likely that these elements are represented by A repeats
VI and VII. In this context, it is interesting to note that the
most highly conserved tetranucleotide (5'-TTTG-3') portion
of the A repeat consensus sequence is separated by exactly
two turns of the DNA helix (21 bp) between A repeats I and
II and between A repeats V and VI, the most important
repeats based on functional assays (described above and in
reference 17). The spatial constraint observed between the
packaging elements strongly suggests that protein-protein
interactions are important for the generation of a functional

packaging complex. It is possible that stable binding of a
protein to its recognition sites requires cooperation between
proteins bound to different sites, or as proposed in the
second model, the simultaneous binding of proteins to mul-
tiple sites is required for the formation of a defined packag-
ing-specific nucleoprotein complex. Alteration of the spatial
relationship between A repeats I and II and leftward flanking
sequences improved viral growth (d110/28-194:in4; Fig. 6).
As was evident in the coinfection experiment, this increase
was due to an increased packaging efficiency of the mutant
genome. We have not identified the leftward sequences that
participate in the packaging process, but it is conceivable
that this complex involves interactions between factors
bound to the left-terminal ITR and proteins bound to the
packaging domain.

In our previous analysis of Ad5 packaging mutants, we
noted that a number of mutants showed a greater decrease in
packaging efficiency in coinfection experiments than was
expected from results obtained with the same mutant viruses
in a single infection (17). We speculated that the greater
reduction observed in the coinfection with these mutants
represented a competition between the wild-type and mutant
genomes for limiting concentrations of a packaging pro-
tein(s). Here we provide further evidence that suggests that
the A repeats represent sequence-specific binding sites for a
trans-acting titratable factor(s). In the cotransfection exper-
iment, the presence of an excess of unlinked packaging
domain sequences efficiently interfered with normal viral
growth (Table 2). Since viral DNA replication and late gene
transcription were unaffected, we believe that the reduction
in viral yield reflects a successful competition of the pack-
aging sequences contained in the plasmid with those of the
viral genome for a limiting trans-acting factor required for
packaging of the viral DNA molecule in vivo. These results
also demonstrated that the originally defined packaging
sequences, encompassing nt 194 to 358, are sufficient for
factor binding. However, they do not exclude the possibility
that additional protein-protein interactions are required to
create a packaging-competent viral DNA substrate.

In conclusion, our observations support the model which
proposes that the cis-acting packaging elements represent
recognition sites for proteins involved in the packaging
process and that specific protein-DNA interactions provide
the molecular basis for the observed packaging specificity.
The generation of the specialized nucleoprotein structure
required for the selective encapsidation of the Ad genome
appears to require multiple DNA-protein and protein-protein
interactions.
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