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A variant of the adenovirus type 5 genome which lacks EcoRlI sites has been cloned in a bacterial plasmid
after the addition of EcoRI oligonucleotide linkers to its ends. Closed circular forms of the recombinant viral
genome were not infectious upon their introduction into permissive eucaryotic cells. The linear genome
released by digestion of the 39-kilobase recombinant plasmid (pXAd) with EcoRI produced infectious virus
at about 5% of the level of wild-type controls. The viruses which arose were indistinguishable from the
parental strain, and the normal termini of the viral genome had been restored. Marker rescue experiments
demonstrate that provision of a DNA fragment with a normal viral end improves infectivity. When a small
fragment carrying a wild-type left end (the 0 to 2.6% Clal-B fragment) was ligated to Clal-linearized pXAd,
virus was produced with efficiencies comparable to a similar reconstitution of the two Clal fragments of the
wild-type genome. These viruses stably carry the left-end fragment at both ends, leaving the normal right
end embedded in 950 base pairs of DNA. The embedded right origin is inactive. The consensus of the
analyses reported here is that a free end is a necessary configuration for the sequences which make up the

adenovirus origin of replication.

Human adenovirus type 5 (AdS) has a double-stranded
DNA genome of 36 kilobase pairs (kbp) (33). The 5’ ends of
the viral DNA are covalently linked to a terminal protein
through a deoxycytosine-to-serine phosphoryl bond (5, 23).
The 55-kilodalton (kDa) terminal protein is a proteolytic
cleavage product of an 80-kDa protein which participates in
the initiation of DNA replication (2, 4, 16, 26). The terminal
protein precursor forms a complex with a 140-kDa adenovi-
rus-encoded polymerase (15, 27), after which the terminal
protein precursor becomes modified through its covalent
linkage to a deoxycytosine, which will subsequently become
the first nucleotide of the daughter strand. During morpho-
genesis of the virion, the 80-kDa terminal protein precursor
is specifically cleaved by an adenovirus-encoded protease to
produce the 55-kDa terminal protein (3, 26).

Isolation of viral DNA commonly includes a nonspecific
proteolytic digestion step (with pronase), which removes all
but a few amino acids of the terminal protein from the DNA.
The pronase-treated DNA is infectious upon transfection
into permissive cells, which reveals that the presence of the
intact 55-kDa terminal protein in the template strand is not
strictly required for the initiation of adenovirus DNA repli-
cation. However, biochemical evidence indicates that the
newly synthesized 80-kDa terminal protein precursor is
obligatory for the initiation of synthesis of the daughter
strand.

Each end of the viral genome carries an identical sequence
of 103 bp (25, 35), called the inverted terminal repetition
(ITR). The origin of replication has been localized to se-
quences lying within the ITR (reviewed in reference 4).
Restriction fragments of adenovirus DNA which include one
end of the viral genome have been cloned in bacterial
plasmids either by GC tailing (28) or by the addition of an
oligonucleotide linker to a viral end after removal of the
terminal peptide. Release of such fragments from the recom-
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binant plasmids by digestion with the appropriate restriction
enzyme(s) generates a modified end that is extended by
either a stretch of GC residues or one half of an oligonucleo-
tide linker. Such cloned terminal fragments have been ligat-
ed to complementary viral DNA fragments which carry the
remainder of the viral gerome, including the second bona
fide end. These molecules are infectious upon transfection
into pertiflssive cells, gtoducing virus with two normal ends
(28, 29). Deletions e)'(ténding into the ITR of the cloned end
also produce normal viths when combined with the remain-
der of the viral gehome, provided that the deletions do not
completely remove the ITR (29). These results indicate that
the mutated and normal ends of the viral DNA are capable of
interactions in such a manner as to dllow repair of thé mutant
end and the consequent restoration of the wild-type virus
genome. Since a normal viral end was always present in
these reconstructions, it was not possible to assess the
ability of the mutant end to function as a replication origin.

A number of eucaryotic viral genomes have been cloned in
bacterial plasmids, and their ability to establish viral infec-
tions of permissive cells upon transfection of the cloned
DNA has been examined. Simian virus 40 and polyomavirus
have been cloned in a number of laboratories and have been
found to be infectious if released from their plasmid vectors.
Retrovirus proviruses (integrated and unintegrated forms)
have been cloned and found to be infectious when the
colinearity of the genome is preserved. A cloned cDNA copy
of the poliovirus RNA genome is infectious, and its infectiv-
ity does not require release from the plasmid (22). Two
parvoviruses, adeno-associated virus (24) and the minute
virus of mice (18), have been cloned in the bacterial plasmid
pBR322 and found to produce wild-type virus upon transfec-
tion of the circular plasmids into appropriate cultured cells.
This demonstrates that these ‘‘integrated’’ configurations of
the parvoviral genomes can be resolved into the normal
linear forms, with the consequent restoration of their proper
viral termini. We have cloned the genome of AdS into a
bacterial plasmid to examine its infectivity characteristics.
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MATERIALS AND METHODS

Molecular cloning of Ad5. Fifty micrograms of virion DNA
from the EcoRI-resistant (EcoRI") virus AdS was incubated
for 3 h at 37°C in 0.3 N NaOH, conditions which have been
shown to cleave the serine-to-deoxycytosine phosphoryl
bond between the terminal protein and the adenovirus DNA,
leaving the DNA with a 5’ phosphate group (1). The solution
was neutralized with the addition of 100 mM Tris (pH 8) and
0.3 N HCl, and the NaCl concentration was adjusted to 1 M.
The DNA was reannealed by incubating the solution at 68°C
for 12 h, followed by slow cooling to 20°C, and finally by
precipitation under ethanol.

The reannealed DNA was suspended, and 5 pg was ligated
to 100 ng of EcoRI oligonucleotide linkers (octamers) by
using T4 DNA ligase. After phenol extraction and ethanol
precipitation, the DNA was digested with the EcoRI. The
adenovirus DNA was then ligated to 0.5 ug of the bacterial
plasmid pXf3 (10), which was cleaved once with EcoRI.

The ligated DNA was used to transform Escherichia coli
DH1 (10) by a transformation procedure which efficiently
transfers large plasmids (10). The transformed cells were
plated on a nitrocellulose filter at a density of 20,000 per 100-
mm filter. The colonies which arose were replicated and
prepared for hybridization as described (11). The colonies
were probed with 3?P-radiolabeled AdS DNA, and one
colony was identified. This clone (pXAd) was amplified and
subjected to the evaluation described below.

Plasmid DNA was prepared from E. coli DH1(pXAd) on a
number of occasions by various protocols for cell growth
and DNA extraction (17). Yields of supercoiled DNA ranged
from 25 to 300 ug per liter of culture, with an average of 100
pg per liter. No method proved significantly different, and
therefore, none is described. pXAD was purified by equilib-
rium centrifugation in a cesium chloride-ethidium bromide
density gradient.

Cell culture, viruses, and viral DNAs. Human 293 (8) and
HeLa cells were propagated in Dulbecco modified Eagle
medium supplemented with 5% fetal calf serum or 10% calf
serum. Ad5 and the EcoRI" variant of Ad5 (14) were
propagated on HeLa cells. Viral DNA was extracted from
CsCl-purified virions as described by Petterson and Sam-
brook (21). Intracellular viral DNA was isolated by modified
Hirt procedure as described previously (7).

DNA analysis. Restriction endonucleases were purchased
from New England Biolabs and were used as recommended
by the vendor. T4 polymerase was from Bethesda Research
Laboratories. Restriction fragments were end labeled by
using DNA polymerase I large fragment (New England
Biolabs) in the presence of a->*P-labeled deoxynucleoside
triphosphates at 20°C for 30 min. Adenovirus restriction
fragments used in marker rescue experiments were fraction-
ated on low-melting-point agarose, the appropriate ethidium
bromide-stained bands were removed, and the DNAs were
separated from the agarose by repeated extractions with
68°C phenol, followed by a CHCIl; extraction and ethanol
precipitation. The 3’ ends of adenovirus DNAs were radiola-
beled by incubating the duplex DNA with T4 polymerase,
first in the presence of dCTP, followed by the addition of the
three remaining deoxynucleoside triphosphates. The T4
polymerase, in the absence of triphosphates, processes in a
3’ to 5’ direction, employing an exonucleolytic activity (17).
Given deoxynucleotide triphosphates, it elongates DNA in a
5' to 3' direction under the specifications of the template
strand. In the reaction described here, T4 polymerase plus
dCTP removes 3’ sequences until the first dGTP (the seventh
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nucleotide for wild-type adenovirus DNA) is encountered, at
which time the enzyme stalls, alternatively removing and
replacing dCTP. The viral DNAs were so treated for 15 min
at 20°C. Then, [*?P]dTTP, [*?P]dATP, and [*?*P]dGTP were
added, and the reaction was incubated for 15 min to replace
the missing nucleotides at the 3’ end with radiolabeled ones.

RESULTS

Molecular cloning of AdS. A molecular clone of an EcoRI"
variant of human Ad5 was established in E. coli as a
recombinant with the plasmid pXf3. The terminal protein
was removed from the 5’ ends of the viral DNA by treatment
with sodium hydroxide. The single strands were reannealed,
and EcoRI oligonucleotide linkers were ligated onto the
ends. After digestion with EcoRI, the DNA was ligated to
EcoRI-cleaved pXf3 and used to transform E. coli DH1. The
colonies that arose were screened with radiolabeled AdS
DNA, a single hybridizing colony was picked and purified,
and the plasmid it contained was analyzed.

The plasmid pXAd is 39 kilobases (kb) in length, the
expected size for the combination of the 36-kb viral gene
with the 3.2-kb plasmid. Restriction mapping revealed that
the recombinant carried sequences consistent with those of
the viral DNA, and no gross rearrangements or instabilities
(such as large deletions) were observed. Figure 1 shows a
map of the orientation of the EcoRI-linked EcoRI" AdS DNA
in pXf3 and also compares representative restriction digests
of AdS, EcoRI" AdS5, and pXAd DNAs. The sequences of
this 36-kb human virus are stable as a recombinant plasmid
in E. coli by the criterion of restriction mapping.

In the course of evaluating the cloned viral DNA, it was
observed that the Clal site located at 2.6% on the 0 to 100%
genetic map (35) could not be digested with the restriction
endonuclease Clal. The Clal site in Ad5S DNA is coincident
with two Mbol sites (GATCGATC), which are recognition
sites for the dam methylase of E. coli (12). The methylation
of adenine renders the Clal site resistant to Clal digestion,
and thus, only the Clal site in pXf3 can be cleaved when
pXAd is prepared in the dam™ strain DH1. Clal digestion
thus linearizes the recombinant plasmid, a quality which will
prove useful below.

Infectivity of pXAd. The ability of the cloned viral DNA to
reestablish itself as virus was examined by transfecting the
DNA into permissive cells. Human 293 cells carry integrated
copies of AdS DNA encompassing E1A and E1B genes,
which are efficiently expressed (8) and can complement
adenovirus mutants in this region. Nevertheless, the major
reason for choosing these cells is their high transfection
efficiency with adenovirus DNA, a quality which is neces-
sary for the quantitative experiments reported here. The
results of a series of transfections are presented in Table 1
and Fig. 2. The closed circular plasmid was unable to
produce virus. However, if the viral genome was released
from the plasmid by digestion with EcoRI, subsequent
transfection produced plaques at about 5% of the efficiency
of pronase-treated viral DNA. If the plasmid was linearized
with Clal, plaques were also produced, although at much
lower levels (about 0.1 to 0.5% of the levels of controls). The
Clal-digested form can be viewed as a viral genome with two
tails, one 3.2 kb in length, the other 30 bp long. Other
variations in the treatment of the cloned DNA would not
produce virus: EcoRI cleaved and then cyclized; EcoRI
cleaved and then concatenated; or partially digested with
BamHI (data not shown).

The growth characteristics of viruses that arose from
transfection of EcoRI-cleaved plasmid pXAd were assessed.
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FIG. 1. Structure of plasmid pXAd. The restriction endonucle-
ase digestion patterns of AdS, EcoRI" AdS, and pXAd were com-
pared by electrophoresis through a 0.7% agarose gel in the presence
of ethidium bromide, using the endonucleases EcoRI and EcoRI
plus BamHI. The orientation of the EcoRI" Ad5 genome in the
plasmid vector pXf3 is depicted below the gel.

The viruses infected HeLa and CV1 cells in a manner
indistinguishable from wild-type adenovirus. They grew at
similar rates and produced DNA in CV1 cells and virus in
HeLa or 293 cells at wild-type levels. Viral DNAs were
isolated either from infected cells by the modified Hirt
extraction procedure or from virus particles purified by
equilibrium centrifugation. The analysis of the DNAs re-
vealed that all viral DNAs arising from pXAd transfections
were resistant to digestion with EcoRI. Virus arising from
the transfections of cloned DNA is denoted XAd, the
plasmid DNA is denoted pXAd, and normal virus is denoted
Ad.

Nature of the ends of XAd virus. When plasmid pXAd was
cleaved with EcoRI, the viral genome which was released
carried extra nucleotides on its ends, derived from the
oligonucleotide linkers that were ligated onto its bona fide
ends (Fig. 3). Analysis of five XAd viruses that arose after
transfection of EcoRI-digested pXAd indicates that these
extra nucleotides are not maintained in the virus. The results
for two of these are shown in Fig. 3. The virus DNAs were
radiolabeled at their 3’ ends by using T4 DNA polymerase.
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EcoRl-cleaved pXAd was radiolabeled by end filling, using
DNA polymerase I (large fragment). The labeled DNAs were
then digested with Hhal, which cleaves 81 bp from the
normal adenovirus ends, within the 103-bp ITR. The DNAs
were analyzed on a polyacrylamide gel with a DNA se-
quence ladder as a length standard. Both XAd viruses had
81-bp terminal Hha fragments identical to that of wild-type
AdS DNA, whereas the end-labeled pXAd had 87-bp Hha
fragments (Fig. 3). Thus, the establishment of viral infection
has included the restoration of ends of the correct length,
and probably the original sequence as well. Since the termi-
nal protein is covalently attached to the DNA strand through
a serine-to-deoxycytosine phosphoryl bond, it is of note that
an extra deoxycytosine, available from the EcoRI oligonu-
cleotide linker, was not used as the 5’ terminal deoxycyto-
sine in any of these viruses.

TABLE 1. Specific infectivity and market rescue of pXAd DNA¢

Plaques per plate
DNA

Expt 1 Expt 2

pXAd (circular)

Alone 0,0 0,0

Plus AdS EcoRI-A ND? 9,4

Plus AdS EcoRI-B ND 1,3
Clal-digested pXAd

Alone 1,0 7.0

Plus AdS EcoRI-A 52,33 7,97

Plus AdS EcoRI-B 24, 49 S, 57

Plus AdS Sall-B 0,13 12,23

Plus AdS Sall-C 0,1 ND
pXAd/EcoRI 56, 28 31,70
pXAd/EcoRlI self-ligation 0,1 ND
AdS (0.1 pg) 73, 101 46, 49

¢ One microgram of plasmid pXAd DNA was transfected into a
monolayer of 293 cells in a 6-cm petri dish according to the calcium
phosphate coprecipitation procedure. Each calcium phosphate co-
precipitate was divided into two halves, and each half was applied to
one plate. The variance observed between duplicate plates is
probably a consequence of clumping of the coprecipitate, which
would result in unequal distribution of DNA to the two plates. Four
hours later, the cell monolayer was boosted with 15% glycerol (28).
After 2 h, the cells were overlaid with 0.65% agar. Plaques were
counted 6 to 10 days later. Marker rescue transfections were done
with 1 ug of pXAd DNA and a 3 to 5 molar excess of different wild-
type DNA fragments which were purified by agarose gel electropho-
resis.

& ND, Not determined.
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FIG. 2. Restriction fragments of wild-type Ad5 DNA (open bars)
used in the marker rescue experiments presented in Table 1.
pXAd/Clal represents the structure of plasmid pXAd digested with
Clal; wavy line represents the pXf3 sequence.
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FIG. 3. Analysis of the ends of XAd viral DNAs. The DNAs of
two independently isolated XAd viruses and wild-type AdS were
radiolabeled at their 3’ ends by using T4 polymerase. EcoRI-cleaved
pXAd was 3’ end labeled by using the large fragment of DNA
polymerase I to fill in the EcoRI overhang. All DNAs were digested
with Hhal and were fractionated on an 8% polyacrylamide gel with
DNA sequence ladders as length standards. A comparison of the
structure and sequence of the ends of AdS and of the corresponding
ends of EcoRlI-cleaved pXAD is shown in the diagram below the
gels. The residual oligopeptide of the terminal protein is represented
as the loop linked to the 5" dCMP of AdS.

Marker rescue of pXAd. To evaluate possible explanations
for the low specific infectivity of the cloned viral DNA,
marker rescue experiments were conducted by using agarose
gel-purified restriction fragments derived from wild-type
viral DNA. Two types of marker rescues were attempted. In
one type, purified AdS fragments were mixed with plasmid
pXAd; in the other, the AdS fragments were ligated to
pXAd.

The mixing experiments employed the EcoRI-A and -B
fragments of Ad5, which include the left and right ends of the
viral genome, respectively (Table 1 and Fig. 2). Marker
rescue by using each of these fragments with EcoRI-cleaved
pXAd did not appreciably improve the infectivity, possibly
because the high basal level of EcoRI-cleaved pAXd alone
obscured a low level of marker rescue. However, the EcoRI-
A and -B fragments did improve the transfection efficiency
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of both closed circular pXAd and of Clal-cleaved pXAd. In
each case, the basal efficiency was undetectable or low
(respectively), and improvements by marker rescue were
demonstrated (Table 1 and Fig. 2). The Sall-B and -C
fragments were also used in one marker rescue experiment
with Clal-cleaved pXAd. Here the B fragment, which in-
cludes the left end, improved transfection, but the internal C
fragment did not. The results indicate that DNA fragments
which include either wild-type viral terminus improve infec-
tivity.

Marker rescue by mixing of fragments requires recombina-
tion between them, which is a relatively improbable event in
transfection assays. Therefore, additional marker rescue
experiments were conducted in which the cloned viral
genome and the rescuing viral DNA fragment were ligated
together and then mixed with carrier DNA and transfected.

In these marker rescue experiments, Clal-digested pXAd
was employed (Table 2 and Fig. 4). The linearized viral
genome has a 30-bp pXf3 tail on the right end and a 3.2-kb
pXf3 tail on the left. The Clal-B fragment of AdS was used as
the rescuing fragment: it consists of the left end (2.6%) of
Ad5 (918 bp). Thus, there is little genetic information other
than the end itself, in contrast to the marker rescues de-
scribed above, in which 15 to 75% of the genome was
included. However, it is noteworthy that this fragment does
contain a sequence which is necessary for correct packaging
of the viral DNA into virions (9, 13).

When the ligation products of AdS Cla-B to Clal-cleaved
pXAd were transfected into 293 cells, the specific infectivity
increased significantly over the levels observed with the
plasmid alone. The Cla-B marker rescue produced about 150
plaques per pg (Table 2 and Fig. 4), whereas Clal-cleaved
pXAd alone produced 1 to S plaques per pg (Table 1 and 2)
and EcoRI-cleaved pXAd produced about 50 plaques per pg
(Table 1 and Fig. 2). Furthermore, the efficiency was compa-
rable to that of a reconstruction in which the isolated AdS
Clal-A and -B fragments are ligated together to restore the
viral genome. Thus, the Clal-B fragment confers wild-type

TABLE 2. Marker rescue of plasmid pXAd DNA by ligation to
left end wild-type AdS fragment

Plaques
DNA per plate
pXAdcleavedby Clal.............................. 1,0
pXAd cleaved by Clal plus AdS Clal-B .............. >200. 124
AdS Clal-A. . ... 10, 15
AdS (Clal-A plus Clal-B) ...............o.ooiin.. >200, 161
AdS (0.1 Bg) . v 73, 101

“ One microgram of either Clal-digested pXAd or gel-purified
AdS Clal-A fragment were ligated to a fourfold molar excess of AdS
Clal-B fragment and used to transfect the monolayer of 293 cells as
described in Table 1, footnote a.

B A

Clal H 4
XAd/Cla T + 2
o) la
+Ad5ClaI-Bd|-l'r" .

B

FIG. 4. Final products of ligation of Clal-digested pXAd
(pXAd/Clal) to the Ad5 Clal-B fragment (see Table 2).
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infectivity upon the cloned virus, and it can be concluded
that the low infectivity is in some way related to the nature of
the ends; an EcoRI end (with its extra nucleotides) is not
equivalent to the bona fide end with a short peptide linked to
it. In addition, the Clal end of Clal-cleaved pXAD, with its
30-bp tail, is clearly inferior to both of these.

Analysis of Clal-B-rescued virus. The transfection of liga-
tions between Clal-digested pXAd and the AdS Clal-B
fragment produced virus at levels comparable to those of
reconstructions of the wild-type viral genome. Since Clal-
digested pXAd has pXf3 tails on each end, an analysis of the
virus which arose was conducted. DNAs extracted from 10
independently isolated viruses were identical, but different
from EcoRI" AdS and XAd DNAs. Figure 5 shows analysis
of the DNA of one of these viruses (XAdC), which was
amplified and banded in a CsCl gradient. Comparison of the
HindlII restriction patterns of AdS, XAd, and XAdC reveals
that the HindIII-I fragment (the normal right end) was absent
from XAdC and that a new fragment (HindIII-I'), approxi-
mately 900 bp larger, had appeared in its place. Digestions of
XAd and XAdC with HindIIl plus EcoRI and HindIII plus
Clal demonstrate that the HindIII-I' fragment carries closely
linked EcoRI and Clal recognition sites. The HindIII-I'
fragment was cleaved by EcoRI into two smaller fragments.
One comigrated with the HindIII-I fragment of XAd, which
is the normal right end. The second migrated slightly behind
the rescuing Clal-B. HindIII-I' was also cleaved by Clal into
two fragments. One comigrated with the authentic Clal-B
left-end fragment. The second fragment was slightly larger
than the normal HindIII-I band. The interpretation of these
results is that the rescuing Clal-B fragment was maintained
on the right end of the virus after its ligation to the Clal site
30 bp upstream from the right-end ITR. Thus, the right end
of XAdC carries a short stretch of pXf3 sequences followed
by 2.6% of the viral genome originating from the left end.
This modified right end is stable, and it persists despite the
presence of a direct repeat of its ITR sequence (the normal
right end) 950 bp downstream. The 3.2-kb tail on the left end
of Clal-digested pXAd was removed, and the bona fide left
end was restored. The structure of XAdC is outlined in Fig. 5
to show the structure of the virus genome as deduced from
this analysis.

Growth characteristics of Clal-B-rescued virus. One of the
Clal-B viruses (XAdC) was passaged serially to evaluate
both its stability and its growth rate relative to XAd. Figure 6
presents this analysis. Each virus (XAdC and XAd) was
used to infect permissive cultured cells (HeLa) at similar
multiplicities of infection. Virus and viral DNA were extract-
ed from duplicate infections. The virus was similarly pas-
saged twice more, and then viral DNA was collected. The
input and third-passage DNAs were evaluated by digestion
with HindIIl (Fig. 6). XAdC maintained the HindIII-I'
fragment, and no normal HindIII-I could be detected. Both
XAdC and XAd produced similar amounts of DNA in
parallel infections and extractions. Thus, the modified right
end of XAdC is stable, and the virus is propagated at levels
similar to XAd itself. Therefore, the presence on the right
end of 2.6% of the viral genome originating from the left end
is not unfavorable to virus proliferation in the cultured cells
employed in these analyses.

The extra sequences in XAdC viral DNA were not re-
moved by recombination or other interactions between the
embedded and terminal ITRs, which raises the possibility
that the modified structure of the right end is of some benefit
to the virus and hence is selectively maintained. To assess
subtle differences in the multiplication of XAd and XAdC
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viruses, the two viruses were coinfected into the same cells
and then were passaged and analyzed as described above.
The HindIII-I and -I' fragments were used to distinguish the
two viruses and thereby to compare their relative growth
characteristics. By the third copassage of the two viruses, a
gradual accumulation of wild-type virus was observed (Fig.
6). From this it can be concluded that, although the Clal-B
virus is stable and viable, its configuration confers no
selective advantage upon the virus under the conditions
employed here.

DISCUSSION
The 36-kbp genome of an EcoRI" variant of Ad5 has been
cloned in E. coli as a recombinant with a bacterial plasmid.
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FIG. 5. Structure of the XAdC virus derived from marker rescue
with Ad5 Clal-B. DNAs from wild-type Ad5 (tracks 1), XAd virus
(tracks 3), and XAdC virus (tracks 2) were digested with the noted
combinations of HindIII (H), EcoRI (R), and Clal (C), radiolabeled
by using the large fragment of DNA polymerase I, and then analyzed
by electrophoresis on a 1% agarose gel followed by autoradiogra-
phy. Arrow marks the position of the HindIII-I’ band in the HindIIl
digestion of XAdC (track H-2). Since XAd has no EcoRlI sites, it is
not labeled in the analysis of EcoRI alone, and hence, no band
appears, even though the DNA is present by ethidium bromide
straining. The restriction map of XAdC is shown below the gels to
describe the orientation of the sequences maintained on the right
end, which consist of a short segment of pXf3 sequences (EcoRI to
Clal), followed by the AdS Clal-B fragment.
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FIG. 6. Stability of duplicated left end present on the right end of
XAdC. Virus stocks of XAdC and XAd were used to infect HeLa
cells both separately and together, using the HindIll-l1 and -I'
difference to distinguish XAd from XAdC. The DNAs of these
viruses were analyzed before the first passage (tracks b) and after
three passages by viral infection (tracks a). End labeling of the
HindllI digestions were followed by electrophoresis and autoradiog-
raphy. Overexposure did not reveal the HindlII-I fragment in XAdC
alone, which would be indicative of resolution of XAdC into XAd
(see Fig. 5). In the mixing experiments, XAd and XAdC virus were
coinfected at ratios of 2:1 (C) and 1:1 (D).

The ability of the cloned viral DNA to produce virus upon
transfection of permissive human cell lines was evaluated.
The results indicate that (i) the closed circular plasmid is not
infectious; (ii) the closed circular or concatenated viral
genome produced by first releasing the viral DNA from the
plasmid with EcoRI and then treating the DNA with T4
ligase is not infectious either; (iii) the linear DNA produced
by digestion of pXAd with EcoRl is infectious at about 5% of
the levels obtained with viral DNA; and (iv) the linear DNA
produced by digestion of pXAd with Clal is also infectious to
about 0.1 to 0.5% of control levels. Thus, a linear form of the
DNA is necessary for productive transfection.

The virus which arose from transfections of EcoRI-digest-
ed pXAd multiplied at rates similar to those wild-type virus,
and biochemical analysis revealed that the normal virus end
had been restored, with the consequent loss of the terminal
sequences derived from the EcoRI oligonucleotide linker
added during the molecular cloning. Marker rescue experi-
ments using purified fragments of wild-type AdS DNA
(isolated from virions) demonstrated that providing a normal

RESCUE OF FUNCTIONAL AdS REPLICATION ORIGINS 307

virus end improved the transfection efficiency of both closed
circular pXAd and Clal-digested pXAD. In particular, liga-
tion of the AdS Clal-B fragment onto Clal-digested pXAd
produced plaques at levels comparable to a reconstruction
using the AdS Cla-A and -B fragments. This indicates that
the addition of a normal viral terminus can improve the
infectivity of the cloned viral genome to levels comparable
with those of wild-type DNAs.

Free ends are a component of the adenovirus origin of
replication. The consensus which develops from these obser-
vations is that an essential feature of the adenovirus origin of
replication is the presence of its normal terminal sequences
as a free end. Some definition of a free end can be obtained
by comparing the transfections of EcoRI-cleaved and Clal-
cleaved pXAd. EcoRlI-cleaved pXAd leaves six extra nucleo-
tides on the 5’ end, whereas Clal-cleaved pXAd carries 30
additional nucleotides on the right end and 3.2 kb on the left
end. The respective transfection efficiencies are S and 0.1%
of those obtained with viral DNA, which carries no extra
nucleotides and includes a few amino acids linked to its 5’
ends. Thus, progressively embedding the terminal ITR in
DNA produces consequent reductions in the ability of the
DNA to produce virus upon transfection into permissive
cells.

Previous work with cloned viral ends has always em-
ployed a second wild-type end in the transfections. Thus, the
appearance of a corrected end can be explained by an
interaction between the mutant and normal ends (28, 29). In
the experiments reported here, transfection with two mutant
ends nevertheless produced wild-type virus. Therefore, the
mechanism of repair in this situation may differ from that
proposed previously in studies in which one mutant and one
wild-type end were present.

An embedded origin is inactive. Strong support for the
necessity of presenting the sequences of the origin as a free
end comes from the analysis of the viruses produced by the
ligation of Ad5 Clal-B to Clal-digested pXAd. The XAdC
viruses all contain two copies of the normal adenovirus left
end (the Clal-B fragment). One is stably present on the right
end of the viral genome. The normal right end is embedded
in 950 bp of DNA, with its ITR aligned as a direct repeat of
the ITR at the new right end. These viruses are stable on
passage and multiply at a level close to that of wild-type
virus. These results have several implications. First, the
embedded origin is inactive for the initiation of replication
since no wild-type virus appears, which would be a conse-
quence of initiation at this origin. Second, the embedded
origin cannot serve to terminate replication since specific
termination at the embedded origin would again produce
wild-type virus, which was not observed. Finally, the inter-
actions which demonstrably occur to repair mutant ends
evidently do not act on this embedded origin, perhaps
because of the greater homology between the two left ends
(918 bp) than between two ITRs (103 bp) alone (see Fig. 5).
Furthermore, recombination between the two directly re-
peated ITRs on the right end would produce normal virus.
This suppression of repair and recombination between the
actual ends and the embedded ITR is particularly striking in
view of the efficient removal of the 4 kb of DNA which
extends off the normal left end after the ligation of AdS Clal-
B to Clal-digested pXAd. However, preservation of such an
extended left end would produce a viral genome of 40 to 41
kb, which should be inefficiently packaged and thus not
expected to persist. There is clearly a bias in which the
normal left end is always restored, but the left-end se-
quences on the right end are not removed to restore the
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normal right end. Defective adenoviruses have been isolated
and shown to stably persist as large palindromes which
contain adenoviral information originating only from the left
end (6, 7). This indicates that the configuration of left-end
sequences on both the left and right ends is favorable under
certain conditions.

In sum, these results and those discussed above argue that
the adenovirus origin of replication is inactive if embedded in
other DNA. This is in contrast to the parvoviruses, another
class of linear-DNA viruses, which are capable of producing
wild-type virus upon transfection of closed circular recombi-
nant DNAs. Thus, the parvovirus origin of replication can
function in the recombinant, with the consequent resolution
of the normal ends from their embedded state, and does not
need the conformation of a free end, whereas the related
adenovirus origin demonstrably requires one.

Comparison of in vivo and in vitro results. Transfections of
the closed circular recombinant plasmid (pXAd) were never
observed to produce infectious virus. Several groups have
reported that cloned adenovirus origins do not correctly
initiate replication in vitro when the origin is embedded in a
closed circular plasmid (31, 34; M. D. Challberg and D. R.
Rawlins, Proc. Natl. Acad. Sci. U.S.A., in press). In con-
trast, Pearson et al. (19) reported that a closed circular
plasmid carrying an adenovirus origin can produce newly
synthesized DNA strands in vitro which originate near that
origin. This suggests that the embedded origin is still capable
of some form of interaction with components of the replica-
tion apparatus. Our results indicate that if such an interac-
tion occurs in vivo, it will not efficiently produce infectious
virus.

The viral DNA produced by digestion of the recombinant
plasmid ‘is different from normal virus DNA in two ways.
Extra nucleotides are added onto the normal virus end, and
the DNA carries a 5’ phosphate instead of the few amino
acids that remain after removal of the terminal protein with
pronase. The high infectivity of pronase-treated viral DNA
demonstrates that the terminal protein on the template is not
necessary for the initiation of DNA replication in vivo.
Using a fractionated in vitro system, Tamanoi and Stillman
(31, 32) have shown that an EcoRI end is reduced two- to
threefold in the efficiency of initiation relative to an end
carrying the intact terminal protein. Thus, the presence of a
few nucleotides on the normal end may not compromise its
status as a free end. The in vivo results described in this
report show a much greater reduction in transfection effi-
ciency than does the in vitro assay for initiation. One
explanation for this disparity is the transfection assay. It has
been amply demonstrated that the introduction of DNA into
cultured cells as a calcium phosphate-DNA coprecipitate
produces rapid concatenation of the exogenous sequences
(20). This would be expected to occur in the transfections
described here, and concatenation of the adenovirus genome
will embed the ends and render them inactive. The terminal
protein is maintained on the ends of the viral DNA through-
out the life of the virus after its participation in the initiation
cycle. It is possible that one role of the terminal protein is to
maintain the sequences of the origins as free ends by
protecting the DNA from access to repair functions in the
cell that might either degrade or embed the ends, thereby
inactivating the origins of replication and incapacitating the
virus. It is of note that virtually all DNA viruses have
evolved strategies or structures to protect their ends and
thus maintain their episomal status. In particular, simple
DNA ends are rarely encountered. The viral genomes either
are circular (e.g., papovaviruses) or carry proteins (e.g.,
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adenoviruses, bacteriophage ¢$29) or. hairpin loops (e.g.,
parvoviruses, vaccinia viruses) on their ends. Telomeres,
the stable ends of mammalian chromosomes, have also
evolved structures that serve to maintain them as free ends
(30). The case reported here demonstrates that simple linear
ends can be transiently acceptable, but the consequences of
such ends persisting are strongly selected against during
viral proliferation.
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ADDENDUM IN PROOF

Berkner and Sharp have described the recovery of wild-
type adenovirus after transfection of two overlapping cloned
fragments of the viral genome. They also observed restora-
tion of the bona fide ends of the viral genome during this
process (K. L. Berkner and P. A. Sharp, Nucleic Acids
Res. 11:6003-6020, 1983).
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