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The HpaI E fragment (0-4.5 map units) of adenovirus type 2 (Ad2) DNA was
cloned in the plasmid vector pBR322. Excision of the viral insert with PstI and
XbaI generated a fragment which comigrated with Ad2 XbaI-E (0-3.8 map units),
and this fragment was ligated to the 3.8-100 fragment generated by XbaI cleavage
of the DNA of the Ad5 mutant, dl309 (N. Jones and T. Shenk, Cell 17:683-689,
1979). Transfection with the ligation products resulted in the production of
progeny virus which was able to replicate on both HeLa and line 293 cells,
demonstrating the biological activity of the sequences rescued from the plasmid.
Small deletions were introduced around the SmaI site (map position 2.8) within
the cloned viral insert, and the altered DNA sequences were reintroduced into
progeny virus as described above. The mutant viruses grew well on line 293 cells
but plaqued with greatly reduced efficiency on HeLa cells, exhibiting a host range
phenotype similar to previously described mutants with lesions located within
this region of the genome. When plasmid-derived left-end fragments containing
pBR322 DNA sequences to the left of map position 0 were ligated to the 3.8-100
fragment of dl309 DNA, the infectivity of the ligation products was not reduced.
However, all progeny viruses examined yielded normal-size restriction enzyme
fragments from their left-hand ends, indicating that the bulk of the pBR322 DNA
sequences are removed either prior to or as a consequence of the replication of
the transfecting DNA molecules.

The left-hand 11% of the genomes of adeno-
virus serotypes 2 and 5 (Ad2 and Ad5) contains
genes which play important roles in both cellular
transformation and the early stages of lytic virus
infection (reviewed in reference 35). This early
region (El) contains two separate transcription
units, Ela (map coordinates 1.4-4.4) and Elb
(4.5-11.2) (38). Several overlapping spliced
mRNA's are specified by both Ela and Elb (3,
7, 21, 32), and a number of polypeptides encoded
by these regions have been identified (14, 16, 18,
22, 28, 36).
The presence of overlapping genes consider-

ably complicates the investigation of the roles of
individual El polypeptide products during the
lytic cycle and in transformation. Recently, host
range (hr) mutants of Ad5 have been isolated
(17, 19) and are proving useful in the analysis of
these processes (2, 20, 22). These mutants, which
exhibit defects in transformation (11, 19), are
unable to replicate in HeLa cells, but grow nor-
mally on line 293 cells, a line of human embryo
kidney cells transformed by sheared Ad5 DNA
(12). Mutant virus growth appears to be comple-
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mented (in at least some instances) by El prod-
ucts expressed by the line 293 cells.
Two classes of Ad5 hr mutants have been

described. Harrison et al. (17) obtained hr mu-
tants (which probably contain point mutations)
after treating Ad5 virions with nitrous acid. The
mutations represented two complementation
groups which mapped within regions Ela and
Elb, respectively (9; R. Galos and J. Williams,
personal communication). Jones and Shenk (19)
first isolated an Ad5 mutant, dl309, which con-
tained a single XbaI site at map position 3.8 but
retained the ability to replicate on both HeLa
and line 293 cells. Mutants were then selected
for resistance of their DNAs to cleavage with
XbaI. These mutants contained deletions or sub-
stitutions around the XbaI site and exhibited a
host range phenotype.
This paper describes a method for isolating

additional adenovirus hr mutants which contain
lesions within region Ela. The Ad2 HpaI E
fragment, which lies between map coordinates 0
and 4.5, was initially cloned in the plasmid vector
pBR322 (4). This DNA fragment has a DNA
sequence virtually identical to that of the cor-
responding Ad5 fragment (11; T. R. Gingeras,
M. Kelly and R. J. Roberts, personal communi-
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cation), and the cleavage sites of nearly all re-
striction enzymes, including XbaI, are located in
precisely equivalent positions. Mutations are in-
troduced within the cloned HpaI E fragment,
and the altered DNA sequences are then trans-
ferred to progeny virus by excising a fragment
corresponding to Ad2 XbaI-E (map coordinates
0-3.8) from the plasmid, ligating it to the large
XbaI fragment of d1309 DNA (3.8-100), and
transfecting cells with the ligated DNAs.

MATERIALS AND METHODS

Cells, viruses, and DNAs. HeLa cells grown in
suspension were used for the propagation of wild-type
Ad2 and the Ad5 mutant d1309 (obtained from T.
Shenk). Monolayer cultures of HeLa and line 293 cells
(provided by J. Williams) were maintained in Dul-
becco-modified Eagle medium supplemented with 10%
calf serum, 100 jg of streptomycin per ml, and 100 ,ug
of penicillin per ml. Virus titrations were performed
on HeLa or line 293 cell monolayers in 50-mm-diam-
eter plastic petri dishes (17). hr mutants were grown
on line 293 cell monolayers. Ad2, d1309, and hr mutant
viruses were purified, and their DNAs were extracted
as previously described (24).
DNA transfections. Monolayers of line 293 cells

were infected with DNA by the calcium phosphate
precipitation method (13) followed by a "boost" using
20% glycerol at 4-h postinfection (9, 33). Infected
plates were overlaid with 0.7% agar, and single, well-
isolated plaques were picked for analysis.

Restriction endonuclease digestions and gel
electrophoresis. Restriction enzymes were obtained
from Bethesda Research Laboratories or New Eng-
land Biolabs, and the conditions for digestion ofDNA
were as recommended by the supplier. DNA fragments
were separated by electrophoresis through 1% agarose
or 7% acrylamide gels; the fragments were stained in
buffer containing 0.5 Mug of ethidium bromide per ml
and visualized during illumination with UV light (31).

Preparation of the large XbaI fragment of
d1309 DNA. A 75- to 100-,Ig amount of d1309 DNA
was cleaved to completion with XbaI and the digested
DNA was loaded on a preformed 5 to 20% gradient of
sucrose in 1 M NaCl-20 mM Tris-hydrochloride (pH
7.8)-10 mM EDTA. Centrifugation was at 35,000 rpm
for 6 h at 20°C in an SW41 rotor. Fractions were
collected from the bottom of the tube, and those
containing the large fragment were identified by sub-
jecting small portions of each to electrophoresis
through a 1% agarose gel. The fractions were pooled,
diluted threefold with water, and ethanol precipitated.
The DNA pellet was resuspended in 10 mM Tris-
hydrochloride (pH 7.4)-i mM EDTA at a concentra-
tion of about 100 jg/ml.

Cloning the Ad2 HpaI-E terminal fragment.
The unseparated HpaI fragments of Ad2 DNA, or
pBR322 DNA (4) which had been linearized with PstI,
were tailed with approximately 20 deoxycytosine (dO)
or deoxyguanosine (dG) residues, respectively, with
terminal transferase under the conditions described by
Roychoudhury et al. (29). The tailed fragments were
chromatographed through a G75 Sephadex column,

ethanol precipitated, and resuspended in water. Tailed
viral and plasmid DNAs were allowed to anneal, each
at a concentration of 25 ,ug/ml, in 0.1 M NaCl-0.5 mM
EDTA for 2 h at 420.

Escherichia coli X1776 was transformed with the
hybrid molecules by using conditions'developed by D.
Hanahan (manuscript in preparation). Tetracycline-
resistant colonies were screened for the presence of
the HpaI E fragment by in situ hybridization (15) to
the Ad2 SmaI J fragment (0-2.8 map units) labeled in
vitro with 32P nick translation (26).
Mutagenesis of plasmid HE4 at the SmaI site.

Plasmid HE4, which contains a cloned copy of the
HpaI E fragment, was cleaved to completion at posi-
tion 2.8 in the viral sequences with XmaI (an isoschi-
zomer of SmaI which generates a 5' overhang of four
nucleotides [8]). A 5-,ug amount of the linearized DNA
was digested with 5 U of Si nuclease in a 100-,l
reaction mix for 30 min at 370C. The Sl-treated DNA
was incubated in the presence of T4 DNA ligase for 16
h at 14°C and the products used to transform E. coli
x1776 (10). Plasmids were extracted from 2-ml bacte-
rial cultures started from single independent trans-
formed colonies and screened for their susceptibility
or resistance to SmaI digestion as described by Gluz-
man et al. (10).
Growth of plasmids. Cultures (200 ml) of bacteria

were grown in broth containing 15 Mig of tetracycline
per ml, and the plasmids were amplified in the pres-
ence of 170 Mug of chloramphenicol per ml added for
approximately 12 h at an optical density of 0.6 at 575
nm. Plasmids were extracted from the pelleted bacte-
ria, and supercoiled DNA was purified by cesium
chloride-ethidium bromide density gradient centrifu-
gation as described by Tanaka and Weisblum (34).
Reassembly of intact viral genomes. Plasmids

containing wild-type or mutated HpaI-E sequences
were cleaved with enzymes PstI and XbaI, and the
resulting double digest fragments were ligated to the
large XbaI fragment of d1309. Typical ligation reac-
tions contained 1 Mg of the d1309 XbaI large fragment
(dl309A) and 4 Mug of digested plasmid in a reaction
volume of 40 Mul. The DNAs were incubated with 100
U ofT4 DNA ligase (New England Biolabs, using their
recommnended buffer) for 16 h at 140C. The total
ligation reaction was used in the transfection of two
replicate 50-mm petri dishes of line 293 cells.
Containment procedures. Bacteria (E. coli

X1776) containing hybrid plasmids were grown under
P2 conditions, and all experiments involving viruses
containing sequences derived from recombinant plas-
mids were performed in a P2 laboratory, as approved
by the Office of Recombinant DNA Activities of the
National Institutes of Health.

RESULTS
Cloning of the HpaI E fragment of Ad2

DNA. The 5' terminus of each strand of the
adenovirus genome is covalently linked to a pro-
tein molecule (5, 25, 27, 30), a few amino acids of
which remain attached even after treatment of
the viral DNA with proteases. These residues,
which block the action of polynucleotide kinase
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SITE-DIRECTED MUTAGENESIS OF Ad2 173

and A exonuclease on the 5' termini (6), would
also be expected to prevent the direct ligation of
these ends to other DNA molecules. To enable
the molecular cloning of terminal DNA frag-
ments, use was therefore made oftheir accessible
3' ends. The unseparated HpaI fragments ofAd2
DNA were tailed with dC residues by using
terminal transferase and annealed to pBR322
tailed with dG residues at the single PstI site.
This procedure. results in the regeneration of
PstI sites (as described later and illustrated in
Fig. 5a) and therefore permnits excision of the
viral insert from the plasmid. After transfection
of 3 x 108 E. coli x1776 with an annealed mixture
containing 250-ng-tailed pBR322 and 250-ng-
tailed HpaI fragments of Ad2, over 100 colonies
which hybridized to 32P-labeled Ad2 SmaI J
fragment (0-2.8 map units) were obtained (see
Materials and Methods). Two such colonies
were purified, and the plasmids (HE3 and HE4)
were prepared from them and analyzed in detail.
PstI digestion of both HE3 and HE4 yielded two
fragments, one of which comigrated with linear
pBR322, whereas the other exhibited a slightly
slower mobility than the Ad2 HpaI E fragment
(Fig. la). There are no cleavage sites for PstI
within the HpaI E fragment, and the slightly
reduced mobility of the cloned viral fragments
is probably because of the presence of the dG-
dC tails. Digestion of HE3 and HE4 with XbaI,
which cleaves at a single site in the viral insert,
and EcoRI, which has a single site within the
pBR322 sequences, demonstrates that the viral
fragments are inserted in opposite orientations
in these plasmids (Fig. lb and d). A fragment
which comigrated with the terminal XbaI E
fragment was generated by double digestion
with XbaI and PstI (Fig. lc).
Cloned sequences retain their biological

activity. The products ofXbaI plus PstI diges-
tion of HE3 or HE4 were ligated to the large
fragment generated by XbaI cleavage of d1309
DNA (d1309 A), purified as described in Mate-
rials and Methods. One of the products of the
ligation would be expected to correspond to an
intact adenovirus genome composed of frag-
ments with map coordinates 0-3.8 and 3.8-100
derived from the plasmid and d1309 DNAs, re-
spectively. The resulting ligation products were
used to transfect line 293 cells. Plaques were
obtained after infection with the ligated frag-
ments, but-not after single infection with the
cleaved HE3 or HE4 DNAs or with the dl309A
fragment. The number of plaques was similar to
that obtained when equivalent amounts of the
two XbaI fragments of d1309 DNA were ligated
together and used to transfect line 293 cells
(Table 1).
When progeny virus from cells infected with

the ligated d1309 A and HE3 or HE4 DNA
fragments was assayed on line 293 and HeLa
cells, approximately equal virus titers on the two
cell lines were obtained for each ofthe 12 plaques
tested (e.g., 3/1 and 3/2, Table 3). The Ela
functions specified by the cloned HpaI E frag-
ment and required for viral replication on HeLa
cells (17, 19) are therefore expressed when this
DNA fragment is reconstituted into an intact
viral genome.
The XbaI site was regenerated in the DNAs

of all rescued virus examined, and digestion with
other restriction enzymes indicated that normal-
sized fragments were produced from the left-
hand end of these DNAs (e.g., compare XbaI
and SmaI digests of 3/1 and d1309 DNAs in Fig.
4).
Mutagenesis of plasmid HE4. The above

experiments indicated that fragments corre-
sponding to Ad2 XbaI E could be excised from
plasmids HE3 and HE4 and transferred to non-
defective progeny virus. This suggested that it
might be possible to introduce mutations into
the cloned viral sequences and use a similar
technique to generate viruses carrying these le-
sions. The use of line 293 cells for the initial
DNA transfections would permit the isolation of
mutants with lesions in essential (in addition to
nonessential) DNA sequences, provided that the
Ela products expressed by the line 293 cells
could complement the resulting defects.
To test this system, small deletions were in-

troduced into plasmid HE4 around the single
SmaI site (2.8 map units on the Ad2 genome).
The plasmid was cleaved with XmaI (an isos-
chizomer ofSmaI which generates a 5' overhang
of four nucleotides upon cleavage; reference 8).
The resulting linear molecules were treated se-
quentially with Si nuclease and DNA ligase, and
the ligation products were used to transform E.
coli X1776. Twenty tetracycline-resistant colo-
nies were picked, small-scale plasmid extractions
were performed, and the products were incu-
bated with SmaI. Six plasmids resistant to en-
zyme digestion were obtained (see Materials and
Methods for details).

Figure 2 shows the products of digestion of
the wild-type plasmid (HE4) and two SmaI-re-
sistant plasmids, Sxl and Sx15, with the en-
zymes EcoRI and SmaI. All three plasmids were
linearized by EcoRI treatment alone, but only
HE4 yielded two fragments when digested with
both enzymes, confirming the loss of the SmaI
site from the two mutant plasmids.
HE4 was digested with the multicut enzyme

Sau96I alone, and also with Sau96I and SmiaI
to identify the Sau96I fragment containing the
SmaI site. Comparison of the Sau96I profiles of
HE4, Sxl, and Sx15 indicated that small dele-
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FIG. 1. Analysis ofplasmids HE3 and HE4. (a) pBR322, HE3, and HE4 DNAs digested with PstI and
subjected to electrophoresis through a 1% agarose gel with Ad2 HpaI markers (HpaI fragments F and G are

too faint to be clearly seen in this photograph). (b) HE3 and HE4 DNAs digested with EcoRI and XbaI and
run with Ad2 HpaI markers. (c) pBR322, HE3, HE4, and Sxl DNAs digested with PstI and XbaI and run

with Ad2 XbaI markers. Plasmid Sxl is an SmaI-resistant derivative ofplasmid HE4 (see mutagenesis of
plasmid HE4). (d) Structure ofHE3 and HE4 showing the position of the cleavage sites for SmaI, XbaI, PstI,
and EcoRI and the orientation of the viral inserts. (e) Physical maps for Ad2 and Ad5 DNAs for the enzymes
XbaI, HpaI, SmaI, and KpnI (adapted from reference 35). d1309 DNA has the same maps as Ad5 except that
one HpaI site and three XbaI sites have been lost (marked *, reference 19).
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SITE-DIRECTED MUTAGENESIS OF Ad2 175

TABLE 1. Transfer of cloned Ad2 left-end DNA
sequences to progeny virusa

DNA I (0-3.8 DNA II (3.8-
map units) 100 map units)

dl309 A 0,0
HE3 d1309 A 37, 28
HE4 d1309 A 22, 22
d1309 B d1309 A 26, 27
HE3 0, 0
HE4 0,0
dl309B 0,0

0,0
a A l-,ug amount of d1309 A fragment was ligated to

either 4 ytg of HE3 or HE4 DNA cleaved with XbaI
and PstI, or to 0.9 ug of the small XbaI fragment of
d1309 DNA (d1309 B). In each case, the amount of the
0-3.8 fragment present was equivalent to 23 yg of
intact Ad2 DNA. Each ligation reaction was used to
transfect two 50-mm dishes of line 293 cells. Single
infection controls were set up by using the above-
mentioned amounts of unligated DNA. Plaques were
counted 8 days postinfection.

described for the wild-type plasmid HE4.
Plaques were again produced in monolayers in-
fected with the ligation products (Table 2).
Twenty-four independent plaques were picked
from plates which received the mutant plasmid
DNAs, the virus from these plaques was pas-
saged on line 293 cells, and small-scale prepara-
tions of viral DNA were made. These were
cleaved with SmaI, and in each case the cleavage
site at 2.8 map units was missing. As an example,

C)
E

+

1 COUC)TIT

HE4 Sxl SxI5
a b a b a b

FIG. 2. Resistance ofSxl and Sx15 DNAs to cleav-
age with SmaI. HE4, Sxl, and Sx15 DNAs were
cleaved with SmaI and EcoRI (tracks labeled a), or
with EcoRI alone (labeled b), and the fragments were
separated by electrophoresis through a 1% agarose
gel.

tions of about 7 and 14 nucleotides, respectively,
had occurred within this 173-base-pair fragment
(T. Gingeras, et al., personal communication) of
Sxl and Sx15 (Fig. 3).
Construction of virus lacking the SmaI

site at 2.8 map units. Mutant plasmids Sxl
and Sx15 were cut with XbaI and PstI, the
fragments were ligated to the dl309 A fragment,
and line 293 cells were transfected as previously

FIG. 3. Plasmids Sxl and Sx15 contain small dele-
tions around the SmaI site. HE4, Sxl, and Sx15
DNAs were digested with Sau96I, and HE4 DNA was
also digested with Sau96I and SmaI (HE4 + Sma).
The fragments were separated through a 7°h acryl-
amide gel. * indicates the Sau96I fragment of HE4
(173 base pairs), which contains the SmaI site, and
the position of the corresponding fragments gener-
ated from Sxl and Sx15 DNAs. 0 indicates an Sau96I
fragment of 164 base pairs generated from within the
viral insert of each of the plasmids (sizes of the
Sau96I fragments were derived from the DNA se-
quence data of T. R. Gingeras et al., personal com-
munication).

VOL. 37, 1981



176 STOW

TABLE 2. Transfer ofmutated left-end Ad2 DNA
sequences to progeny virusa

DNA I (0-3.8 DNA II (3.8-
map units) 100 map units) Plaques/plate

dl309 A 0, 0
HE4 d1309 A 22, 25
Sxl dl309 A 53, 40
Sx15 dl309 A 24, 29
HE4 0,0
Sxl 0,0
Sx15 0, 0

aConditions were as described in footnote a of
Table 1, except that the 0-3.8 fragments were from
the wild-type plasmid HE4 and SmiaI-resistant plas-
mids Sxl and Sx15 derived from it.
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FIG. 4. Analysis of viruses lacking the SmaI site
at 2.8 map units. (a) SmaI digest patterns for the
DNAs of d1309 and rescued viruses 3/1, 4/2, and 6/2,
which contain sequences derivedfromplasmids HE4,
Sxl, and Sx15, respectively. °, New fragment gener-

ated from 4/2 and 6/2 DNAs. (b) XbaI digest patterns
for Ad2, d1309, 3/1, 4/2, and 6/2 DNAs.

Fig. 4 shows the XbaI and SmaI profiles for
three viruses (3/1, 4/2, and 6/2) containing se-
quences derived from plasmids HE4, Sxl, and
Sx15, respectively. The digest patterns for dl309
and 3/1 DNAs are indistinguishable, but 4/2
and 6/2 DNAs have lost the SmaI K and F
fragments and yield a new band of higher mo-
lecular weight, corresponding to about 11 map
units. This not only indicates the loss of the
SmaI cleavage site at 2.8 map units, but also
confirms that the left-hand end sequences of
these viruses are derived from the plasmid DNA.

J. VIROL.

All three viruses yielded two XbaI fragments
indistinguishable from those generated from
d1309 DNA, demonstrating the regeneration of
the XbaI site upon ligation and consistent with
the presence of only small deletions around the
SmaI site of the mutant plasmids.
Viruses which have lost the SmaI site at

2.8 map units exhibit a host-range pheno-
type. The virus from independent plaques
picked from plates infected with d1309 A and
the fragments derived from plasmids HE4, Sxl,
or Sx15 was passaged on line 293 cells, and the
yield of progeny was titrated on line 293 and
HeLa cells. Table 3 shows the titers of d1309
and two known hr mutants of Ad5 (d1312 [19]
and hr 1 [17]) on these two cell lines. d1309 and
rescued virus containing sequences from plasmid
HE4 (3/1 and 3/2) plaqued with approximately
equal efficiency on the two cell lines, whereas hr
1, dl312, and viruses rescued using plasmids Sxl
(4/1 and 4/2) and Sx15 (6/1 and 6/2) all showed
a greatly reduced efficiency of plaquing on HeLa
cells. The SmaI site mutants constructed with
in vitro-mutagenized plasmid, therefore, exhibit
a host-range phenotype similar to that previ-
ously described for hr 1 and d1312. It should also
be noted that the plaques produced by all the hr
mutants (i.e., d1312, hr 1, 4/1, 4/2, 6/1, and 6/2)
on HeLa cells were very much smaller and less
distinct than those produced by the wild-type
viruses (dl309, 3/1, and 3/2).
Structure ofthe left-hand ends ofrescued

virus. The DNA sequences present at the left-

TABLE 3. Titration of rescued viruses on HeLa and
line 293 cells'

Plasmid
Virus used in vi- Titer on HeLa Titerlirus con- cells (PFU/ml) (PFU/cll)

struction

d1309 2.0 x 10P 3.0 x 109
d1312 4.2 x l0e- 6.2 x 108
hr 1 8.7 x 104 8.5 x 107
3/1 HE4 7.9 x 10 7.5 x 108
3/2 HE4 1.6 x 108 3.6 x 105
4/1 Sxl 1.5 x 105 3.7 x 108
4/2 Sxl 1.8 X 105 1.2 x 108
6/1 Sx15 2.4 x 105 5.7 x 107
6/2 Sx15 2.7 x 106 5.1 x 108
aIndividual plaques were picked from line 293 cell

monolayers infected with the DNA ligation products
indicated in Table 2. Virus from these plaques con-
tained left-end sequences derived from wild-type plas-
mid HE4 (3/1 and 3/2) and its SmaI-resistant deriv-
atives Sxl (4/1 and 4/2) and Sxl5 (6/1 and 6/2). The
virus was passaged once on line 293 cells, and the
resulting stocks were titrated on HeLa and line 293
cells in parallel with a known wild-type virus d1309
(19) and two known hr mutants d1312 (19), and hr 1
(17).
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hand termini of viruses rescued by using the
plasmid-derived Ad2 XbaI E fragment are of
particular interest. The nucleotide sequences at
these termini, and at the junctions between the
pBR322 and Ad2 DNAs in the plasmids HE3
and HE4, have not yet been determined. How-
ever, the facts that the HpaI E fragment was
cloned by dG-dC tailing and the resulting plas-
mids (HE3, HE4) contain a PstI site correspond-
ing to 0 map units on the viral genome indicate

that the left-hand end of the viral fragment (0-
3.8) cleaved from the plasmids is not identical to
the corresponding end ofthe authentic Ad2XbaI
E fragment. Thus, the DNA sequences present
at the left-hand terminus of genomes recon-
structed by ligation with plasmid-derived DNA
fragments differ from those found on DNA ex-
tracted from virions (Fig. 5a). Transfection with
these molecules nevertheless results in the gen-
eration of progeny virus.
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FIG. 5. Structure of the left-hand end of the cloned HpaI E fragment and of rescued viruses. (a) Diagram
of the cloning procedure showing (i) sequence around the PstI site in pBR322 DNA and at the left-hand
terminus of Ad2 DNA. * indicates the 5' dC residue to which the terminal protein is linked (see text). (ii)
Sequences present after tailing of PstI cut pBR322 with dG residues and the left-hand terminus ofAd2 with
dC residues. (iii) Hypothetical sequence at the junction between pBR322 and viral DNA in hybrid plasmid
(e.g., HE4) showing a homopolymer stretch of n residues. (iv) Sequence at the left-hand terminus of the viral
DNA after excision ofthe insert with PstL (b) KpnI digest patterns of d1309 DNA, and DNAs of independently
isolated viruses rescued using EcoRI-XbaI-cleaved Sxl (a,b,c); Pst I-Xba I-cleaved Sxl (d,e); EcoRI-XbaI-
cleaved HE3 (f,g); PstI-Xba I-cleaved HE3 (h,i); EcoRI-XbaI-cleaved HE4 (j,k); and PstI-XbaI-cleaved HE4
(l,m). ¶, Left-hand terminal fragment H of d1309 DNA. (c) SmaI digests of above viral DNAs. *, left-hand
terminal fragment, K, of d1309 DNA. °, left-hand terminal fragment of viruses lacking the cleavage site at 2.8
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To test the effect of additional DNA se-
quences lying to the left of position 0 on the
efficiency of virus rescue, plasmids HE3, HE4,
or Sxl were cleaved with XbaI and EcoRI, and
the products ligated to the dl309 A fragment. In
this instance the ligation products would be
expected to contain approximately 3,600 (in the
case of HE4 and Sxl) or 750 (HE3) base pairs of
pBR322 DNA attached to the viral DNA to the
left of position 0 (see Fig. 1).

Transfection with these molecules resulted in
the production of plaques with an efficiency
similar to that obtained in parallel experiments
by using the same quantities of the plasmid
DNAs cleaved with XbaI and PstI (Table 4).

Plaques were picked from the infected mono-
layer, the virus was passaged once on line 293
cells, and the structure of the viral DNA was

examined. The left-hand terminal KpnI frag-
ment, H, generated from the DNA of each of the
viruses rescued with either EcoRI plus XbaI-, or
PstI plus XbaI-digested plasmid DNA was in-
distinguishable in size from that obtained after
KpnI cleavage of dl309 DNA (Fig. 5b). Similarly
the SmaI terminal fragment, K, obtained from
viruses rescued with the wild-type plasmid
DNAs, HE3 and HE4, also exhibited the same

mobility as the corresponding d1309 DNA frag-
ment, irrespective of whether the plasmids had
been digested with EcoRI plus XbaI, or PstI
plus XbaI. In the case of viruses rescued using
Sxl DNA cleaved with either combination of
restriction enzymes, the SmaI site at 2.8 was

missing, confirming that these viruses contained
plasmid-derived DNA sequences and the new

terminal fragments all exhibited the same mo-
bility (Fig. 5c).
These experinents therefore indicate that al-

TABLE 4. Effect ofpBR DNA sequences to the left
ofposition 0 on observed infectivity'

DNA I Cleaved with DNA II (3.8- Plaques/(plasmid XbaI and: 100 map units) plateDNA)

HE3 EcoRI 0, 0
HE3 PstI 0, 0
HE4 EcoRI 0, 0
HE4 PstI 0,0
Sxl EcoRI 0, 0
Sxl PstI 0, 0

dl309A 0,0
HE3 EcoRI dl309 A 38, 40
HE3 PstI dl309 A 34, 27
HE4 EcoRI dl309 A 12,21
HE4 PstI d1309 A 26, 21
Sxl EcoRI d1309 A 66,51
Sxl PstI d1309 A 38, 34

aConditions as for Table 1 except the plasmid
DNAs were cleaved with XbaI and either PstI or
EcoRI as indicated before ligation.

though the initial transfecting molecules must
contain additional pBR322 DNA sequences
linked to the viral genomes at position 0, the
bulk of these sequences are not present in prog-
eny virus DNA.

DISCUSSION
Hybrid clones containing the Ad2 HpaI E

fragment (0-4.5 map units) inserted into the
PstI site of the plasmid vector pBR322 were
constructed by using the dG-dC tailing proce-
dure. This method circumvents problems asso-
ciated with the presence of residual amino acids
of the terminal protein which remain linked to
the 5' terminus of each strand after protease
treatment of the viral DNA and has the advan-
tage that the PstI recognition sites are regener-
ated (Fig. 5a) enabling excision of the viral in-
serts from the plasmids. In addition to the HpaI
E fragment described here, a variety of other
terminal fragments from the left-hand 9% of the
Ad2 genome have also been successfully cloned
by using this procedure.
A fragment corresponding to Ad2 XbaI-E (0-

3.8 map units) was excised from the HpaI-E
plasmids (HE3 and HE4) by cleavage with PstI
and XbaI, and after ligation of this fragment to
the remainder of the viral DNA (dl309 A frag-
ment 3.8-100), intact genomes capable of repli-
cation on line 293 cells were produced. Because
progeny virus was also able to grow on HeLa
cells, the region la functions specified by the
cloned viral DNA sequences must have retained
their biological activity. This result suggested
that it would be possible to introduce mutations
into the cloned viral insert and then transfer
these altered DNA sequences to progeny virus.
Using plasmid DNAs as the substrate for mu-
tagenesis has several advantages because muta-
tions can relatively easily be introduced into
specific regions, the altered viral sequences can
be readily cloned and amplified, and their lesions
can be characterized before transfer to intact
viruses.
This paper describes the production of ade-

novirus mutants which lack the SmaI site at 2.8
map units. These viruses were constructed by
ligating the 0-3.8-map-unit fragment from
SmaI-resistant derivatives of plasmid HE4 to
the dl309 A fragment. SmaI cleaves Ad2 and
Ad5 DNAs 13 times; therefore, the probability
of generating this type of mutant by the proce-
dure of Jones and Shenk (19), which depends on
restriction enzyme cleavage of full-length viral
DNA followed by religation of the fragments, is
exceedingly low. In addition virus from each of
the plaques tested contained left-end sequences
derived from the plasmid DNA, making it un-
necessary to screen large numbers of plaques to
obtain the desired mutant.
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FIG. 6. Location ofSmaI site in relation to the Ela mRNA's. Thepositions ofthe initiation and termination
codons, the 3' ends ofthe RNAs and the splice points for the 13S and 12S mRNA's are taken from the sequence
data of Perricaudet et al. (23). The structure of the 9S mRNA is from Chow et al. (7), and the position of the
5' end of the Ela mRNA's from Baker and Ziff (1). T. R. Gingeras, M. Kelly, and R. J. Roberts (personal
communication) provided the Ad2 genomic DNA sequence and the locations of the restriction endonuclease
cleavage sites.

The mutant plasmids Sxl and Sx15 contained
small deletions (approximately 7 and 14 nucleo-
tides, respectively) at the SmaI site, introduced
into the hybrid plasmid HE4. Inspection of the
nucleotide sequence for the Ad2 genome (T. R.
Gingeras et al., personal communication), and
comparison with the mRNA sequences for re-

gion Ela (23), show that sequences correspond-
ing to the SmaI site at position 2.8 are present
in the largest Ela message (13S). However, this
site is within the introns for the genes specifying
the smaller 12S and 9S mRNA's (see reference
7 and Fig. 6). Thus, provided that the 12S and
9S mRNA's are synthesized, processed, and
Lranslated normally, the new lesions will affect
only one of the products of these overlapping
genes. The virus mutants obtained exhibited a

host-range phenotype similar to that previously
described for other Ela mutants (17, 19), and a

series of viruses containing different lesions
around the SmaI site is being characterized in
detail to determine the nature of the defect.
The approach described here, in which mu-

tations are initially introduced into cloned viral
sequences and then transferred to progeny virus,
depends for its success on the availability of
permissive cell lines which can complement de-
fects resulting from the mutagenesis. In the ex-

periments described here, the ability of line 293
cells to complement defects in Ela (9, 17, 19)
facilitated the isolation of mutants with small

deletions located at 2.8 map units. The method
should hopefully prove of more general use in
the genetic analysis of other regions of the ade-
novirus genome as cell lines expressing genes
from these regions become available (e.g., con-

structed by co-transformation as described by
Grodzicker and Klessig [14a].

One point of particular interest in this work
concerns the nature of the sequences present at
the left end of the viruses rescued by using
plasmid-derived fragments. It was shown (Fig. 5
and Table 4) that even when long sequences of
pBR322 DNA remain attached to the left of
position 0 on the transfecting DNA molecules,
the DNA is infectious and the left-most frag-
ment generated from the rescued virus is of
normal size. Whether the additional pBR322
sequences are excised before replication of the
ligated molecules or are lost as a consequence of
the replication of these molecules is not yet
known. If the latter situation is correct, it sug-
gests that new viral DNA strands can be initi-
ated at a specific sequence (corresponding to the
terminal sequence) that can be recognized even
when located internally within a viral DNA mol-
ecule. Altematively, for DNA strands initiated
at the right end of the viral DNA, a sequence-
specific mechanism might determine the posi-
tion at which the synthesis of the strand is
terminated (corresponding to the normal left-
hand terminus). It should be possible to intro-
duce mutations around the origin of viral DNA
replication into cloned terminal fragments and
use them to provide insights concerning the
mode of adenovirus DNA replication in vivo or
in vitro.

ACKNOWLEDGMENTS

I thank Douglas Holtzman for his excellent technical as-

sistance and Patti Barkley, Mike Ockler, and Cindy Carpenter
for the preparation of this manuscript. The helpful discussions
and comments on the manuscript made by Joe Sambrook,
Terri Grodzicker, and Yasha Gluzman are greatly appreciated.

I am the recipient of Damon Runyon-Walter Winchell
Cancer Fund grant DRG-284-F.

5' ATG

560

0 499 -625

SmiaI
1007

VOL. 37, 1981



180 STOW

LITERATURE CITED

1. Baker, C. C., and E. B. Ziff. 1980. Biogenesis, structures
and sites encoding of the 5' termini of adenovirus-2
mRNAs. Cold Spring Harbor Symp. Quant. Biol. 44:
415-428.

2. Berk, A. J., F. Lee, T. Harrison, J. Williams, and P.
A. Sharp. 1979. Pre-early adenovirus 5 gene product
regulates the synthesis of early viral messenger RNAs.
Cell 17:935-944.

3. Berk, A. J., and P. A. Sharp. 1978. Structure of the
adenovirus 2 early mRNAs. Cell 14:695-711.

4. Bolivar, F., R. L. Rodriguez, P. J. Greene, M. C.
Betlach, H. W. Heyneker, H. W. Boyer, J. H. Crosa,
and S. Falkow. 1977. Construction and characteriza-
tion of new cloning vehicles. II. A multipurpose cloning
system. Gene 2:95-113.

5. Brown, D. T., M. Westphal, B. T. Burlingham, U.
Winterhoff, and W. Doerfler. 1975. Structure and
composition of the adenovirus type 2 core. J. Virol. 16:
366-387.

6. Carusi, E. A. 1977. Evidence for blocked 5'-termini in
human adenovirus DNA. Virology 76:380-394.

7. Chow, L. T., T. R. Broker, and J. B. Lewis. 1979.
Complex splicing patterns of RNAs from the early
regions of adenovirus-2. J. Mol. Biol. 134:265-303.

8. Endow, S. A., and R. J. Roberts. 1977. Two restriction-
like enzymes from Xanthomonas malvacearum. J. Mol.
Biol. 112:521-529.

9. Frost, E., and J. Williams. 1978. Mapping temperature-
sensitive and host range mutations of adenovirus type
5 by marker rescue. Virology 91:39-50.

10. Gluzman, Y., R. J. Frisque, and J. Sambrook. 1980.
Origin-defective mutants of SV40. Cold Spring Harbor
Symp. Quant. Biol. 44:293-300.

11. Graham, F. L., T. Harrison, and J. Williams. 1978.
Defective transforming capacity of adenovirus type 5
host-range mutants. Virology 86:10-21.

12. Graham, F. L., J. Smiley, W. C. Russell, and R. Nairn.
1977. Characteristics of a human cell line transformed
by DNA from human adenovirus type 5. J. Gen. Virol.
36:59-72.

13. Graham, F. L., and A. J. van der Eb. 1973. A new
technique for the assay of infectivity of human adeno-
virus 5 DNA. Virology 52:456-467.

14. Green, M., W. S. M. Wold, K. H. Brackmann, and M.
A. Cartas. 1979. Identification of families of overlap-
ping polypeptides coded by early "Transforming" gene
region 1 of human adenovirus type 2. Virology 97:275-
286.

14a.Grodzicker, T., and D. F. Klessig. 1980. Expression of
unselected adenovirus genes in human cells co-trans-
formed with the HSV-1 tk gene and adenovirus 2 DNA.
Cell 21:453-463.

15. Grunstein, M., and D. S. Hogness. 1975. Colony hybrid-
ization: a method for the isolation of cloned DNAs that
contain a specific gene. Proc. Natl. Acad. Sci. U.S.A.
72:3961-3965.

16. Halbert, D. N., D. J. Spector, and H. J. Raskas. 1979.
In vitro translation products specified by the transform-
ing region of the adenovirus type 2. J. Virol. 31:621-
629.

17. Harrison, T., F. Graham, and J. Williams. 1977. Host-
range mutants of adenovirus type 5 defective for growth
in HeLa cells. Virology 77:319-329.

18. Harter, M. L., and J. B. Lewis. 1978. Adenovirus type
2 early proteins synthesized in vitro and in vivo: iden-
tification in infected cells of the 38,000 to 50,000 molec-
ular weight protein encoded by the left end of the
adenovirus type 2 genome. J. Virol. 26:736-749.

19. Jones, N., and T. Shenk. 1979. Isolation of adenovirus
type 5 host range deletion mutants defective for trans-
formation of rat embryo cells. Cell 17:683-689.

20. Jones, N., and T. Shenk. 1979. An adenovirus type 5

early gene function regulates expression of other early
viral genes. Proc. Natl. Acad. Sci. U.S.A. 76:3665-3669.

21. Kitchingman, G. R., S.-P. Lai, and H. Westphal. 1977.
Loop structures in hybrids of early RNA and the sepa-
rated strands of adenovirus DNA. Proc. Natl. Acad. Sci.
U.S.A. 74:4392-4395.

22. Lewis, J. B., H. Esche, J. E. Smart, B. E. Stillman, M.
L. Harter, and M. B. Mathews. 1980. Organization
and expression of the left third of the genome of ade-
novirus. Cold Spring Harbor Symp. Quant. Biol. 44:
493-508.

23. Perricaudet, M., G. Akusjarvi, A. Virtanen, and U.
Pettersson. 1979. Structure of two spliced mRNAs
from the transforming region of human subgroup C
adenoviruses. Nature (London) 281:694-696.

24. Pettersson, U., and J. Sambrook. 1973. The amount of
viral DNA in the genome of cells transformed by ade-
novirus type 2. J. Mol. Biol. 73:125-130.

25. Rekosh, D. M. K., W. C. Russell, A. J. D. Bellett, and
A. J. Robinson. 1977. Identification of a protein linked
to the ends of adenovirus DNA. Cell 11:283-295.

26. Rigby, P. W. J., M. Dieckmann, C. Rhodes, and P.
Berg. 1977. Labeling deoxyribonucleic acid to high
specific activity in vitro by nick translation with DNA
polymerase I. J. Mol. Biol. 113:237-251.

27. Robinson, A. J., and A. J. D. Bellett. 1975. A circular
DNA-protein complex from adenoviruses and its pos-
sible role in DNA replication. Cold Spring Harbor
Symp. Quant. Biol. 39:523-531.

28. Ross, S. R., S. J. Flint, and A. J. Levine. 1980. Identi-
fication of the adenovirus early proteins and their ge-
nomic map positions. Virology 100:419-432.

29. Roychoudhury, R., E. Jay, and R. Wu. 1976. Terminal
labeling and addition of homopolymer tracts to duplex
DNA fragments by terminal deoxynucleotidyl transfer-
ase. Nucleic Acids Res. 3:863-877.

30. Sharp, P. A., C. Moore, and J. L. Haverty. 1976. The
infectivity of adenovirus 5 DNA-protein complex. Vi-
rology 75:442-456.

31. Sharp, P. A., B. Sugden, and J. Sambrook. 1973.
Detection of two restriction endonuclease activities in
haemophilus parainfluenza using analytical agarose-gel
ethidium bromide electrophoresis. Biochemistry 12:
3055-3063.

32. Spector, D. J., M. McGrogan, and H. J. Raskas. 1978.
Regulation of the appearance of cytoplasmic RNAs
from region 1 of the adenovirus 2 genome. J. Mol. Biol.
126:395-414.

33. Stow, N. D., and N. M. Wilkie. 1976. An improved
technique for obtaining enhanced infectivity with
herpes simplex virus type 1 DNA. J. Gen. Virol. 33:
447-458.

34. Tanaka, T., and B. Weisblum. 1975. Construction of
colicin E1-R factor composite plasmid in vitro: means
for amplification of deoxyribonucleic acid. J. Bacteriol.
121:354-362.

35. Tooze, J. 1980. DNA tumor viruses. Molecular biology of
tumor viruses, part 2. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

36. van der Eb, A. J., H. van Ormondt, P. I. Schrier, J.
H. Lupker, H. Jochemsen, P. J. Van den Elsen, R.
J. DeLeys, J. Maat, C. P. van Beveren, R. Dujkema,
and A. de Waard. 1980. Structure and function of the
transforming genes of human adenoviruses and SV40.
Cold Spring Harbor Symp. Quant. Biol. 44:383-399.

37. van Ormondt, H., J. Maat, A. de Waard, and A. J.
van der Eb. 1978. The nucleotide sequence of the
transforming Hpa I-E fragment of adenovirus type 5
DNA. Gene 4:309-328.

38. Wilson, M. C., N. W. Fraser, and J. E. Darnell, Jr.
1979. Mapping of RNA initiation sites by high doses of
UV-irradiation: evidence for three independent pro-
moters within the left 11% of the Ad2 genome. Virology
94:175-184.

J. VIROL.


