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Viable mutants of simian virus 40 (SV40), with deletions ranging in size from
15 to 200 base pairs, have been obtained by infecting CV-1P cells with circularly
permuted linear SV40 DNA. The linear DNA was produced by cleavage of closed
circular DNA with DNase I in the presence of Mn2 , followed, in some cases, by
mild digestion with X 5'-exonuclease. The SV40 map location and the size of each
deletion were determined by using the S1 nuclease mapping procedure (Shenk et
al., 1975) and the change in the size of fragments produced by Hind II+III
endonuclease cleavage. Deletions in at least three regions of the SV40 chromo-
some have slight or no effect on the rate or yield of viral multiplication and on
viral-induced cellular transformation. These regions are located at the following
coordinates on the SV40 physical map: 0.17 to 0.18; 0.54 to 0.59; and 0.68 to 0.74.

Two biochemical techniques have been devel-
oped recently that are useful in the genetic
analysis of simian virus 40 (SV40): one permits
the introduction of small deletions into the
viral DNA (2), and the second makes it possible
to accurately map such small deletions on the
SV40 DNA molecule (18).
This paper describes a class of mutants in

which relatively small deletions (15 to 200 base
pairs) have been introduced in regions not es-
sential for vegetative growth of the virus. Such
mutants were obtained by infecting permissive
monkey cells with SV40 DNA that had been
cleaved to linear molecules with a relatively
nonspecific endonuclease, DNase I in the pres-
ence of Mn2+. The map position and size of the
deletions in cloned mutants of this type were
determined by using the S1 nuclease mapping
procedure (18) and the altered fragment pattern
produced by Hind II+III endonuclease diges-
tion of the mutant DNA (4). A subsequent pa-
per will describe the isolation of defective,
helper virus-dependent mutants of SV40 pro-
duced by essentially the same procedure.

MATERIALS AND METHODS
Cells and viruses. The origin and the procedures

for growth of the CV-1P and MA-134 monkey kidney
cell lines were described previously (12). All virus
stocks and DNA were prepared in MA-134 cells.
Plaque assays with either SV40 virus or DNA were
performed on monolayers of CV-1P cells as described
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previously (12). The wild-type parent of the SV40
deletion mutants described in this report was a
plaque-purified derivative of the SVS strain (20)
designated wt830 (12).
DNA and enzymes. SV40 DNA was extracted by

the method of Hirt (7) from MA-134 cells, which had
been infected at a multiplicity of <0.05 PFU per
cell, when >90% of the cells showed cytopathic ef-
fect. Covalently closed viral DNA [SV40(I) DNA]
was purified directly from the Hirt supernatant by
centrifugation to equilibrium in a solution contain-
ing CsCl (1.56 g/cm3) and ethidium bromide (200 ,Ag/
ml). After the band of SV40(I) DNA was collected,
the ethidium bromide was removed with Dowex-50
(16).
EcoRI endonuclease, HpaII endonuclease, Hind

II+III endonucleases, bacteriophage X 5'-exonucle-
ase, and S1 nuclease were prepared and used accord-
ing to published protocols (EcoRI [6, 15]; HpaII [17];
Hind II+III [3, 19]; X exonuclease [8-10]; S1 nuclease
[22]). The S1 nuclease mapping procedure (18) and
the procedure for the digestion of SV40 linear DNA
with X 5'-exonuclease (2) were as described previ-
ously. Deoxyribonuclease I was purchased from
Worthington Biochemical Corp.

Double-stranded cleavage of SV40(I) DNA using
DNase I. DNase I makes double-stranded cleavages
in DNA in the presence of Mn2+ (11). SV40(I) DNA
(100 Ag/ml in a solution of 10 mM Tris [pH 7.5], 1
mM MnCl2, and 100 jig of bovine serum albumin per
ml) was digested with DNase I (0.5 ng/ml) for 20 min
at room temperature. The reaction was terminated
by adding EDTA (to 12 mM), and the solution was
extracted once with phenol followed by ethanol pre-
cipitation. After digestion with the enzyme, electron
microscopy revealed that 31% of the molecules were
linear [SV40(LDNaSe) DNA], 19% were relaxed circles
[SV40(II) DNA], and 50% remained as supercoiled
circles [SV40(I) DNA]. In addition to full-length
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linear molecules, there was a substantial number of
short linear molecules, which probably arose from
multiple cleavages of an SV40(I) DNA by DNase I.
Incubation of the DNA with DNase I for longer than
20 min reduced the yield of full-length SV40(L4Nase)
DNA and increased the number of short linear mole-
cules. The majority of the short linear molecules and
SV40(I) DNA were separated from the SV4O(LDNase)
molecules by velocity sedimentation in a 5 to 20%
sucrose gradient. The SV40(LDNase) DNA was then
subjected to electrophoresis twice through 4% aga-
rose plugs (1 cm long, 6 mm in diameter, 4 mA per
plug, 16 h). Since linear DNA, but not SV40(I) and
SV40(II) DNA, migrates through 4% agarose (1),
most of the remaining SV40(I) and SV40(II) DNA
was removed. Electron microscope examination of
the final product indicated there was less than 1
circular molecule per 500 SV40(LDNase) DNAs.

Gel electrophoresis. Agarose gels (1.2%, 6 mm in
diameter, 200 mm long) were prepared in Tris-bo-
rate buffer (89 mM Tris-OH, 89 mM boric acid, 2.5
mM EDTA, pH 8.2) (6). Samples were applied in 50
1.d of Tris-borate buffer containing sucrose (20% wt/
vol), and electrophoresis was at 40 V for 17 h. DNA
bands were stained with ethidium bromide and vis-
ualized by using short-wavelength UV light. The
fluorescent bands were photographed using a Vivi-
tar orange (02) filter and Polaroid type 105 film.
Polyacrylamide gels (6 by 200 mm) contained 5%
acrylamide and 0.25% N,N'-methylene bis-acrylam-
ide in Tris-borate buffer. Electrophoresis was at 100
V for 16 h. The DNA bands were stained and photo-
graphed as described above.

RESULTS
Isolation of viable deletion mutants. When

monkey kidney cells are infected with linear
SV40 DNA, which has been digested with X 5'-
exonuclease to expose a short single-stranded
segment at each 3' end of the molecule, mu-
tants containing deletions at the site of the
double-stranded cleavage are obtained (2).
When the SV40(I) DNA has been cleaved with
an enzyme that produces short, single-
stranded, complementary sequences at the ter-
mini, the exonuclease digestion removes the
cohesive ends and prevents circularization and
regeneration of wild-type DNA molecules (2,
14). However, it is not clear whether exonucle-
ase treatment is required to rejoin the ends of
linear DNA molecules that do not contain cohe-
sive termini (as, for example, those produced by
DNase I). Therefore, two preparations of linear
SV40 DNA were used for the construction of
deletion mutants. After cleavage of the SV40(I)
DNA to linear molecules with DNase I in the
presence of Mn2+ [SV40(LDNase) DNA], one ali-
quot was treated with X 5'-exonuclease to re-
move 25 to 30 nucleotides from the 5' termini
1SV40(LDNaseexo) DNA]. Both the untreated
and the exonuclease-digested DNA prepara-
tions produced plaques after infection of CV-1P

cell monolayers; the efficiency of plaque forma-
tion was only about 1% compared with that
found with SV40(I) DNA [SV40(I), 9.5 x 106
PFU/,ug; SV40(LDNaS), 1.4 x 10) PFU/,ug;
SV40(LDNaseexo), 7.2 x 104 PFU/Iug]. Virus ob-
tained from plaques produced by SV40(LDNase)
or SV40(LDNaseexo) DNAs was purified by two
successive plaque isolations, and DNA was pre-
pared from each. Among the 67 DNA prepara-
tions, each obtained from an independently
arising plaque, 18 contained alterations and 49
were not distinguishable from wild-type DNA.
The latter probably resulted from a small
amount of SV40(I) DNA that still contaminated
the SV40(L) DNAs used to infect the CV-1P cell
monolayers.

Since the frequency of deletion mutants was
about the same in the SV40(LDNase) and
SV40(LDNaseexo) DNAs, the exonuclease diges-
tion appears not to be required when DNase I is
used to generate the SV40(L) DNA. Possibly,
single-stranded termini are not essential for
the cell-mediated rejoining process. However,
we cannot rule out the presence of contaminat-
ing exonuclease activity in our preparation of
DNase I, or, more likely, the action of cellular
exonucleases to modify the ends of the DNA
prior to the cyclization step.
The SV40 map location and size of the dele-

tions were determined by the Si nuclease map-
ping procedure (18) and from the change in
mobility of fragments produced by Hind II+III
endonuclease digestion of the mutant DNA.
The putative deletion DNA was cleaved to unit-
length linear molecules with EcoRI endonucle-
ase (this cleaves SV40 DNA once at 0/1.0 map
unit) and mixed with linear wild-type DNA
produced by the same enzyme, and the mixture
was denatured and reannealed. DNAs that con-
tain a deletion form heteroduplex structures
having a single-strand loop at the site of the
deletion. These heteroduplex molecules, when
digested with the single-strand-specific S1 nu-
clease, are cleaved at the site of the deletion
loop to produce two fragments. DNAs that lack
a deletion generate duplex molecules that are
homologous over their entire length, and these
are not appreciably cleaved by Si nuclease
digestion. For example, neither of the homodu-
plexes of wild-type and a mutant (d1892) DNA
(each of which had been denatured and rean-
nealed separately) is cleaved by Si nuclease
(Fig. la, gel 2), but the heteroduplex molecules
formed from d1892 and wild-type DNA are
cleaved by Si nuclease to produce fragments
0.32 and 0.68 of SV40 fractional length (Fig. la,
gel 3). This locates the mismatch between d1892
and its wild-type parent at either 0.32 or 0.68
on the SV40 map. These two alternatives could
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FIG. 1. Physical characterization of viable deletion mutations. (a) Cleavage by Si nuclease of heterodu-
plexes prepared from EcoRI endonuclease-generated linear DNAs of deletion mutants and their wild-type
parent. The Si nuclease reactions contained 5 pg ofDNA per ml. Samples of 0.2 pg ofDNA were applied to
each agarose gel. Gel 1, Marker fragments. These include EcoRI endonuclease-generated SV40 linear DNA,
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be distinguished by comparing the size of the
fragments produced by cleavage of the mutant
and wild-type DNAs with the Hind II+III
endonucleases (these endonucleases together
cleave SV40 DNA to 11 major fragments [4]). If
the deletion is at map position 0.32, Hind II+III
fragment B would be smaller than the wild-
type B fragment; alternatively, if the deletion
is at 0.68 the C fragment would be smaller. We
find that Hind II+III fragment C from d1892
migrates faster (Fig. lb, gel 2) than the corre-

sponding wild-type fragment (Fig. lb, gel 1)
and, therefore, conclude that the deletion in
d1892 is at 0.68 on the SV40 map (Fig. ic).

Furthermore, using the difference in the rela-
tive mobilities of the mutant and wild-type
Hind II+ III fragment C, we estimate the size of
the deletion to be about 48 base pairs (13). The
analyses of two additional deletion mutants are

also summarized in Fig. 1. Mutant d1884 lacks
about 184 base pairs between 0.54 and 0.57 map
units (Si digest-Fig. la, gel 4; Hind II+III
digest- Fig. lb, gels 4 and 5). Mutant d1882
lacks about 16 base pairs at 0.175 map units
(Fig. la, gel 5; Fig. lb, gels 6 and 7).
The deletion mutants fall into three groups

(Table 1). In the first (three mutants), the dele-
tions are located between 0.17 and 0.18 on the

TABLE 1. Physical characteristics of deletion
mutants"

S1 nuclease- Net
generated Altered changeb

Mutant fragments Hind II+III (base
(SV40 frac- fragment pairs)

tional length)

dl880 0.17, 0.83 G -21
d1881 0.17, 0.83 G -12
d1882' 0.17, 0.82 B + G -16
d1883d 0.46, 0.54 A -23
d1884 0.42, 0.54 A -184
d1885 0.45, 0.55 A -38
d1886 0.45, 0.56 A <-15
d1887 0.41, 0.56 A -197
d1888 0.45, 0.56 A -34
d1889 0.42, 0.57 A -46
d1890 0.42, 0.58 A -53
d1891 0.41, 0.59 A -41
d1892 0.32, 0.68 C -48
d1893 0.29, 0.69 C -136
d1894 0.28, 0.70 C -170
d1895 0.28, 0.70 C -120

Mutant 896 0.17, 0.82 G +160
Mutant 897 0.32, 0.69 C +48

a Procedures used in the analysis are described in
the legend of Fig. 1.
bThese estimates are accurate to within about

± 10 base pairs.
e The size of the deletion in d1882 was determined

from the altered migration of HaeIII endonuclease
fragment C (C. Cole and T. Landers, personal com-
munication).

d The symmetry problem discussed in the text
(i.e., that the deletion could be at 0.46 or 0.54 SV40
map units) was not solved in all cases by determin-
ing which Hind II+III fragment became smaller
(both 0.46 and 0.54 map in the Hind II+III fragment
A). In these cases, an unambiguous assignment of
location was made by repeating the S1 nuclease
analysis using HpaII endonuclease-generated linear
molecules rather than EcoRI endonuclease-gen-
erated linear molecules (18).

SV40 DNA map; the second group (nine mu-
tants) contains deletions between 0.54 and 0.59;
and the third group's deletions (four mutants)
occur at 0.68 to 0.73. The deletions range in size
from <15 to 200 base pairs. Two of the mutant

fragments obtained by sequential cleavage of SV40 DNA with HpaII and EcoRI endonucleases, and frag-
ments obtained by partial cleavage of SV40 DNA with HpaI endonuclease. Gel 2, Si nuclease-treated
homoduplexes. Gel 3, Si nuclease-treated heteroduplexes formed from d1892 and wild-type DNAs. Gel 4, Si
nuclease-treated heteroduplexes formed from d1884 and wild-type DNAs. Gel 5, SI nuclease-treated heterodu-
plexes formed from d1882 and wild-type DNAs. (b) Hind II+III fragments produced by cleavage of mutant
and wild-type DNAs. DNAs (0.2 pg/reaction mixture) were digested with the Hind II +III endonucleases and
then subjected to electrophoresis on polyacrylamide gels. Gel 1, Wild-type DNA; gel 2, d1892 DNA; gel 3,
d1892 plus wild-type DNAs; gel 4, d1884 DNA; gel 5, d1884 plus wild-type DNAs; gel 6, d1882 DNA; gel 7,
d1882 plus wild-type DNAs. (c) Locations of three viable deletion mutations on the SV40 chromosome. The
solid circles represent points at which the Hind II+III endonucleases cut, and the letters designate the
fragments produced by this cleavage (4).
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DNAs, mutants 896 and 897, have larger Hind
II+III fragments than the wild type. A similar
finding was made previously using this method
to construct mutants (2). Neither the origin nor
the nature of the modification in these mutants
is presently understood.

Deletion mutants are viable. Although each
of the deletion mutant isolates was carried
through two successive plaque purifications in
the absence of added helper virus, it is conceiv-
able that the apparent viability of the mutants
results from contamination of the isolated virus
and its DNA with small amounts of a comple-
menting wild-type or defective virus, or their
DNA, respectively.

Several lines of evidence indicate that this is
not so. First, appreciable levels of contamina-
tion (>5%) can be eliminated because in the
digest produced by Hind II+III endonuclease
digestion of the mutant DNAs only one frag-
ment is modified (an exception, d1882, is the
case in which the deletion fused two fragments
together); moreover, a mutant DNA produces
either an altered or wild-type fragment but
never both. That leaves the possibility that the
helper is present in trace quantities. However,
if the infectivity of the mutant DNA is due to a
small amount of a second, complementing mu-
tant DNA or wild-type DNA, the plaque-form-
ing titer of the mutant DNA would be much
lower (<5%) than wild-type DNA. However,
the infectivity of three representatives of these
mutant DNAs was identical to that of wild-type
DNA (Table 2). Moreover, the plaque-forming
activity of the mutant DNA showed single-hit
kinetics, whereas reconstructed mixtures of
two complementing defective mutants yield
plaques with two-hit kinetics.
These experiments lead us to conclude that

the isolated deletion mutants are indeed viable
and that the isolated DNAs are homogeneous
preparations of a single genome.
Growth characteristics of viable deletion

mutants. It was of interest to compare the ki-
netics and yield of mutant and wild-type virus
multiplication. Single-step growth curves using
CV-1P cells were obtained with three repre-

TABLE 2. Infectivity ofDNA from viable deletion
mutants"

DNA Location of deletion PFU/,ug x 10-1

wt830 1.2
d1892 0.68 1.4
d1884 0.54 -* 0.57 1.4
d1882 0.175 1.4

aPlaque assays were performed on monolayers of
CV-1P cells with DNA in the presence of DEAE-
dextran (12).

J. VIROL.

tentative mutants whose deletions are located
between 0.68 and 0.74 on the SV40 map (Fig.
2a). Mutant d1861, whose deletion maps at 0.74
(and lacks the HpaII endonuclease cleavage
site [2]), has a latent period longer than that of
the wild type and produces less than 5% of the
wild-type yield at late times after infection.
Mutant d1895, with a deletion at 0.70 on the
SV40 map, multiplies faster than d1861 but
somewhat slower than the wild-type virus; mu-
tant d1892, whose deletion maps at 0.68, multi-
plies almost as well as its wild-type parent.
Although studies with additional mutants hav-
ing deletions in these regions are needed, there
does appear to be some correlation in the posi-
tion of the deletion and the ability to multiply.
It appears that the growth rate is better corre-
lated with the map location than with the size
of the deletion: d1861 (-32 base pairs) at 0.74
multiplies at the poorest rate, d1895 (-120 base
pairs) at 0.70 multiplies at an intermediate
rate, and d1892 (-48 base pairs) at 0.68 on the
map multiplies as well as the wild type.
Members of the mutant group with deletions

located in the region between 0.54 and 0.59 on
the SV40 map all multiplied somewhat more
slowly and produced slightly lower yields than
their wild-type parent (Fig. 2b), but there was
no correlation between the growth rate and the
location or size of the deletion mutations. The
two mutants mapping between 0.17 and 0.18 on
the SV40 chromosome were indistinguishable
from the wild type in their ability to multiply.

Viable deletion mutants can transform
mouse cells. The viable deletion mutants ap-
pear to transform BALB/c 3T3 cells as well as
wild-type SV40 virus. Transformants were
scored by their ability to form colonies in
growth medium containing 2% calf serum (5).
There was no significant difference in trans-
forming activity relative to plaque-forming
ability between any of the mutants and wild-
type SV40 virus (Table 3). Further studies are
needed to determine whether other parameters
of transformation, such as the ability to grow to
high-saturation densities or to grow suspended
in agar, are affected differentially.

DISCUSSION
Viable deletion mutants have been isolated

by infecting monkey kidney cells with a prepar-
ation of circularly permuted, linear SV40
DNA. The deletions cluster in three regions of
the SV40 chromosome (Fig. 3). The first is lo-
cated at 0.68 to 0.74; these mutants extend the
region discovered earlier with mutants selected
for the loss of the HpaII endonuclease cleavage
site (0.735 on the SV40 map) (2, 13). Mutants
whose deletions extend furthest toward 0.74
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FIG. 2. Growth curves ofSV40 viable deletion mutants in CV-1P cells. Cells were infected at a multiplicity
of 10 PFU/cell. After adsorption for 90 min at 37 C, the monolayers were washed three times with Tris-
buffered saline, and medium containing 5% fetal calf serum was added. Cultures were harvested at the
indicated times, and the virus titer was measured by plaque assay on CV-1P cells. (a) Growth curves of
mutants located in the region from 0.68 to 0.74. Symbols: 0, wild type; U, d1892; A, d1895; x, d1861. (b)
Growth curves of mutants located in the region from 0.54 to 0.59. Symbols: *, wild type; x, d1884; A, d1883;
*, d1891; *, d1890. (c) Growth curves of mutants located in the region from 0.17 to 0.18. Symbols: *, wild
type; U, d1880; A, d1882.

TABLE 3. Transformation by viable deletion
mutants"

Virus Location of deletion TU/PFU x 105

wt830 5.0
dl895 0.70 -- 0.72 13.0
dl892 0.68 6.7
dl891 0.59 1.9
dl884 0.54 -* 0.57 3.3
d1883 0.54 2.5
d1882 0.175 7.7

a Separate plates containing 10c BALB/c 3T3/A31
cells were inoculated with 0.2 ml of each virus stock
(multiplicity of infection 2 10 PFU/cell). Three days
after infection, the cells were removed from the
plate with trypsin, serially diluted, replated, and
allowed to grow into colonies in a medium contain-
ing 2% calf serum. Four weeks after infection, the
cells were fixed and stained with Giemsa stain, and
transformed colonies were counted. The number of
colonies that arose on uninfected plates (approxi-
mately 1 colony per 105 cells plated) was subtracted
from the data obtained for infected cells.

multiply poorest, while deletions nearest 0.68
are very nearly normal. The reason for this
gradient is not clear, although it would not
appear to result from interference of initiation
of replication at 0.67. Perhaps comparison of
the structure and amount of SV40 mRNA pro-
duced by these mutants and wild-type virus

should help determine whether these deletions
affect the transcription of the late mRNA.
Another region that can be deleted without

affecting the viability of the virus occurs be-
tween 0.54 and 0.59 on the SV40 map. These
mutants grow somewhat more slowly and pro-
duce slightly lower yields than their wild-type
parent, but we could detect no difference in the
amount or distribution of T antigen immuno-
fluorescence in CV-1P cells (d1884 and d1890
were tested). When T antigen ([35S]methionine
labeled) was immunoprecipitated and analyzed
by polyacrylamide gel electrophoresis (21), no
difference was found in the electrophoretic mo-
bility of T antigens produced after infection by
d1884, d1890, or wild-type virus. We are unable
to estimate the effect of such small deletions on
the electrophoretic migration of the T antigen,
particularly in the absence of detailed informa-
tion about its chemical and physical nature.
Although the extent of this dispensable region
is not known, mutants with small deletions at
0.48 and 0.50 on the SV40 map are defective and
cannot grow without a helper virus to provide
the needed early function (S. Manteuil and P.
Berg, unpublished data).

Deletions in the region 0.17 to 0.18 on the
SV40 map are also viable. These mutations
remove sequences at the 3' end of the transcript
of both the early and late region (Fig. 3). Quite
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FIG. 3. Locations of the viable deletion mutations on the SV40 chromosome. The locations and size of the
viable deletion mutations, and their positions relative to the EcoRI endonuclease cleavage site, the early (E)
and late (L) regions of transcription, and the origin of replication (Or) are indicated.

possibly these small deletions alter both
mRNA's near their 3' ends. Direct sequence
analyses of the mRNA's produced in infections
with these mutants are needed to determine
whether nucleotides at their 3' ends are re-
moved, and thereby determine the dispensibil-
ity of that portion of the mRNA's.
To define the extent of each of these three

dispensable regions studies with additional mu-
tants will be needed. A further question is
whether all of the dispensable regions on the
SV40 chromosome have been located. Of the 67
plaque isolates obtained by infection with the
linear DNA, only 18 contained alterations in
their DNA as judged by the S1 nuclease sensi-
tivity of the heteroduplexes formed between
EcoRI endonuclease-cut wild-type and putative
mutant DNAs. This is an extremely sensitive
test for deletions (18), but it would probably fail
to detect a deletion within about 0.03 map units
of the EcoRI endonuclease cleavage site. Conse-
quently, each of the DNAs that had been diag-
nosed as the wild type was digested with the

Hind II+ III endonucleases, and the size ofHind
II+III fragments K, F, and J (those located
about and near the EcoRI endonuclease cleav-
age site) was examined by polyacrylamide gel
electrophoresis. Because these fragments are
small, deletions of as few as 10 bases would
have been detected readily by the alteration in
their electrophoretic mobility. However, no
changes were found in these fragments from
any of the DNAs classed as wild type. Assum-
ing that the DNase I-Mn2+ digestion cleaved
SV40 DNA randomly, we believe it is unlikely
that any other substantial segments (50 base
pairs or >1% of the genome) of the DNA can be
deleted without rendering the genome defec-
tive.

ACKNOWLEDGMENTS
This work was supported by Public Health Service re-

search grants GM-13235-09 (to P. B.) and CA-15941 (to J. C.)
from the National Institute of General Medical Sciences
and the National Cancer Institute, respectively; National
Science Foundation grant GB23429 (to J. C.); and American
Cancer Society grant VC-23C (to P. B.). T. E. S. was a



VIABLE DELETION MUTANTS OF SV40 671

Fellow of the Jane Coffin Childs Memorial Fund for Medical
Research.
We thank C. Cole and T. Landers for determining the

size of the deletion in d1882.

LITERATURE CITED

1. Aaij, C., and P. Borst. 1972. The gel electrophoresis of
DNA. Biochim. Biophys. Acta 269:192-200.

2. Carbon, J., T. E. Shenk, and P. Berg. 1975. Biochemi-
cal procedure for production of small deletions in
SV40 DNA. Proc. Natl. Acad. Sci. U.S.A. 72:1392-
1396.

3. Danna, K., and D. Nathans. 1971. Specific cleavage of
SV40 DNA by restriction endonuclease of Hemophi-
lus influenzae. Proc. Natl. Acad. Sci. U.S.A. 68:2913-
2917.

4. Danna, K. J., G. H. Sack, and D. Nathans. 1973. A
cleavage map of the SV40 genome. J. Mol. Biol.
78:363-376.

5. Dulbecco, R. 1970. Topoinhibition and serum require-
ment of transformed and untransformed cells. Nature
(London) 227:802-806.

6. Greene, P. J., M. C. Betlach, H. M. Goodman, and H.
W. Boyer. 1974. The EcoRI restriction endonuclease,
p. 87-111. In R. B. Wickner (ed.), Methods in molecu-
lar biology. Marcel Dekker, Inc., New York.

7. Hirt, B. 1967. Selective extraction of polyoma DNA
from infected mouse cell cultures. J. Mol. Biol.
26:365-369.

8. Jackson, D. A., R. H. Symons, and P. Berg. 1972.
Biochemical method for inserting new genetic infor-
mation into DNA of SV40: circular SV40 DNA mole-
cules containing lambda phage genes and the galac-
tose operon ofEscherichia coli. Proc. Natl. Acad. Sci.
U.S.A. 69:2904-2909.

9. Little, J. W., I. R. Lehman, and A. D. Kaiser. 1967. An
exonuclease induced by bacteriophage X. I. Prepara-
tion of the crystalline enzyme. J. Biol. Chem.
242:672-678.

10. Lobban, P. E., and A. D. Kaiser. 1973. Enzymatic end-
to-end joining ofDNA molecules. J. Mol. Biol. 78:453-
471.

11. Melgar, E., and D. A. Goldthwait. 1968. Deoxyribonu-

cleic acid nucleases. II. The effects of metals on the
mechanism of action of deoxyribonuclease I. J. Biol.
Chem. 243:4409-4416.

12. Mertz, J., and P. Berg. 1974. Defective SV40 genomes:
isolation and growth of individual clones. Virology
62:112-124.

13. Mertz, J., and P. Berg. 1974. Viable deletion mutants of
SV40: selective isolation using Hpa II restriction en-
donuclease. Proc. Natl. Acad. Sci. U.S.A. 71:4879-
4883.

14. Mertz, J., and R. W. Davis. 1972. Cleavage of DNA by
R1 restriction endonuclease generates cohesive ends.
Proc. Natl. Acad. Sci. U.S.A. 69:3370-3374.

15. Morrow, J. F., and P. Berg. 1972. Cleavage of SV40
DNA at a unique site by a bacterial restriction en-
zyme. Proc. Natl. Acad. Sci. U.S.A. 69:3365-3369.

16. Radloff, R., W. Bauer, and J. Vinograd. 1967. A dye-
buoyant density method for the detection and isola-
tion of closed circular duplex DNA: the closed circular
DNA in HeLa cells. Proc. Natl. Acad. Sci. U.S.A.
57:1514-1521.

17. Sharp, P. A., B. Sugden, and J. Sambrook. 1973. Detec-
tion of two restriction endonuclease activities in Hae-
mophilus parainfluenzae using analytical agarose-
ethidium bromide electrophoresis. Biochemistry
12:3055-3063.

18. Shenk, T. E., C. Rhodes, P. Rigby, and P. Berg. 1975.
Biochemical method for mapping mutational altera-
tions in DNA with S1 nuclease: the location of dele-
tions and temperature-sensitive mutations in SV40.
Proc. Natl. Acad. Sci. U.S.A. 72:989-993.

19. Smith, H. O., and K. W. Wilcox. 1970. A restriction
enzyme from Hemophilus influenzae I. Purification
and general properties. J. Mol. Biol. 51:379-391.

20. Takemoto, K. K., R. L. Kirchstein, and K. Habel. 1966.
Mutants of simian virus 40 differing in plaque size,
oncogenicity, and heat sensitivity. J. Bacteriol.
92:990-994.

21. Tegtmeyer, P. 1974. Altered patterns of protein synthe-
sis in infection by SV40 mutants. Cold Spring Harbor
Symp. Quant. Biol. 39:9-15.

22. Vogt, V. M. 1973. Purification and further properties of
single-strand-specific nuclease from Aspergillus ory-
zae. Eur. J. Biochem. 33:192-200.

VOL. 18, 1976


