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Five viable deletion mutants of simian virus 40 (SV40) were prepared and
characterized. These mutants lack 15 to 60 base pairs between map positions
0.198 and 0.218, near the 3' end of the early region of SV40 and extend further into
the body of the A gene, encoding the large T antigen, than previously described
deletion mutants. These mutants were isolated after transfection of monkey
kidney CV-lp cells with full-sized linear DNA prepared by partial digestion of
form I SV40 DNA with restriction endonucleases Hinfl or MboII, followed by
removal of approximately 25 base pairs of DNA from the 5' termini using X-5'-
exonuclease and purification of the DNA in agarose gels. Based on comparisons
of the DNA sequence of SV40 and polyoma virus, these mutations map in the 19%
of the SV40 A gene that shares no homology with the A gene of polyoma virus.
The mutations exist in two different genetic backgrounds: the original set of
mutants (d12401 through d12405) was prepared, using as a parent SV40 mutant
d1862, which has a deletion at the single HpaII site (0.725 map unit). A second set
(dl2491 through d12495) contains the same deletions in a wild-type SV40 (strain
SV-S) background. Relative to wild-type SV40, the original mutants showed
reduced rates of growth, lower yields of progeny virus and viral DNA, and smaller
plaque size; in these properties the mutants resembled parental dl862, although
mutant progeny yields were usually lower than yields of d1862, suggesting a
possible interaction between the two deletions. The second set of mutants had
growth properties and progeny yields similar to those of wild-type SV40;
however, Southern blotting experiments indicated that viral DNA replication
proceeds at a slightly reduced rate. All of the mutants transformed mouse NIH/
3T3 cells and mouse embryo fibroblasts at the same frequency as wild-type SV40.
Mutants d12402, d12492, and d12405 consistently produced denser and larger foci in
both types of cells. All mutants directed the synthesis of shortened large T
antigens. Adenovirus helper function was retained by all mutants.

The early region of the simian virus 40 (SV40)
genome encodes two polypeptides, the large T
and the small t antigens (15). The large T antigen
has a molecular weight of approximately 81,600
(21, 59) and is encoded by two noncontiguous
regions of the genome, 0.647 to 0.600 map units
(mu) and 0.533 to 0.174 mu, which are brought
together in the mature mRNA by splicing (6, 21,
59). The small t antigen, of molecular weight
20,500, is encoded by a continuous open reading
frame between map coordinates 0.647 and 0.546.
Thus, the two polypeptides share 82 codons at
their N termini and possess unique C termini
(17, 52, 53).
The large T antigen, the product of the A

gene, is a multifunctional protein which plays a
pivotal role in the life cycle of SV40. It is
involved in the initiation of viral and host DNA
replication (11, 73); regulation of the level of

early mRNAs (3, 60, 75); initiation (14) and, in
some cases, maintenance of late transcription
(1); provision of adenovirus helper function (12,
29, 57); induction and maintenance of increased
levels of a host 53,000-dalton (53 kd) to 54 kd
nuclear protein (39, 42, 43); surface antigenicity
(78); and tumor-specific transplantation antigen-
icity (4, 56, 76, 77). Located primarily in the
nucleus, there may be low levels of it associated
with the plasma membrane (68, 69), but it is not
known if this species is identical to the nuclear T
antigen. The large T antigen is a DNA-binding
protein (33, 79) and a DNA-dependent ATPase
(80). In the nonpermissive cell, the large T
antigen is required for the initiation of transfor-
mation (35, 74). Whether large T antigen is
required for the maintenance of the transformed
state depends on parameters such as host cell
species, cellular growth rate before and immedi-
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ately after infection, multiplicity of infection
(MOI), and serum factors. Under many condi-
tions, maintenance requires the continued pres-
ence of the large T antigen (8, 9, 26, 35, 46, 51,
58, 63, 64, 74).
Most of our knowledge about the biological

properties and functions of the T antigen derives
from studies of tsA mutants (11, 73) which map
in the central third of the A gene between 0.32
and 0.43 mu (38). Much of the rest of the A gene
has not been subjected to detailed genetic analy-
SIS.
We described previously (13) two viable mu-

tants of SV40 that contain small deletions in the
C-terminal portion of the A gene. These were
obtained by transfecting monkey kidney cells
with full-sized linear DNA molecules obtained
by treating form I SV40 DNA with S1 nuclease.
Mutant d11263 lacks 33 nucleotides at 0.195 mu,
and d11265 lacks 39 nucleotides at 0.175 mu (82).
Both d11263 and d11265 direct the synthesis of
altered large T antigens and have adenovirus
helper activities which are 30 and 7%, respec-
tively, of the activity of wild-type SV40 (12, 17).
In all other respects, including their ability to
transform cells for anchorage-independent
growth, the biological properties of these mu-
tants are normal (7, 13).

In this report we describe the construction
and characterization of viable mutants of SV40
with small deletions (15 to 60 base pairs [bp]) in
the C-terminal portion of the early region. The
lesions in these mutants extend further into the
body of the large T antigen than the lesions of
d11263 or d11265 and demonstrate that substan-
tial portions of the C-terminal 10% of the large T
antigen may be deleted without affecting the
viability of the virus. These mutants resemble
wild-type SV40 in growth properties and in
yields of viral DNA and progeny virions. How-
ever, analysis of DNA replication by Southern
blotting demonstrated that DNA replication in
mutant-infected cells proceeds more slowly than
in wild-type-infected cells. All mutants direct the
synthesis of shortened large T antigens, trans-
form nonpermissive cells at frequencies indistin-
guishable from that of wild-type SV40, and
provide normal levels of adenovirus helper func-
tion.

MATERIALS AND METHODS
Cells and cell culture. CV-1 and CV-lp cells, estab-

lished sublines of AGMK cells (32), and HeLa cells
(obtained from T. Shenk) were cultured in 100-mm
plastic dishes in Dulbecco-modified Eagle medium
(GIBCO Laboratories) (DMEM) supplemented with
5% fetal calf serum (FCS) or newborn calf serum.
NIH/3T3 cells were obtained from R. Weinberg, main-
tained in DMEM containing 10% FCS, and subcul-
tured by published protocols (5). Primary mouse em-
bryo cells were derived from C57BL/6 mice (56) and
maintained in DMEM containing 10% FCS. In all

cases, DMEM contained 100 ,ug of streptomycin per
ml and 500 U of penicillin per ml.

Virus and viral DNA. The wild-type strain for the
mutants described in this report is the small-plaque
strain (SV-S) originally characterized by Takemoto et
al. (72). Monolayers of CV-1 cells in 100-mm dishes
were infected with SV40 wild type or mutants at an
MOI of 0.01 PFU/cell or transfected with wild-type or
mutant DNA (0.01 ,ug/plate). Virus stocks were pre-
pared as previously described (11). Adenovirus type 2
(Ad2) was grown in HeLa cells from a seed stock
supplied by T. Grodzicker (Cold Spring Harbor Labo-
ratory). SV40 wild-type and mutant DNAs were pre-
pared as described by Carbon et al. (10).

Construction and isolation of deletion mutants. The
original parent for these mutants was d1862, an HpaII-
resistant viable deletion mutant of SV40, constructed
by Carbon et al. (10) and derived from the SV-S strain
of SV40. This mutant lacks approximately 12 bp
(Polvino-Bodnar and Cole, unpublished data) at the
single HpaII cleavage site (0.725 mu).
Form I DNA was converted to form III (linear)

DNA by limited digestion with either MboII or Hinfl
restriction endonuclease. After phenol extraction and
ethanol precipitation, DNA was dissolved in exonucle-
ase buffer (67 mM glycine [pH 9.6], 3 mM MgC92, 3
mM 2-mercaptoethanol) and incubated with X-5'-exo-
nuclease under conditions allowing removal of approx-
imately 25 nucleotides from the 5'-phosphoryl termini
(10). Linear molecules between 95 and 100lo of full-
size were isolated by two cycles of electrophoresis in 1
to 1.6% horizontal agarose slab gels in Tris-borate-
EDTA buffer (TBE; 89 mM Tris-OH, 89 mM boric
acid, 2.5 mM EDTA [pH 8.2]). Under the conditions of
electrophoresis (10 V/cm) linear molecules migrated
well ahead of uncleaved form I and nicked circular
form II DNA. Subsequently, DNA was recovered
from the gel by electrophoresis into a dialysis bag,
using E buffer (40 mM Tris-OH, 12.5 mM NaOAc, 2.5
mM EDTA) at 100 V for 14 h followed by polarity
reversal for 3 min. The DNA was extracted with
phenol-chloroform-isoamyl alcohol (50:49:1) (four
times), CHCI3-isoamyl alcohol (49:1) (two times), and
ether (four times) and ethanol-precipitated.
To isolate deletion mutants, confluent monolayers

of CV-lp cells were transfected with the isolated linear
DNAs as described by Mertz and Berg (48). Plaques
were isolated, and mutants were cloned by two cycles
of plaque purification, followed by preparation of
stocks of viral DNA and virions.

Physical mapping and DNA sequence analysis of the
mutants. The locations and approximate sizes of the
deletions were determined by restriction endonuclease
mapping. Each of the mutants was digested with a
variety of restriction endonucleases, including BstNI,
HaeIII, Hindll + III, Hinfl, RsaI, MboII, MspI, and
DdeI. Digests were analyzed by electrophoresis either
in horizontal 1% agarose slab gels or in vertical
polyacrylamide gradient slab gels, using TBE buffer.
Gels were stained with ethidium bromide (1 ,ug/ml) for
30 min and visualized with a short-wavelength UV
lamp.
DNA sequence analysis was carried out by the

chemical degradation method of Maxam and Gilbert
(47). Mutants d12491, d12493, and d12494 were se-
quenced by isolating Hinfl fragment E (0.204 to 0.305
mu) from a 6% polyacrylamide gel (acrylamide/bis-
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acrylamide ratio was 20:1), treating with calf intestinal
alkaline phosphatase, labeling with polynucleotide ki-
nase and [-y-32P]ATP (Amersham Corp.; 3,000 Ci/
mmol [1 Ci = 3 x 10'° becquerels]), digesting with
PstI (which cuts at 0.274 mu), and isolating the frag-
ment which includes the deletion from a second 6%
polyacrylamide gel. Mutant dl2492 was sequenced in a
similar manner, but Hinfl fusion fragment EH (0.194
to 0.305 mu) was used. Mutant d12495 was sequenced
by labeling phosphatase-treated, sucrose gradient-pu-
rifled, BclI-digested d12495 DNA with polynucleotide
kinase and [-y-32P]ATP, digesting with BamHI, and
purifying the 5-kilobase (kb), deletion-containing frag-
ment in a second sucrose gradient (5 to 20% sucrose in
10 mM Tris-chloride [pH 7.5], 100 mM NaCl, 10 mM
EDTA; Beckman SW41 rotor, 18 h, 36,000 rpm, 4°C).
Plaque assays. Titers of stocks of wild-type SV40

and viable mutants were determined by plaque assay
on monolayers of CV-lp cells as previously described
(48); adenovirus titers were measured by plaque assay
on HeLa cells (83).

Plaque morphology and rates of plaque development
were studied by transfecting CV-lp monolayers with
wild-type or various mutant DNAs. At various times
after infection, cultures were stained with crystal
violet (31) and photographed.

All of the mutants were tested for temperature
sensitivity by titration of virus stocks at 32, 37, and
410C.

Analysis of DNA replication. Cultures of subcon-
fluent CV-1 cells in 60-mm plates were infected with
wild-type SV40 or deletion mutants. At various times
after infections, cultures were harvested. Monolayers
were washed twice with Tris-buffered saline (TS). To
each culture was added 0.2 ml of Hirt solution (0.01 M
Tris-chloride [pH 7.5], 0.6% SDS, 0.01 M EDTA).
After 10 min at room temperature, each culture re-
ceived 60 pAl of 5 M NaCl, 20 p.l of proteinase K (10 mg/
ml in water, obtained from Beckman), and 20 ,ul of
M13 bacteriophage RF II [3H]DNA (20,000 to 30,000
cpm, about 20,000 cpm/ng; a generous gift from A. Wu
or R. Kahn). The phage [3H]DNA was included to
allow correction for losses of material during the
harvesting procedure. After overnight incubation at
370C, the contents of each plate were scraped into 1.5-
ml Eppendorf tubes and held at 4°C for 12 to 24 h. The
Hirt pellet was removed by centrifugation at 12,000 x
g for 10 min in an Eppendorf centrifuge. The superna-
tant was extracted once with phenol-chloroform-iso-
amyl alcohol (50:49:1), once with chloroform-isoamyl
alcohol (49:1), and three times with ether. DNA was
precipitated with 2.5 volumes of ethanol, collected by
centrifugation, dried briefly under vacuum, and dis-
solved in 100 pul of TEN (10 mM Tris-chloride [pH
7.5], 10 mM NaCl, 1 mM EDTA). A sample was
precipitated with trichloroacetic acid to calculate the
percent recovery of M13 [3H]DNA. Samples with
identical numbers of 3H counts were mixed with
sample buffer and loaded into wells of a 1.0%o horizon-
tal agarose slab gel (3 mm thick by 14.5 cm by 22.5 cm)
in TBE buffer. Electrophoresis was carried out for 12
to 16 h at 20 to 25 V (approximately 1 V/cm). Gels
were stained with ethidium bromide (0.5 pug/ml for 30
min) and photographed on a long-wavelength UV
lamp. DNA in the gel was depurinated by treatment
with 0.25 M HCl for two 15-min periods; denatured
with 0.5 M NaOH-1.5 M NaCl for two 30-min periods;

neutralized with 0.5 M Tris-chloride (pH 7.5)-3 M
NaCl for two 30-min periods; transferred to nitrocellu-
lose (S & S BA85), using the method of Southern (70;
and probed with nick-translated (61) pMP1 [32P]DNA
(pMP1 is a plasmid containing the entire SV40 genome
inserted into pBR322 at the BamHI site). Nitrocellu-
lose filters were hybridized under standard conditions
in 50% formamide at 41°C with approximately 1 x 106
to 5 x 106 cpm of 32P-labeled probe (specific activity, 1
x 108 to 4 x 108 cpm/,lg) for 12 to 24 h. Filters were
washed twice for 15 min at room temperature with 2x
SSC-0.1% sodium dodecyl sulfate (SSC is 0.075 M
NaCl, 0.0075 M sodium citrate) and twice for 15 min at
550C with 0.1 x SSC-0.1% sodium dodecyl sulfate.
Filters were exposed to Kodak XAR-1 film for 12 to
48 h.

Analysis of T antigens. Confluent monolayers of CV-
1 cells in 35-mm plastic dishes (approximately 106
cells) were infected with 10 PFU/cell of wild-type
SV40 or various deletion mutants. After 48 or 72 h at
37°C, the medium was removed, the monolayer was
washed once with TS, and the medium was replaced
with medium lacking methionine. After 1 h, [35S]me-
thionine (50 p.Ci/plate in a volume of 0.2 ml; 1,000 Ci/
mmol from Radiochemical Centre, Amersham, En-
gland) was added for 1 h. At the end of the labeling
period, extracts were prepared as previously de-
scribed (12).

Immunoprecipitation and alkylation of cytoplasmic
extracts were done as described previously (12, 16),
using either hamster anti-T serum (lot 78X-386 ob-
tained from the National Cancer Institute, Biological
Carcinogenesis Branch) or mouse anti-T serum (pre-
pared in BALB/c mice and a generous gift from S.
Tevethia). Normal mouse serum was obtained for
Accurate Chemical and Scientific; normal hamster
serum was a gift from L. Fink. Formalin-fixed, protein
A-bearing Staphylococcus aureus were obtained from
The Enzyme Center (Boston, Mass.).
Samples were subjected to electrophoresis on dis-

continuous polyacrylamide gradient gels (7 to 20%
acrylamide) with an acrylamide-bisacrylamide ratio of
30:0.8 (13, 37).

Adenovirus helper function. Confluent monolayers
of CV-1 cells in 60-mm dishes (approximately 3 x 106
cells) were mock-infected or infected with SV40 dele-
tion mutants or wild-type virus at an MOI of 20. After
24 or 48 h, cultures were superinfected with Ad2 at an
MOI of 3 PFU/cell. After adsorption for 2 h at 37°C,
cultures were washed twice with TS and fed with 5 ml
of DMEM containing 2% FCS. After an additional 70
to 72 h, cells were scraped off the plate and sonicated
(three times for 45 s in a Heat Systems Ultrasonics
sonifier). Because the level of enhancement of Ad2
growth depends on the SV40 MOI (12), the titers of all
stocks were determined just before each experiment.
The adenovirus progeny yield was determined by
plaque titration on HeLa cells.

Transformation. (i) Mouse embryo fibroblasts. Viral
transformation was assayed in mouse embryo fibro-
blasts provided by M. Tevethia or prepared by the
procedures described by Pretell et al. (56) and Te-
vethia et al. (76). After 21 to 25 days, cultures were
washed, fixed, and stained with methylene blue (0.5%
in 70o isopropanol). Both the size of foci and the
frequency of transformation were determined.

(ii) NIH/3T3 cells. Subconfluent cultures of NIH/3T3
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FIG. 1. Map of the SV40 genome near the 3'end of the early region. Map coordinates are expressed as the
fractional length of wild-type SV40 where 0.00 is the map position of the single cleavage site for restriction
endonuclease EcoRI. Nucleotide numbers refer to the sequence as reprinted in Tooze (81). The 3' ends of late
and early mRNAs are shown in the lower part of the figure. Beneath this are shown the positions of the deletion
mutants described in this report.

cells on 100-mm plates (approximately 1 x 106 to 1.5 x

106 cells) were infected with wild-type SV40 or dele-
tion mutants at an MOI of 50 PFU/cell. After a 2-h
adsorption period, cells were fed with 10 ml of DMEM
+ 10% FCS and incubated overnight at 37°C. After 24
h, cells were trypsinized and replated with 5 x 102, 5 x

103, and 5 x 104 cells per 100-mm plate. After 3 to 4
weeks, cultures were washed twice with TS and
stained with methylene blue (0.5% in 70% isopro-
panol).
Enzymes. Most restriction endonucleases were pur-

chased from New England Biolabs (Beverly, Mass.)
and used according to the instructions provided by the
supplier. Restriction endonuclease MspI, an isoschiz-
omer of HpaII, was prepared in this laboratory by
chromatography on phosphocellulose. Bacteriophage

5'-exonuclease, prepared by the method of Little et
al. (44), was used to digest the 5'-ends of linear SV40
DNAs as described by Carbon et al. (10). Proteinase K
was from Beckman Instruments Inc., Fullerton, Calif.
Calf intestinal alkaline phosphatase was from Boeh-
ringer-Mannheim Corp., New York, N.Y.

RESULTS

Isolation of the mutants. Previous work had
established that mutants of SV40 with deletions
near the 3' terminus of the early region (0.18 to
0.20 mu; Fig. 1) are viable, have normal growth
rates, encode altered or shortened large T anti-
gens, and have normal frequencies of transfor-
mation (7, 13). One of these, d11265, encodes a

large T antigen in which the nine amino acids at
the C terminus are replaced by four not normally
present; in d11263 T antigen, amino acid residues
35 to 46, counting from the C terminus, are

deleted, and one new amino acid exists in their
place (17, 82). We were interested in determin-
ing whether mutants with deletions upstream

from these would be viable and what effect
deletions extending further into the early region
would have on the biological properties of SV40.

Examination of the nucleotide sequence of
SV40 (Fig. 1 and 2) upstream from the deletion
of mutant d11263 reveals the presence of one
Hinfl and four MboII sites in the next 75 nucleo-
tides. Using the procedures developed by Car-
bon et al. (10) and Cole et al. (13) for the
construction of mutants with small deletions,
form I DNA was digested briefly with either
Hinfl or MboII restriction endonucleases, treat-
ed with X-5'-exonuclease under conditions which
remove approximately 25 nucleotides from the
5' terminus, and subjected to electrophoresis in
1% agarose gels. This allowed the recovery of
nearly unit-length linear DNA, which was used
to transfect CV-lp monkey kidney cells, both
with and without helper tsB201 DNA. Approxi-
mately 1.6 times as many plaques were obtained
with helper than without helper. We originally
used, as a parent for these mutants, an HpaIIr
viable deletion mutant of SV40, d1862 (10). This
parent was chosen to allow separation of mutant
DNA from DNA of any helper which might have
been required for the propagation of the mu-

tants. Since only viable mutants were obtained,
this differential restriction endonuclease sensi-
tivity was unnecessary.

After two cycles of plaque purification in CV-
lp cells, CV-1 cells were infected, viral DNA
was isolated, and deletion mutants were identi-
fied on the basis of altered patterns of digestion
with various restriction endonucleases. Four
mutants were obtained using MboII (d12401
through d12404) and one using Hinfl (d12405).
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FIG. 2. Nucleotide sequences of mutants dl2491 through dl2495 (and dl2401 through dl2405). The sequence of
the strand of SV40 DNA corresponding to early mRNA is shown. Numbers refer to residue numbers as
designated by Tooze (81). Deleted nucleotides are bracketed, and where repeated nucleotides at both ends of a
deletion make assignment of precise endpoints impossible, the deletion is placed such that endpoints are shared
by different mutants. For comparison, the nucleotide sequences deleted in d11263 and d11265 (82) and the region
complementary to the 62-nucleotide small SV40-associated RNA (1, 45) are also shown.

Characterization of these mutants revealed
alterations in growth rates and plaque morpholo-
gy, as well as reduced yields of viral DNA and
progeny virions when compared with both wild-
type SV40 and parental dl862. Since dl862 shows
a reduced growth rate and altered plaque mor-
phology (10) when compared with wild-type
SV40, it was necessary to move the new dele-
tions from the d1862 background into a wild-type
SV40 background to study the effect of the new
deletions on the biological properties of SV40.
This was accomplished by isolating, from each
mutant DNA, the small PstI fragment (0.04 to
0.27 mu) and ligating it to the large PstI fragment
of wild-type SV40 DNA, obtained by PstI diges-
tion of a pMP1, a recombinant DNA clone of
SV40 strain SV-S (72) cloned into the BamHI
site of pBR322. CV-lp cells were transfected
with the ligated DNAs, and plaques were ob-
tained and used for the preparation of viral DNA
in CV-1 cells. These were screened for the
presence of the deletion mutation, using restric-

tion endonuclease digestion. These new isolates
were designated d12491 through dl2495.

Restriction endonuclease and DNA sequence
analysis. Table 1 and Fig. 2 summarize data
derived from restriction endonuclease digestion
and direct DNA sequence analysis of the dele-
tion mutant DNAs. The amount ofDNA missing
from the mutants ranges from 15 to 60 bp. For
each mutant except d12492 (and d12402), the
deletion removes a multiple of 3 bp, leaving the
large T antigen reading frame unaffected. In the
case of d12492 (and d12402), 16 bp are deleted,
but a single A:T pair is inserted 2 bp from one
end of the deletion, restoring the large T antigen
reading frame. This insertion, indicated by the
arrow in Fig. 3, destroyed the Hinfl and DdeI
sites at 0.204 mu.

Biological properties. Each set of mutants re-
sembles its parent in its biological properties.
Thus, mutants d12401 through d12405 produce
yields of progeny DNA and virions which are
two- to fivefold lower than those produced by

.~~~~~_-PACk7h
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TABLE 1. Position and size of deletions
Restriction enzyme sitea Size of Missing

Mutant no. HpaII HaeIII Hinfl DdeI Hinfl MboII MboII MboII BstNI MboII deletion nucleotide
(0.725) (0.194) (0.199) (0.204) (0.204) (0.204) (0.206) (0.209) (0.213) (0.215) (bp)b residuesc

Wild-type
SV40 + + + + + + + + + +

d1862 - + + + + + + + + +
d12401 -
d12491 + + + + 57 2887-2831
d12402 -d _d
d12492 + + + _ - + + + 15 2851-2836
dl2403 -
d12493 + + + + + + + 45 2886-2842
d12404 -
d12494 + + + + + + + + - 30 2893-2864
d12405 -
d12495 + + + + + 60 2847-2788

a Determined as described in the text. +, Presence of indicated restriction endonuclease cleavage site; -,
absence of indicated site.

b Base pairs are calculated from nucleotide sequence analysis as described in the text.
c Determined as described in the text. The nucleotide residues are numbered according to the wild-type SV40

DNA sequence as reprinted by Tooze (81). In many cases, there is some ambiguity in the missing nucleotide
residues due to the presence of short (1 to 7 bp) repeated sequences in SV40 DNA, one copy of which was
deleted at the deletion endpoints. See the text.

d These sites are missing because an A residue was inserted into the mutant genome at this location; the
deletion does not extend as far as these sites.

e The net deletion in this mutant is 15 bp due to deletion of 16 bp and insertion of 1 bp.

wild-type SV40 and similar to those produced by
parental d1862. Mutants d12491 through d12495
produce yields of progeny DNA (Fig. 4) and
virions (data not shown) which are approximate-
ly equal to those produced by wild-type SV40.
The former set of mutants resembles parental
d1862 in that plaques appear later and enlarge
more slowly than those formed by wild-type
SV40. Mutants d12491 through d12495 produce
plaques which appear at the same time or 1 day
later and enlarge at approximately the same rate
as wild-type SV40 plaques. We conclude that
the deletions do not have a dramatic effect on
the growth properties and plaque morphology of
SV40.

All of the mutants were tested for temperature
sensitivity by incubating infected plaque assay
cultures at 32, 37, and 41°C. In all cases, the
mutants showed no sensitivity to temperature
(data not shown).

Analysis of DNA replication in mutant-infected
cells. Although dramatic differences between
mutants and wild-type SV40 in growth proper-
ties and plaque morphology were not observed,
subtle differences in viral DNA replication
would not have been detected in the above
experiments. Since the SV40 large T antigen
plays an essential role in the initiation of viral
DNA replication, experiments were conducted
to see whether the lesions in these deletion
mutants affect the DNA replication properties of
large T antigen. Cultures of CV-1 cells were

infected with wild-type SV40 or deletion mu-
tants. At various times after infection, cultures
were harvested, and viral DNA was isolated by
a modified Hirt extraction procedure, as de-
scribed above. The addition of 3H-labeled M13
bacteriophage DNA to each culture at the time
of harvesting allowed correction for any losses
of viral DNA during the harvesting procedure.
Since each culture contains approximately the
same number of cells, each sample analyzed
should contain viral DNA from an identical
number of infected cells. Samples were analyzed
by electrophoresis in 1% agarose gels, followed
by transfer to nitrocellulose by the method of
Southern (70) and hybridization with nick-trans-
lated SV40 (32P]DNA. Figure 4 presents the
results of an experiment in which replication of
d12491, d12492, d12493, and SV-S were compared
in cells infected at an MOI of 5 to 10 PFU/cell.
DNA replication follows similar kinetics and
reaches similar maximum levels in each case.
The results obtained in experiments such as

that in Fig. 4 are very sensitive to the MOI; a
two- threefold decrease in MOI causes a signifi-
cant alteration in the kinetics ofDNA replication
by delaying for 12 to 24 h the time at which the
synthesis of progeny DNA is complete (Polvino-
Bodnar and Cole, unpublished data). Therefore,
DNA replication was compared in cells infected
by wild-type SV40 or d12492 at an MOI of 0.1
PFU/cell. In this experiment, errors in determin-
ing titers of virus stocks will affect the number of
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FIG. 4. Autoradiograph of Southern hybridization
comparing DNA replication in cultures infected by
d12491, d12492, d12493, or wild-type SV40. Cultures of
CV-1 cells were infected by wild-type SV40 or deletion
mutants at an MOI of 5 to 10 PFU/cell. At the times
indicated, cultures were harvested, treated, and ana-
lyzed as described in the text. The lanes marked M
contain marker 4.3-kilobase linear pBR322 DNA. I
and II indicate the positions of closed circular superhe-
lical (form I) and nicked-circular (form II) SV40 DNA.

cells which become infected and, hence, the
yield of viral DNA from each culture, but almost
all of the cells which become infected will be
infected at an MOI of 1 PFU/cell. This allows
accurate comparison of the kinetics of viral
DNA replication to be made.
The titers of virus stocks were determined

immediately before each experiment, and the
virus stocks were sonicated before titration and
before infection to disrupt aggregates of virions.
Virus titers were always identical within a factor
of 2. From Fig. 5, it can be seen that DNA

2492
2~ '-+ 72 96 120

sv-s
24 48 72 96 120

FIG. 3. Autoradiogram of the sequencing gel show-
ing the deletion and nearby insertion in mutant d12492.
After the sequencing reactions, samples were dena-
tured and loaded onto a 0.3-mm-thick 12% polyacryl-
amide-8 M urea slab gel. The gel was subjected to
electrophoresis at 800 V until the bromophenol blue
dye marker had reached two thirds of the way to the
bottom. The sequence, read from the top to the
bottom, corresponds to the late strand of SV40 DNA
read in a counterclockwise direction. The site of the
inserted A residue is indicated by an arrow. Compari-
son of this sequence with that of wild-type SV40 DNA
(81) allowed determination of the location of the
deletion.

FIG. 5. Autoradiographs of Southern hybridiza-
tions comparing DNA replication in cultures infected
by d12492 or wild-type SV40 at an MOI of 0.1 PFU/
cell. Cultures of CV-1 cells were infected by wild-type
SV40 or d12492. At the times indicated, cultures were
harvested, treated, and analyzed as described in the
text. The lanes marked M contain marker 4.3-kilobase
linear pBR322 DNA. I and II indicate the positions of
closed circular superhelical (form I) and nicked circu-
lar (form II) SV40 DNA.
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FIG. 6. Polyacrylamide gel electrophoresis of the T antigens of wild-type SV40, d1862, and d12491 through
d12495. CV-1 cells, infected at an MOI of 10 PFU/cell with mutants or wild-type SV40, were labeled from 72 to 74
h postinfection with [35S]methionine. Extracts were prepared, immunoprecipitated, and alkylated as described in
the text. Gels were 7.5 to 20% linear gradients with 4% stacking gels.

accumulates more slowly in cells infected by
dl2492 than in wild-type SV40-infected cells.
DNA continued to accumulate 120 h after infec-
tion in d12492-infected cells, whereas progeny
DNA synthesis was complete between 72 and 96

h after infection in wild-type SV40-infected
cells. In wild-type SV40-infected cells, most of
the progeny DNA was encapsidated into virions
which were released from infected cells by 120 h
after infection. We found that this difference in
the kinetics of accumulation of progeny DNA is
reproducible and obtained identical results with
mutants d12491, d12493, and d12495 (data not
shown).

Altered large T antigens encoded by deletion
mutants. The T antigens encoded by the deletion
mutants were examined by electrophoresis of

immunoprecipitated [35S]methionine-labeled ex-
tracts of infected CV-1 cells. In all cases, the
mutants directed the synthesis of shortened
large T antigen (Fig. 6). There was an excellent
correlation between the size of the large T
antigen produced and the size of the deletion.
Mutant d12402, which has the smallest deletion
(15 bp), directed the synthesis of the large T
antigen migrating closest to the position of wild-
type large T antigen. Those mutants with the
largest deletions (d12401 and d12405) directed the
synthesis of large T antigens which showed the
greatest size reduction. The deletions in this set
of mutants should remove between 5 and 20
amino acids from large T antigen. All of the
mutants encoded normal small t antigen. Small t
antigen of d12405 does not appear in Fig. 6
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TABLE 2. Ability of SV40 mutants to provide
adenovirus helper function

Exp SV40 mutant AD2 yielda Enhance- Relative
no.no. (PFU) mentb enhance-no.no. (PFU) ment ~~~mentc

1 (Ad2 alone) 5.0 x 107 1
SVS 6.3 x 109 126 100
2401 1.6 x 1010 320 254
2402 1.7 x 1010 326 270
2403 3.7 x 109 74 59
2405 1.2 x 1010 240 190
1263 2.7 x 109 54 43
1265 1.2 x 109 24 19
862 2.1 x 109 114 91

2 (Ad2 alone) 2.5 x 107 1
SVS 7.4 x 109 294 100
2401 7.9 x 109 314 107
2402 7.4 x 109 294 100
2403 8.4 x 109 336 114
2404 7.3 x 109 292 99
2405 4.2 x 109 188 64
1263 2.6 x 109 105 35
1265 1.5 x 109 61 21
862 6.3 x 109 252 86

3 (Ad2 alone) 8.0 x 107 1
SVS 1.5 x 1010 175 100
2401 1.1 x 1010 125 71
2402 1.3 x 1010 150 85
2403 8.4 x 109 100 57
2404 2.1 x 1010 250 142
2405 1.1 x 1010 125 71
1265 2.1 x 109 26 15
862 1.5 x 1010 175 100

a Determined in HeLa cells and expressed as
plaque-forming units obtained for the entire harvested,
sonicated culture.

b Ratio of Ad2 yield in the presence of helper
(plaque-forming units) to Ad2 yield in the absence of
helper (plaque-forming units).

c In each experiment the enhancement level due to
wild-type SV40 is defined as 100o. Others are ex-
pressed relative to it.

because the antiserum used with this culture did
not immunoprecipitate small t antigen; small t
antigen was synthesized in d12405- and d12495-
infected cells examined in other experiments
(data not shown).

Adenovirus helper function. The ability of
these deletion mutants to promote the growth of
Ad2 in monkey cells was tested by infecting
cultures of CV-1 cells with wild type or various
mutants of SV40 and superinfecting, 24 or 48 h
later, with Ad2. The yield of Ad2 from cultures
infected with both Ad2 and SV40 (wild-type or
mutants) was compared with the yield of Ad2
obtained from a culture of cells infected only by
Ad2. The data from three separate experiments
are shown in Table 2. All of the newly isolated
deletion mutants tested were able to provide
adenovirus helper function at levels comparable

to that provided by wild-type SV40. In contrast,
mutants d11263 and d11265 were found to have
consistently lower levels of helper function, as
previously reported (12).

Transformation of nonpermissive cells. The
deletion mutants were tested for their ability to
transform nonpermissive cells, using a dense-
focus assay. Both the continuous NIH/3T3 line
and mouse embryo fibroblasts derived from
strain C57BL/6 were used. In both cells sys-
tems, all of the mutants transformed at frequen-
cies equal to that of wild-type SV40. Data from
typical experiments are summarized in Table 3.
Since transformation frequencies are sensitive
to MOI, and titers of virus stocks are not accu-
rate to more than a factor of 2, a small difference
in frequency of transformation may reflect dif-
ferences in MOI. Mutants d12402, d12405, and
d12492 consistently produced foci that were
denser and larger than those produced by wild-
type SV40 (Fig. 7) or d1862 (data not shown).

TABLE 3. Transformation of nonpermissive cells
by viable deletion mutants

No. of transformed
Exp no. Cell type Mutant coloniesno. per 2 x 104 cellsa

1 NIH/3T3b 862 21
SV-S 28
2401 22
2402 27
2403 25
2404 19
2405 35

2 C57BL/6C 862 19
2401 21
2402 54
2403 10
2404 12
2405 69

3 C57BL/6c SV-S 18
2491 30
2492 31
2493 26
2402 30
1263 45
1265 40

a Visible colonies were counted after 21 to 25 days
after staining with methylene blue.

b Subconfluent NIH/3T3 cells were infected at an
MOI of 25 PFU/cell. Twenty-four hours after infec-
tion, cells were trypsinized and replated at 2 x 104
cells per 100-mm culture dish. Cells were cultivated in
DMEM + 2% FCS.

c Third-passage mouse embryo fibroblasts, derived
from C57BL/6 mice, were seeded at a density of 2 x
104 cells per 25-cm2 flask in DMEM + 10o FCS. After
overnight incubation, cells were infected at an MOI of
25 PFU/cell. After adsorption, cells were cultivated in
DMEM + 2% FCS.
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FIG. 7. Dense-focus transformation assay. Subconfluent cultures of NIH/3T3 cells were infected with viable
deletion mutants or wild-type SV40 at an MOI of 50 PFU/cell. After 24 h, cells were trypsinized and seeded at 5
X 102, 5 X 103, and 5 x 104 cells per plate in DMEM containing 2% FCS. After 3 weeks, foci were visualized by
staining with methylene blue. The plates shown above were seeded at 5 x 103 cells per plate.

From these data we conclude that these mutants
are not impaired in their ability to transform
both primary and established mouse cell lines.

DISCUSSION
Comparison of the DNA sequences of SV40

(21, 59) and polyoma (25, 67) reveals that these
two papovaviruses share substantial sequence
homology and that there are also regions unique
to each virus. There exists a sequence of ap-
proximately 500 bp in the middle of the early
region of polyoma DNA which has no counter-
part in SV40. This portion of the genome en-

codes the portion of the polyoma virus middle T
antigen not shared with other tumor antigens
and, in another reading frame, a portion of the
large T antigen. The unique portion of the SV40
early region spans approximately 400 bp be-
tween map positions 0.25 and 0.174 and encodes
the C-terminal 19% of the large T antigen.

This portion of the SV40 early region is asso-
ciated with (i) surface antigenicity and some
determinants for tumor-specific transplantation
antigenicity, based on studies with adenovirus-
SV40 hybrid viruses (41, 50); (ii) adenovirus
helper function, for which only the C-terminal 50
to 60 amino acids of the large T antigen appear to
be necessary (20); (iii) a small SV40-associated
RNA of 62 nucleotides, complementary to early
mRNA at map position 0.21 (1, 45); (iv) an
unassigned reading frame of 95 codons begin-
ning at map position 0.22 (with a run of four
consecutive methionine codons) and terminating
at map position 0.169, beyond the normal termi-
nation site for large T antigen.

In this paper, we have described the construc-
tion, isolation, and preliminary characterization
of two sets (d12401 through d12405 and d12491
through d12495) of five viable deletion mutants of
SV40 which lack 15 to 60 bp in the middle of this
portion of the early region, between map posi-
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FIG. 8. Amino acids sequences of deletion mutant large T antigens. The amino acid sequences of the large T
antigens of deletion mutants were determined from the nucleotide sequences (Fig. 2). Amino acids deleted are
indicated by boxes. For the mutant T antigens, amino acids are indicated only where codon fusion or nucleotide
insertion (in the case of d12492) causes the insertion of a new amino acid into large T antigen. For comparison, the
amino acid sequence of d11263 large T antigen (17) is also indicated.

tions 0.218 and 0.198 mu. The first set contains,
in addition, a deletion at the single HpaII site
(0.725 mu).
T antigens of the mutants. Correlation of the

DNA sequence of the mutants with the amino
acid sequence deduced for large T antigen al-
lows determination of amino acid changes which
occur in mutant large T antigens (Fig. 8). This
region of the A gene encodes an unusual run of
six consecutive acidic amino acids. Three of the
mutants have one deletion endpoint adjacent to
this portion of the A gene. d12491 retains a run of
six acidic residues, but the sixth residue be-
comes a glutamic acid instead of the aspartic
acid found in wild-type T antigen. d12493 lacks
the final acid residue from this run, whereas the
entire acidic sequence is retained in mutant
d12494. In the case of d12494, there is ambiguity
with respect to the actual location of the deletion
because of the presence of short repeated se-
quences in the A gene in this region. Regardless
of where the deletion is drawn, the six acidic
residues are retained by the large T antigen of
d12494.

Mutants d12492 and d12495 have endpoints
well downstream from this acidic region. The
deletion in mutant d12492 removes six amino
acids from large T antigen and inserts a threo-
nine as a result of codon fusion. T antigen is
known to be phosphorylated on a threonine
residue distal to this site near the C terminus of
the protein. Perhaps this newly introduced thre-
onine is also a site for phosphorylation. The
deletion in d12495 removes 20 amino acid resi-
dues.

Previous studies have shown that adenovirus

helper function is provided by the C-terminal
portion of large T antigen (12, 20). Any mutant
with a deletion that causes a reading frame shift
upstream from the helper function region should
direct the synthesis of a T antigen lacking helper
function. The existence of normal levels of help-
er function for all deletion mutants examined is
consistent with our finding that the deletions in
these mutants do not affect the large T antigen
reading frame. Furthermore, the deletions must
be sufficiently far upstream from the helper
function region to leave it functionally intact,
since none of the mutants examined showed
reduced helper function. Mutant d11263, lacking
33 bp at 0.195 mu (Fig. 2) retains only 30 to 40%
helper function (Table 2 and reference 12). The
deletion in mutant d12405 overlaps that of
d11263, yet d12405 shows normal helper func-
tion. Since helper function assays lack sufficient
sensitivity to detect defects of less than 50% in
helper function, it is possible that these mutants
have a slightly lower level of helper function
than wild-type SV40. These results suggest,
however, that approximately full levels of helper
function can be provided by a mutant T antigen
(from d12405) containing only 37 amino acids
encoded distal to the site of the deletion.

Transformation. Polyoma and SV40 have dif-
ferent genetic requirements for transformation.
Both viruses encode large and small T antigens,
but polyoma encodes a middle T antigen as well.
When a viral infection initiates the transforming
event, polyoma large T antigen is required to
establish the transformed state (18, 19, 23, 24,
62) but is not required for its maintenance (30,
40), and most transformed lines do not continue
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to produce large T antigen. Thus, only middle or
small t antigen or both are involved in the
maintenance of transformation by polyoma.
Although a functional small t antigen en-

hances the frequency of transformation by
SV40, only a functional large T antigen appears
necessary for the initial stabilization of transfor-
mation (7, 64, 66, 71). In many cases, continued
expression of large T is required to maintain the
transformed state (8, 9, 46, 51, 58). Thus, SV40
large T antigen must be performing functions
distinct from and in addition to those performed
by polyoma large T antigen. It is possible that
this function is contributed by the C-terminal
19% of the SV40 large T antigen, which is the
only part lacking homology to polyoma large T
antigen.
None of the mutants described in this report is

defective in its ability to transform continuous
and primary mouse cell lines, based on a focus
assay. Furthermore, foci induced by d12492,
d12402, and d12405 are generally larger and dens-
er than foci induced by wild-type SV40 or the
other deletion mutants. It is interesting to note
that Griffin and Maddock (27) have isolated a
mutant (dl8) of polyoma virus with a deletion in
the region encoding middle and large T antigens
that also results in larger foci. Cells transformed
by d12491 and d12493 have been tested for their
ability to grow in soft agar; both have cloning
efficiencies of approximately 10%, similar to the
cloning efficiency in soft agar of wild-type SV40-
transformed mouse cells (Polvino-Bodnar and
Cole, unpublished data). More extensive experi-
ments, including transformation assays conduct-
ed in soft agar, will be necessary for a thorough
understanding of the transformation behavior of
these mutants.

Limits of viability. Viable deletion mutants
originally isolated by Shenk et al. (65) contained
lesions which mapped in three different regions
of the genome: 0.54 to 0.59, 0.68 to 0.75, and
0.165 to 0.175 mu. The first class of mutants
affect only small t antigen, which is dispensible
for lytic infection (15, 65). The other two sets of
mutants map in intergenic regions. Subsequent-
ly, viable deletion mutants were isolated which
have lesions in the coding regions for VP1, VP2,
VP3, or large T antigen (13). From the studies
described in this communication, it is now clear
that substantial portions of T antigen distal to
map position 0.218 are not required during either
the lytic or transforming infection. None of the
mutants described here showed any temperature
sensitivity. This contrasts with the behavior of
mutant dl(ts)1499, which has a deletion of 81 bp
in this region and which is temperature sensitive
for lytic growth (54, 55). Recently, a revertant
of this mutant has been isolated (N. Bouck,
A. Pater, C. Chang, and G. di Mayorca, personal

communication). The revertant no longer shows
temperature sensitivity, but appears to retain the
original deletion, suggesting that the phenotype
of dl(ts)1499 may be due to the presence of a
previously undetected second mutation. Alter-
natively, a second mutation could have occurred
to generate the revertant.
Mutants d12491 through d12495, d11263,

d11265, and dl(ts)1499 all map in this area and
together delete much of the sequence distal to
0.218 mu. However, all of these mutants retain
the 77 nucleotides between the deletions of
d11263 and d11265. Recently, defective (nonvia-
ble) mutants with deletions causing a reading
frame shift at 0.22 mu have been isolated (J.
Tornow and C. N. Cole, unpublished data),
indicating that the C-terminal portion of large T
antigen plays some essential role. Detailed char-
acterization of additional mutants with lesions in
this portion of the SV40 genome should allow
determination of the functions performed by this
portion of the A gene product in both lytic and
transforming infections.

In addition, substantial portions of the alter-
nate reading frame have been deleted in various
mutants which have been described. These in-
clude the mutants reported here, as well as
mutants with deletions between the end of the A
gene (nucleotide 2677, Fig. 2) and the end of the
alternate reading frame (nucleotide 2632) (22,
65). All mutants with deletions in the proximal
part of this alternate coding frame do not cause
frame shifts; only those mutants with deletions
very near the end of this alternate reading frame
are nontriplet deletions. Therefore, we cannot
yet determine whether this alternate reading
frame encodes an as yet undiscovered SV40
polypeptide.
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