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The incorporation of 3H-thymidine (3H-dT) into deoxyribonucleic acid (DNA)
has been studied in uninfected confluent monolayer cultures of monkey kidney
and mouse kidney cells, simian virus 40 (SV40)-infected cells, and in SV40-trans-
formed mouse kidney cells. Radioautographic measurements revealed that during
the period from 28 to 51 hr after productive SV40 infection of monkey kidney cul-
tures about 80% of the cells synthesized DNA, compared to about 16% in unin-
fected cultures. At 28 to 43 hr after abortive SV40 infection of mouse kidney cul-
tures, 24 to 37% of the cells synthesized DNA, compared to about 6 to 8% in
uninfected cultures. The infected monkey kidney and mouse kidney cultures,
respectively, incorporated about 5 to 10 times and 3 to 5 times as much 3H-dT into
DNA as did uninfected cultures. Moreover, the net DNA synthesized by SV40-
infected monkey kidney cultures, estimated by colorimetric methods, substantially
exceeded that of uninfected cultures.

Nitrocellulose chromatography and band centrifugation experiments were per-
formed to elucidate the kinds of DNA synthesized in the cultures. In uninfected
monkey kidney cultures and at 2 to 12 hr after SV40 infection, almost all of the
3H-dT labeled DNA sedimented more rapidly than SV40 DNA, and the radioac-
tive DNA was denatured by heating for 12 min at 100 C (cellular DNA). Almost all
of the labeled DNA obtained from abortively infected mouse kidney cultures and
from SV40-transformed cells also had the properties of cellular DNA. However,
approximately one-third to one-half of the labeled DNA obtained from monkey
kidney cultures 28 to 51 hr after infection sedimented more slowly than cellular
DNA and was not denatured by the heating (SV40 DNA). It is concluded that
cellular DNA synthesis was induced during either the productive or abortive SV40
infections.

Productive infection by simian virus 40 (SV40)
results in a pronounced increase in the incorpora-
tion of 3H-thymidine (dT) and 3H-deoxyadenosine
into deoxyribonucleic acids (DNA) of either
primary green monkey kidney (GMK) or the
CV-1 established line of GMK cells. Radio-
autographic experiments have shown that the
percentage of cells with labeled nuclei also in-
creases sharply beginning at about 16 to 20 hr
after infection (23). Studies by Hatanaka and
Dulbecco (16) and by Westphal and co-workers
(38, 39) indicated that SV40 induces synthesis
not only of virus DNA but also of cellular DNA.
In the experiments of Hatanaka and Dulbecco
(16), resting confluent GMK cell cultures
were used. Immunofluorescence measurements
showed that about 50 to 60% of the cells were
positive for the SV40-intranuclear-"tumor"-anti-

gen at 40 hr after infection. In contrast to the
above findings, Gershon, Sachs, and Winocour
(13) observed that in contact-inhibited or X-
irradiated BSC-1 monkey kidney cells, where
nearly all of the cells synthesized virus, there was
no induction of cellular DNA synthesis. More-
over, experiments by Sauer et al. (31), with
proliferating GMK cell cultures, also suggested
that SV40 does not induce cellular DNA syn-
thesis.

Interpretation of experiments with the closely
related polyoma virus has also been controversial.
Using mouse kidney cultures in which about half
of the cells were productively infected with
polyoma virus, several laboratories (1, 2, 10, 12,
36, 37, 40) have concluded that an induction of
cellular DNA synthesis occurs. However, Sheinin
(32) has reported that in exponentially growing
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mouse embryo cells, in which nearly all infected
cells make virus, cellular DNA synthesis is
inhibited after polyoma virus DNA synthesis
begins. On the other hand, there appears to be
agreement that cellular DNA synthesis is induced
after abortive infection of 3T3 cells by SV40 (13,
17) or of rat embryo cells by polyoma virus (12,
33).

In the investigation of DNA synthesis in
monkey kidney cultures, colorimetric estimations
revealed that the net DNA synthesized 30 to 50
hr after SV40 infection greatly exceeded that of
uninfected cultures (23). It seemed unlikely that
the substantial net DNA increase could be
accounted for solely as viral DNA. The question
of whether SV40 induces cellular DNA synthesis
has therefore been investigated both in primary
GMK cultures and in the established CV-1 cell
line, under conditions where at least 75% of the
cells were infected (6, 23). The possible induction
of cellular DNA synthesis in mouse kidney cul-
tures abortively infected by SV40 has also been
studied. In addition, it was of interest to learn
whether closed circular-SV40 DNA (W. Bauer
and J. Vinograd, Abstr. Ann. Meeting Biophys.
Soc., 11th, Houston, Tex., p. 133, 1967) was made
in cells transformed by SV40 (25).

MATERIALS AND METHODS

Cell cultures. CV-1 cells, an established strain of
GMK cells, primary cultures of GMK cells, primary
cultures of mouse kidney cells, and SV40-transformed
mouse kidney cells (mKS-A) were grown in mono-
layer cultures as described previously (22, 23, 25).

Preparation and assay of virus stocks. SV40 was
propagated and assayed in monolayer cultures of CV-1
cells as previously described (23).

Complement-fixation tests. SV40 tumor antigen was
demonstrated by complement fixation with ascitic
fluid from hamsters bearing SV40 transplant (virus-
free) tumors (Flow Laboratories, Inc., Rockville,
Md.). A semi-microtest was employed which involved
the use of 0.05 ml of each ingredient in disposable
plastic trays (28). Reference antigens were prepared
from either SV40-transformed mouse kidney cells
(mKS) or CV-1 cells 40 to 44 hr after inoculation of
SV40. Packed cells were resuspended in 4 or 9 volumes
of modified barbital buffer (6) and treated at 4 C with
a Raytheon sonic oscillator at 10 kc for 1 min. The
sonic-treated material was centrifuged for 1 hr at either
34,000 X g or 100,000 X g. Supernatant fluids were
collected and stored at -20 C. Antigen titers were
determined as the reciprocal of the highest dilution of
antigen giving 3+ or 4+ fixation in the presence of 4
units of antibody and 2 full units of complement. For
comparative purposes, antigen titers were expressed as

complement-fixing (CF) units per 107 cells.
Inifectioni of cells for biochemical experiments. Con-

fluent monolayer cultures fed 24 to 48 hr prior to
infection were used. The culture medium was dis-
carded, and 2 to 5 ml of virus suspension was added

to each culture. The input multiplicities for each
experiment are shown in the legends to the tables
and figures. The cultures were incubated for 2 hr at
37 C to permit virus absorption, during which time
they were rocked approximately every 20 min. The
fluid was discarded and 20 ml of prewarmed R5a
medium (8) plus 10% calf serum was added to the
CV-1, mKS-A, or mouse kidney cultures; 30 ml of
Melnick's medium B was added to GMK cell cultures.

At various times after infection, cultures were
inoculated with 0.1 or 0.2 ml of 3H-dT (New England
Nuclear Corp., Boston, Mass.). The cultures were
incubated at 37 C for the times indicated in Tables 1
and 2. Noninfected cultures were treated similarly,
except that either R5a medium or spent medium
(medium removed from 4- to 7-day-old cultures) was
substituted for the virus preparations. After the 3H-
dT-labeling period, the cultures were washed with
saline-glucose solution and removed from the glass
with saline-glucose solution containing 0.051% trypsin
(1: 300; Nutritional Biochemicals Corp., Cleveland,
Ohio) and 0.05% ethylenediaminetetraacetic acid.

Cells from 18 to 30 cultures were pooled for each
experimental group. Portions of the resulting cell
suspension were withdrawn for radioautography and
for the determination of the total DNA content and
specific activity of the DNA (24). The remainder of
the cells (about 300 million cells) were sedimented by
centrifugation, washed with saline-glucose, and used
for the extraction of cellular and viral DNA.

Extraction and purification of DNA. The p-amino-
salicylate-phenol method (18, 20) was modified as
follows. To each volume of centrifuged cells was
added 12 volumes of 6% (w/v) sodium p-amino-
salicylate (J. H. Delamar and Son, Inc., Chicago, Ill.)
and 12 volumes of 90%c (v/v) redistilled phenol. The
viscous suspension was stirred for 1 hr at room tem-
perature and centrifuged for 1 hr at 10,000 rev/min
(by use of an SS-34 rotor and a Servall RC-2 auto-
matic refrigerated centrifuge). The phenol phase was
re-extracted with 4 ml of 6%o p-aminosalicylate per ml
of centrifuged cells and recentrifuged; the aqueous
phases were then combined. The aqueous solutions
were gently shaken with 4 ml of phenol per ml of
centrifuged cells and were centrifuged to break up the
emulsion. DNA was precipitated from the p-amino-
salicylate solution by the addition of an equal volume
of redistilled 2-ethoxyethanol (J. T. Baker Chemical
Co., Phillipsburg, N.J.). The DNA was dissolved in
4% sodium acetate and reprecipitated four times with
2-ethoxyethanol. Finally, the DNA was dissolved in
IX SSC (0.15 M sodium chloride, 0.015 M sodium
citrate, pH 7.0) and dialyzed for about 24 hr against
2 liters of 1X SSC-buffer solution. The dialysate
solution was changed four or five times during this
interval. Then the DNA solution was diluted with
1 X SSC to a concentration of about 200 to 500 ug/
ml, and this stock solution was stored at 4 C until
needed for nitrocellulose-column chromatography or
velocity gradient-centrifugation experiments.

With the p-aminosalicylate-phenol method, over
90%- of the DNA is extracted from cells. There are

small losses during the transfer and reprecipitation
steps. In the present experiments, the final DNA yields,
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determined either by radioactive isotope labeling or by
colorimetric methods, were 66 to 95%.

The possibility that DNA preparations of either
high or low specific activity were being selected by the
extraction and purification procedure was considered.
Contrary to this hypothesis, it was found that the
specific activity of the purified DNA agreed within
10% with the specific activity of the DNA determined
directly on portions of the cells.

Heat deniaturation of cellular DNA. DNA in 1X
SSC at a concentration of about 10 ,ug/ml was heated
in a boiling-water bath for 12 min, and then was
transferred to an ice bath. After cooling, the ionic
strength of the solution was adjusted to 2X SSC by
the addition of lOX SSC, and the DNA was then used
immediately for nitrocellulose-column chromatog-
raphy.

Separation of double-stranded from heat-denatured
DNA by nitrocellulose chromatography. The method of
Klamerth (27) was used to separate double-stranded
DNA from heat-denatured (single-stranded DNA).
Serva NitroCel-S (Gallard-Schlesinger Chemical
Manufacturing Corp., Carle Place, N.Y.) was tightly
packed in columns (5 by 1 cm) and equilibrated with
2X SSC. Approximately 40 to 90 ,ug of native or
heat-denatured DNA dissolved in 2X SSC, was ap-
plied to each column. Figure 1 illustrates the elution
from the columns of DNA from uninfected and from
SV40-infected GMK cell cultures. Native DNA was
not retained by the columns; approximately 93% of
the DNA was eluted with the first 12 ml of 2X SSC.
However, 95 to 98% of the heat-denatured DNA from
uninfected cells was retained. This DNA could be
recovered quantitatively from the columns by suc-
cessive elutions with 0.1X SSC and 0.01 N NaOH.
Figure 1 also illustrates the fact that about 40% of the
heat-treated DNA from SV40-infected GMK cells
was eluted from the nitrocellulose by 2X SSC. The
latter DNA apparently remains double-stranded after
heating and has other properties which suggest that
it is SV40 DNA.

Sedimentation velocity analysis (band centrifugation)
ofDNA. Band centrifugation (35) ofDNA was carried
out as described by Weil et al. (37). The lamella con-
sisted of 0.05 or 0.1 ml (2 to 5 pig) ofDNA in 1 X SSC.
The bulk solution was 3 ml of CsCl, density 1.503
g/cc. The DNA was centrifuged at 20 C in the SW39
rotor of a Spinco model L-2 centrifuge for 3 hr at
35,000 rev/min. Fractions consisting of 8 drops were
collected (Density Gradient-Sedimentation Device,
Buchler Instruments, Inc., Fort Lee, N.J.), and the
radioactivity was determined with a Packard Tri-
Carb model 314EX liquid scintillation spectrometer.
SV40-DNA marker. To isolate SV40 DNA, ad-

vantage was taken of the fact that the twisted-circular
form of this DNA is resistant to thermal denaturation
under conditions where cellular DNA is denatured.
Therefore, DNA from SV40-infected CV-1 cells was
heated for 12 mmn in a boiling-water bath, cooled, and
applied to a nitrocellulose column in 2X SSC. The
DNA eluted from the column with 2X SSC was
utilized as an SV40-DNA marker.
To verify that the marker DNA had the charac-

teristics of SV40 DNA, the following experiments were
performed.

(i) The marker DNA was heated for a second time
at 100 C, cooled, and applied to a nitrocellulose
column. Over 90% of this DNA was recovered by
eluting with 2X SSC, as would be expected for double-
stranded DNA;

(ii) The marker DNA was treated with beef pan-
creatic deoxyribonuclease to learn whether deoxyribo-
nuclease treatment would convert the marker DNA to
a form that would not be resistant to heat denatura-
tion (9, 35). A solution of beef pancreatic deoxyribo-
nuclease (2 X 104, g/mI; Worthington Biochemical
Corp., Freehold, N.J.), containing 5 X 10-3 M MgCl2,
was added to the SV40-marker DNA for 90 min at
37 C, and then the DNA was heated for 10 min at 100
C. Nitrocellulose chromatography experiments
showed that 92% of this deoxyribonuclease-treated
marker DNA now was denatured by heating, as would
be expected if closed circular DNA were converted by
the deoxyribonuclease treatment to a linear structure.

(iii) Native SV40 marker-DNA sedimented more
slowly than cellular DNA during band centrifugation
in CsCI density gradients. Some of the marker-DNA
was isolated from the peak fractions, dialyzed against
Ix SSC, and heated at 100 C. The heated DNA was
then subjected to nitrocellulose column chromatog-
raphy; 89% of the DNA was eluted from the columns
with 2X SSC.

(iv) During velocity sedimentation in CsCl density
gradients, SV40 marker-DNA banded at the same
position as labeled DNA isolated from purified SV40
particles.

RESULTS

Incorporation of 3H-dT into DNA of SV40-in-
fected monkey kidney cell cultures. In confir-
mation of previous studies (23), SV40 infection
markedly stimulated the incorporation of 3H-dT
into DNA of GMK or CV-1 cell cultures 28
to 51 hr after infection. This stimulation was
not observed, however, when the cultures were
incubated with 3H-T at 2 to 12 hr after
infection (Experiment VII, Table 1). Radio-
autographic measurements showed that at 33 to
51 hr postinfection 81 to 87% of the cells of the
infected cultures were synthesizing DNA, whereas
only 9 to 16% of the cells in the uninfected
cultures were doing so. These observations sup-
port the conclusion that virtually all of the cells
were productively infected.
From the right-hand column of Table 1, it may

be seen that the net DNA synthesis of SV40-in-
fected cultures greatly exceeded that of unin-
fected cultures. Thus, it is unlikely that the in-
creased incorporation of 3HdT merely represents
an enhancement of DNA turnover or synthesis
of DNA by repair mechanisms in the infected
cultures.

Induction of dT kinase activity and "tumor"-
antigen by SV40. For control purposes, the induc-
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TABLE 1. Inicorporation of 3H-dT inlto the DNA of uninlfected, SV40-inzfected, anzd SV40-trantsformed cell
culturesa

Expt Cells

_I

I mKS-A
II Mouse kidney

III Mouse kidney
IV GMK

V CV 1

VI

VII

CV-1

CV-1

Interval of -H-dT
incorporation

(hr postinfection)b

Radioautography
(%c Nuclei labeled)

Uninfected

0-10
32-42 5.77
28-43 8.3
28-38 -

38-48
28-38 16.2
38-48 13.4
31-41 16.3
41-51 14.0
2-12 19.4
33-43 9.2

Counts per min
per ug of DN-A

Infected Uninfected

23.9
36.9

80.9
87.0
71.8
80.8
20.7
80.6

3,040
420
714
212
196
582
437
573
497
721
392

a Experiment I: 3-day-old cultures (30 X 106 cells/culture) of mKS-A cells (passage 72 after initial
infection by SV40); 3H-dT, 0.5 ,c and 2,ug/ml. Experiment Il: 6-day-old cultures (8.2 X 106 cells per

culture); SV40 input multiplicity, 200 plaque-forming units (PFU)/cell. 3H-dT, 0.5 4c and 1 ,g/ml.
Experiment III: 8-day-old cultures (5.9 X 101 cells per culture); SV40 input multiplicity, 218 PFU/cell;
3H-dT, I ,uc and 2,g/iml. Experiment IV: 11-day-old cultures (27.1 X 106 cells per culture); SV40 input
multiplicity, 52 PFU/cell; 3H-dT, 0.66,c and 2.6 Mg/ml. Experiment V: 8-day-old cultures (18 X 106
cells per culture); SV40 input multiplicity, 62 PFU/cell; 3H-dT, 0.75,uc and 2,ug/ml. Experiment VI: 7-
day-old cultures (15.3 X 106 cells/culture); SV40 input multiplicity, 77 PFU/cell; 3H-dT, 0.75 Mc and
2 jug/ml. Experiment VII: 7-day-old cultures (14.1 X 106 cells per culture); SV40 input multiplicity, 84
PFU/cell; 3H-dT, 0.75 Mc and 2,g/ml.
bFor mKS-A cultures, interval of 3H-dT labeling denotes time after medium change. For uninfected

cultures, interval of labeling refers to time after "mock infection."
c Total DNA per culture measured by diphenylamine reaction (4).

tion of dT kinase and the complement-fixing
intranuclear "tumor"-antigen were determined
on replicate monkey kidney cell cultures at about
46 hr after SV40 infection. In all of the experi-
ments, the dT kinase activity of infected cultures
was about 12 times greater than that of uninfected
cultures. The "tumor"-antigen titers varied from
about 100 to 250 CF units per 10' cells. These
values are in the same range as was observed
previously (23, 25).

Fractionation of heated DNA on nitrocellulose
columns. Figures 1 through 3 show that heating
DNA from uninfected monkey kidney cells at
100 C for 12 min converted 95 to 99% of that
DNA to a single-stranded form which was

strongly retained by the nitrocellulose. The 3H-dT-
labeled DNA from SV40-infected monkey kidney
cells consisted of both cellular and viral DNA.
To estimate the amount of radioactive SV40 DNA
present, the heated DNA from the infected
cultures was also chromatographed. From one-

third to one-half of this DNA had the properties
of double-stranded DNA. Some of the SV40
DNA might have been converted to single-
stranded DNA by the heat treatment. Therefore,
the experiment provides an estimate of the

minimal amount of SV40 DNA present in the
samples from SV40-infected monkey kidney cells.

Figures 2 and 3 show that the total 3H-dT
incorporated into DNA of SV40-infected cultures
was 5 to 10 times greater than that of the unin-
fected cultures. Since one-half to two-thirds of
the total labeled DNA was denatured to the
single-stranded form by heating, these figures
provide an upper limit to the amount of radio-
active cellular DNA. It would appear from Fig. 2
and 3 that SV40 markedly increased the incor-
poration of 3H-T into cellular DNA.

Sedimentation velocity analysis of 3H-dT-labeled
DNA from SV40-infected monkey kidney cells.
SV40 DNA has a molecular weight of about 3
x 106 daltons (7). This molecular weight is
considerably smaller than that of the bulk of the
cellular DNA (19, 20).
The SV40 DNA can be separated from most

of the native-cellular DNA by band centrifuga-
tion in CsCl gradients (1, 7, 37). Thus, a lower
limit to the amount of 3H-dT-labeled cellular
DNA present in DNA purified from SV40-in-
fected monkey kidney cultures can be obtained.

Results of sedimentation velocity analyses of
DNA from uninfected and SV40-infected monkey
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SV4O-
Infected

1,230
3,320
660
594

2,280
1,990
2,110
1,880

722
2,390

Total DNA
per culture'
(infected/

uninfected)

1.20
1.06
1.26
1.54
1.25
1.79
1.30
1.60
1.04
1.37
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FIG. 1. Nitrocellulose-column chromatography of
native DNA anid hleat-deniatured DNA from: (a) u/i-
inifected anid (b) SV40-infected GMK cell cultures.
SV40-iniput multiplicity: 75 PFU/cell. Cultures were
incubated with 3H-dT (1.3 ,uc and 2 ,ug of dT/ml) from
48 to 54 hr after inlfectioni. Approximately 20 ,ig ofDNA
(24,000 counIts per miii Jbr DNA from uninifected anid
36,000 countts per miii for DNA from SV40-infected
cultures) was applied to each of the columnis.

kidney cells are shown in Fig. 4. The DNA ob-
tained from cultures pulse-labeled with 3H-dT at
33 to 43 hr after SV40 infection, exhibits a peak
of radioactivity at the same position as that of
the SV40 DNA marker. This radioactive peak
was not present in the DNA of cultures labeled
with 3H-dT from 2 to 12 hr after infection nor in
the DNA of cultures from uninfected cells. About
90% of the DNA from uninfected cell cultures
sediments more rapidly than the SV40 DNA
marker or the slowly sedimenting radioactive
peak from SV40-infected cultures. From 50 to
60% of the radioactivity is present in the more
rapidly sedimenting DNA of infected cultures.
Thus, this DNA is too large to be SV40 DNA,
and at least half of the 3H-dT-labeled DNA from
the infected cultures must be cellular DNA. The
findings were the same when DNA samples
described in experiments V and VI of Table 1
were employed for band centrifugation. From
these results, it can be concluded that cellular
DNA synthesis is indeed induced by SV40 in
productively infected CV-1 or GMK cell cultures.

J. VIROL.
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FIG. 2. Estimation by niitrocellulose-cohimnt chro-
inatographty of the relative amounts of SV40 DNA an2d
cellular DNA synithesized by mKS-A, and by uninifected
and SV40-infected CV-1 cell cultures. DNA samples
were heated at 100 C for 12 min prior to chromatog-
raphly. Single-stranded (SS) DNA is the deniatured
DNA which requires 0.JX SSC and 0.01 x NaOH
for elution. Double-stranded (DS) DNA is that DNA
which is not denatured by thle heating anld is ehltedfrom
the columns with 2X SSC (circular-S V40 DNA). The
intervals of 3H-dT incorporationz inito DNA are shtown
below each columns. The experiment numbers refer to
the experiments depicted il Table 1.
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FIG. 3. Estimation by niitrocellulose-cohimmn chro-
matographly of the relative amounts SV40 DNA and
cellular DNA synthesized by SV40-infected miiouise kid-
ney and GMK cell cultures. DNA samples were heated
at 100 C for 12 min prior to chromatographiy. Single-
stranided (SS) DNA is the denatured DNA which re-
quires 0.1X SSCandO.0J . NaOHfor elution. Double-
stranded (DS) DNA is that DNA whlich is nlot demiatured
by the heatinzg and is eluted from the columnis with 2X
SSC (circular-SV40 DNA). The intervals of 3H-dT
incorporation into DNA are shown below! each column.
The experiment numbers refer to the experiments
depicted in Table 1.

Abortive-SV40 infection of mouse kidney cell
cultures. Infection of mouse kidney cell cultures
by SV40 is abortive (25). Experiments II and III
in Table 1 confirmed previous findings that SV40
infection of the mouse kidney cells results in a
three- to fivefold stimulation of the incorporation
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FIG. 4. Sedimentation-velocity analysis
trifugation) of3H-dT-labeled DNA from unii
SV40-infected CV-1 cell cultures (see TablE
ment VII).
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ugation) of 2H-dT-labeled DNA from n

cultures andfrom S V40-infected mouse kidn
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kidney DNA, respectively, see Table 1, exj
and II.

of 3H-dT into DNA and that the per(
cells in the culture with labeled nuclei
28 to 43 hr after infection. In the sar
ments, it was shown that a threefold i
dT kinase activity and an induction of,
per 10' cells of SV40-tumor antigen oc
hr after the SV40 infection.

Figure 3 shows that, in contrast to 1

with SV40-infected monkey kidney cel
little, if any, heat-resistant, closed circ
DNA was made in mouse kidney culti
tively infected with SV40. Figure 5 ill
typical band-centrifugation experim
native DNA from SV40-infected mou

cultures. About 90% of the DNA s

more rapidly than the SV40 DNA ma
same result was obtained with DNA f
fected mouse kidney cultures. The sedi
velocity experiments further demons

circular-SV40 DNA synthesis is blocked in SV40-
infected mouse kidney cultures. Since there was
a three- to fivefold increase in the total 3H-dT

- incorporated into DNA after SV40 infection
(Fig. 3), it would appear that cellular DNA syn-
thesis was induced by SV40 during the abortive
infection.
DNA synthesis by SV4O-transformed mKS-A

cells. Growth and DNA synthesis are rapid in
mouse kidney lines transformed by SV40. In
comparison with normal mouse kidney cell cul-
tures, the transformed cell lines all contain
elevated levels of dT kinase, DNA polymerase,

!4 32 40 deoxycytidine monophosphate (dCMP) deami-TOP
nase, and deoxythymidine monophosphate

(band cen- (dTMP) kinase activities. The SV40-transformed
'nfected and cell lines also contain the SV40-"tumor" antigen,
e I, experi- but no detectable SV40-capsid antigen or virus

particles. Neither intact cells nor extracts of the
transformed cells produced plaques when plated

W40-INFECTE on CV-1 cells. However, small amounts of SV40
OUSE KIDNEY could be recovered routinely when the trans-NA
KS-A DNA formed cells were grown in mixed cultures with
ARKER CV-1 cells (25, 26).

One strain (mKS-A) of the SV40-transformed
mouse kidney cells (Table 1; experiment I) has
been tested for the possible presence of twisted-
circular SV40 DNA. Nitrocellulose-chromatog-
raphy (Fig. 2) and sedimentation-velocity (Fig.
5) analyses of the DNA from mKS-A cells show

36 40 44 that at least 98% of the DNA synthesized by
TOP mKS-A cells, does not have the properties of

and centif- twisted-circular SV40 DNA.
nIKS-A cell DIscUSSION
rey cell cul-
ited mouse The incorporation of 3H-dT into DNA has
periments I been studied in confluent monolayer cultures of

GMK and CV-1 cells infected with SV40 at input
multiplicities of about 50 to 85 PFU per cell. It

centage of was shown previously that 60 to 80% of the cells
i increases in these cultures are virus producers (23). In the
ne experi- present series of experiments, about 80% of the
ncrease in cells in the infected cultures were synthesizing
2 CF units DNA, compared with about 15% of the cells in
curred 46 uninfected cultures, supporting the conclusion

that the majority of the cells were infected with
the results SV40.
1 cultures, In SV40-infected cultures, the incorporation of
,ular-SV40 3H-dT into DNA was markedly stimulated. Since
ures abor- the activities dT kinase, DNA polymerase, dTMP
lustrates a synthetase, and FH2 reductase are also enhanced
ent with after SV40 infection (11, 23, 25, 26), it would not
ise kidney be unreasonable to suppose that labeled DNA
edimented precursor pools increase in infected cultures and
irker. The that an increase in 3H-dTTP pools partly explains
rom unin- the increased incorporation of 3H-dT into DNA.
imentation Another possibility is that repair replication of
trate that DNA partly accounts for the increased incor-
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poration of 3H-dT into DNA (15, 29). Although
these possibilities have not been ruled out, it
seems unlikely that enlarged precursor pools or
repair replication are alone responsible for the
stimulated 3H-dT labeling of DNA in infected
cultures. As shown previously (24) and in the
present study (Table 1), the net amount of DNA
synthesized in infected cultures, estimated by
colorimetric methods, substantially exceeds that
of noninfected cultures.
The kind of DNA synthesized has been eluci-

dated by nitrocellulose column chromatography
and band centrifugation experiments. These
experiments show that only one-third to one-half
of the 3H-dT labeled DNA has the properties of
SV40 DNA. Since there is 5 to 10 times more 3H-
dT incorporated into DNA of infected than un-
infected cultures, the present findings confirm the
conclusions of Hatanaka and Dulbecco (16) and
Westphal and workers (38, 39) that SV40 infec-
tion induces cellular DNA synthesis in confluent
cultures of monkey kidney cells. This induction
can be demonstrated in the established CV-1 cell
line of GMK cells as well as in primary GMK
cultures. The present results differ, however,
from those of Gershon et al. (13), who used the
BSC-1 established line of monkey kidney cells.
Perhaps the divergent findings are attributable
to differences in the metabolism and response of
BSC-1 and CV-1 cells to SV40 infection.

In SV40-infected monkey kidney cultures,
SV40-DNA synthesis probably begins at about
12 to 16 hr and continues through 51 hr after
infection. This may be inferred from the following
considerations: (i) the radioactive DNA made 2
to 12 hr after SV40 infection does not have the
properties of SV40 DNA, and uptake of 3H-dT
into DNA at that time is not enhanced; (ii)
radioautographic and isotope incorporation
studies show that stimulated uptake of 3H-dT
usually commences at about 16 hr; (iii) single-
step growth curves show that the SV40 eclipse
period is of 21 to 24 hr duration (23); and (iv) a
substantial proportion of the labeled DNA at 28
to 51 hr after infection is SV40 DNA (Table 1,
Fig. 2, 3). It is therefore noteworthy that enhanced
incorporation of 3H-dT into cellular DNA was
observed even during the time that virus matura-
tion and SV40 DNA synthesis were proceeding.
Thus, under the conditions of the present study,
the onset of SV40 DNA synthesis was not ac-
companied by a shutoff of cellular DNA synthesis,
as has been observed in exponentially growing
mouse embryo cultures infected with the closely
related polyoma virus (32).

Incorporation of 3H-dT into cellular DNA was
also stimulated in primary mouse kidney cultures

abortively infected with SV40 (Fig. 3, 5). How-
ever, in abortively infected cultures and in SV40-
transformed cells, little, if any, closed-circular
SV40 DNA was made. Nor does it appear likely
that a linear form of SV40 DNA was synthesized
and then partly fragmented. If this were true,
radioactivity should have been found in the band
centrifugation experiments in a region sedi-
menting more slowly than the SV40 marker
DNA (Fig. 5). However, almost all of the 3H-dT-
labeled DNA from SV40-infected mouse kidney
or from SV40-transformed cells sedimented more
rapidly than SV40-DNA marker, a result signify-
ing that this DNA had a higher molecular weight
than either the closed circular or the linear form
of double-stranded SV40 DNA (9, 34; Bauer and
Vinograd, Abstr. Ann. Meeting Biophys. Soc.,
11th, Houston, Tex., p. 133, 1967).
From the present study and previous findings

(11, 16, 23, 25, 26, 38, 39), the following descrip-
tion of events in confluent monolayer cultures of
SV40-infected cells emerges. In contrast to
poxvirus (21, 24), herpesvirus (3), and possibly
adenovirus infections (14, 30), SV40 infection
does not shutoff cellular DNA synthesis during
the time that SV40 DNA and SV40 capsid pro-
teins are being synthesized and for at least 20 hr
after virus maturation has begun.

In SV40-infected GMK or CV-1 cell cultures,
T-antigen, capsid protein, and SV40 DNA are
synthesized, cellular DNA synthesis is induced,
and the activities of four enzymes of DNA
metabolism are enhanced. Two of these four
enzymes, namely, dT kinase and DNA polym-
erase, have altered properties (23, 26).

After abortive SV40-infection of mouse kidney
cells, the T antigen is made and cellular DNA
synthesis is induced, but capsid protein and SV40
DNA synthesis are blocked. The activities of dT
kinase, DNA polymerase, dTMP kinase, and
dCMP deaminase are enhanced. In contrast to
the enzymes of productively infected monkey
kidney cells, the dT kinase and the DNA polym-
erase induced by SV40 in mouse kidney cells
do not exhibit altered properties, suggesting
that they are derepressed cellular enzymes (S.
Kit, In Y. Ito [ed.], Subviral carcinogenesis, in
press).

In SV40-transformed mKS cells, the T antigen
is made but not SV40 DNA or capsid protein.
The properties of the dT kinase and the DNA
polymerase purified from mKS cells also resemble
those of uninfected mouse kidney cells, so that
the block in the expression of SV40 genetic
functions in mKS cells resembles that in abor-
tively infected mouse kidney cells (S. Kit, In Y.
Ito [ed.], Subviral carcinogenesis, in press).
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