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Analysis of the viral-specific RNA in simian virus 40(SV40)-infected monkey
kidney cells indicated the extensive transcription of both DNA strands. These
symmetrically transcribed sequences were localized in the nucleus of infected
cells, whereas only the "true" early and late SV40 transcripts were found in the
cytoplasm. These results suggest that selective posttranscriptional degradation
and/or transport occurs after transcription of the viral DNA. On the basis of
hybridization experiments with cytoplasmic RNA and the separated strands of
the SV40 Hin fragments, the early SV40 region appears to include all of Hin
fragments A, H, I, and B (48% of the genome), whereas the late region is
represented in Hin fragments C, D, E, K, F, J, and G (52% of the genome).

The lytic cycle of simian virus 40 (SV40) in
monkey kidney cells is characterized by early
and late phases. Prior to viral DNA synthesis,
viral RNA complementary to the minus (E)
strand of SV40 DNA can be detected; subse-
quent to viral DNA replication, late
SV40-specific RNA complementary to the plus
(L) strand is synthesized (10, 12, 14, 19). From
hybridization studies employing 32P-labeled
separated strands of the 11 Haemophilus in-
fluenzae fragments of SV40 DNA, and total
infected cellular RNA, a transcriptional map of
the SV40 genome was constructed. The tem:
plate for "early" RNA synthesis was shown to
extend from 0.26 to 0.59 map units on the minus
strand; the late region of the viral genome
encompassed sequences present in two-thirds of
the plus DNA strand (0.59 to 0.26 map units)
(13). Similar findings were subsequently ob-
tained by others (20, 22). Whereas these studies
indicated the general positions of the early and
late regions in SV40 DNA, some of the experi-
mental results suggested that viral DNA tran-
scription was a complex process.
The significant reaction (35 to 46%) between

total late lytic cellular RNA and the plus
strands of Hin fragments H and I (which are
situated in the middle of the early gene region)
was difficult to explain, as was the inability to
saturate either strand of Hin H or I with late
lytic total cellular RNA. These results, as well
as the findings of Patch et al. (17), raised the
possibility that the early template was discon-
tinuous and contained sequences that were
expressed after viral DNA synthesis. The low,

yet significant levels of annealing between (i)
early SV40 RNA and the plus strands of all Hin
fragments (6 to 21%), (ii) between late RNA and
the plus strands of the early fragments H and
I (35 and 46%), and (iii) between late RNA and
the minus strands of the late Hin fragments (7
to 46%) suggested that extensive symmetrical
transcription of SV40 DNA occurred in vivo as
originally proposed by Aloni (1, 2).

In the present study we have examined the
viral-specific RNA present in the nucleus and
the cytoplasm of SV40-infected cells. Our re-
sults indicate that the early gene region encom-
passes nearly one-half of the viral DNA. We
have also detected the presence of large
amounts of stable, symmetrically transcribed
viral RNA which is confined to the nucleus of
infected cells. In addition, we present evidence
to suggest that modulation of viral gene activity
may involve the selective degradation or trans-
port of specific SV40 RNA molecules from the
nucleus to the cytoplasm; this mechanism does
not appear to rely solely on the degradation of
"anti-sense" transcripts within the nucleus.
As in our previous experiments (13), we

hybridized the separated strands of 32P-labeled
Hin fragments of SV40 DNA (specific activity, 3
x 105 to 6 x 105 counts/min per MAg) to RNA,
isolated from BSC-1 cells 48 h after infection
(multiplicity of infection, 20 to 50 PFU/cell)
with SV40 (strain 776). Infected cell nuclear
and cytoplasmic RNAs were prepared after
treatment of cells with 0.5% NP40 as previously
described (18). The cytoplasmic fraction con-
tained approximately four to six times more
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RNA than the nuclear fraction. Reaction mix-
tures containing 0.5 to 2.0 ng of the separated
strands of either fragmented 32P-labeled SV40
DNA or SV40 Hin fragments, and varying
concentrations of late lytic cytoplasmic or nu-
clear RNA from SV40-infected BSC-1 cells,
were incubated for 36 h at 68 C in 1.0 M NaCl,
0.02 M phosphate buffer. The percent of 32P_
labeled DNA in hybrid molecules was then
assayed by hydroxyapatite chromatography
(12).
The annealing of cytoplasmic late lytic RNA

to fragmented 32P-labeled plus and minus SV40
DNA strands is shown in the first panel of Fig.
1. From the plateau values obtained, we con-
clude that 45 to 50% of the minus DNA strand
and 50 to 55% of the plus DNA strand is
complementary to stable species c.- cytoplasmic
viral-specific RNA. Furthermore, the kinetics of
these reactions suggest that RNA homologous to
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FIG. 1. Hybridization of late lytic cytoplasmic
RNA to the separated strands of SV40 DNA. Increas-
ing amounts of cytoplasmic RNA from BSC-1 cells
obtained 48 h after infection with SV40 were incu-
bated with small amounts (0.5 to 2.0 ng) of 32p_
labeled fragments of either the plus (0) or minus (-)
SV40 DNA strand. After 36 h, the reaction mixtures
were analyzed by hydroxyapatite chromatography to
determine the percent DNA in hybrid molecules. The
first panel shows the results of hybridization to
fragments of the entire plus or minus DNA strand.
Panels A-K show the reactions with the separated
strands of each of the 11 SV40 Hin fragments.

the plus strand of SV40 DNA is significantly
more abundant in the cytoplasm (30- to 50-fold)
than is the RNA homologous to the minus DNA
strand (see also ref. 11). Panels A through K
(Fig. 1) depict the kinetics of hybridization of
cytoplasmic late lytic SV40 RNA with the plus
and minus strands of each of the 11 SV40 Hin
fragments. Late cytoplasmic RNA readily satu-
rates the plus strands of Hin fragments C, D, E,
F, G, J, and K under the hybridization condi-
tions employed. The reaction of late cytoplas-
mic RNA with the plus strand of fragments Hin
A, B, H, and I, on the other hand, is very low
and may reflect a low level of contaminating
nuclear RNA in the cytoplasmic extract. Since
the late functions are represented on the plus
strand (12, 19) of SV40 DNA, the contiguous
Hin fragments C, D, E, F, G, J, and K comprise
the late region of the viral genome, as was
previously reported (13, 20). The minus strands
of Hin fragments A, H, I, and B react almost
completely with cytoplasmic SV40 RNA, indi-
cating that these fragments comprise the early
gene region. No significant hybridization was
detected to the minus strands of Hin fragments
C, D, E, F, G, J, and K. The kinetics of
hybridization of late cytoplasmic RNA to the
minus strands of Hin fragments A, H, I, and B
also confirm our previous observation that early
transcripts are present in significantly lower
concentrations than the late viral RNA se-
quences.
The reaction of late lytic nuclear RNA with

the separated plus or minus strand fragments of
SV40 DNA is shown in the first panel of Fig. 2.
Nearly all of the plus DNA strand (85% as
measured by hydroxyapatite) is transcribed
into a stable species of nuclear RNA; this is
confirmed by the extensive reactions between
nuclear RNA and the plus strands of all 11 Hin
fragments (Fig. 2A-K). Hybridization between
nuclear RNA and the minus strand of SV40
DNA was less extensive (40 to 50%; first panel,
Fig. 2); the reaction observed can be localized as
hybridization between the nuclear RNA and the
minus strands of Hin fragments A, B, H, I, and
C. The lack of significant reaction between
nuclear RNA and the minus strands of the other
Hin fragments (Fig. 2) could reflect possible
RNA-RNA interactions between "anti-late"
RNA species and the more abundant true late
sequences, effectively reducing the reaction
with the radiolabeled DNA probe to subdetecta-
ble levels.
The results of these experiments lead to

several conclusions regarding the in vivo tran-
scription of SV40 DNA: (i) late in the lytic
cycle, there is extensive transcription of anti-
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FIG. 2. Hybridization of late lytic nuclear RNA to
the separated plus (0) and minus (0) strands of
"P-labeled SV40DNA fragments. (See Fig. I and text
for details.) The first panel shows the results of
hybridization to fragments of the entire plus or minus
DNA strands. Panels A-K represent similar reactions
with the separated strands of each of the 11 SV40 Hin
fragments.

sense sequences on the plus (late) DNA strand
and perhaps the minus (early) DNA strand in
the nucleus of SV40-infected cells. This result is
in agreement with the findings of Aloni (1, 2),
who showed that a large portion of pulse-labeled
SV40-specific RNA self-anneals. (ii) The SV40-
specific RNA present in the cytoplasm of in-
fected cells subsequent to viral DNA synthesis
is complementary to the minus strands of Hin
fragments A, H, I, and B and the plus strands.
of fragments C, D, E, F, G, J, and K only (Fig.
3), in agreement with earlier analyses of poly-
somal (20) or cytoplasmic (11) SV40 RNA. Find-
ings (i) and (ii) suggest that processing and/or
selection occurs, controlling the RNA species
which appear in the cytoplasm. The kinetics of
hybridization between nuclear RNA and the plus
and minus strands of Hin fragments A, H, I, and
B indicate that "anti-early" RNA is present in
significantly greater concentrations than "true"
early viral RNA transcripts in the nucleus (Fig.
2). If viral gene expression were only controlled
at the translational level, one would expect to
find viral-specific RNA complementary to the
plus strands of Hin fragments A, H, I, and B

(anti-early RNA) in both the nucleus and cyto-
plasm. Our results show that anti-early SV40
RNA is present only in the nucleus of infected
cells. This suggests the existence of a selective,
posttranscriptional control mechanism which
ensures that only the true early and late RNA
transcripts appear as the stable, abundant class
of cytoplasmic viral RNA. The presence of large
amounts of anti-sense RNA in the nucleus of
infected cells indicates that little, if any, degra-
dation of this RNA occurs within the nucleus.
Rapid digestion of anti-sense SV40-specific
RNA could occur at the nuclear membrane or
within the cytoplasm, however. Alternatively,
regulation could involve the selective transport
of true early and late RNA transcripts from the
nucleus to the cytoplasm or the selective reten-
tion of anti-sense RNA species within the nu-
cleus. It should be pointed out that we have not
necessarily demonstrated a precursor-product
relationship between the RNA molecules con-
taining the anti-sense sequences and those true
early and late SV40 transcripts which eventu-
ally become associated with the polysomes. The
possibility exists, for example, that sense and
anti-sense viral RNA species are each tran-
scribed as discrete classes of RNA. If only the
true early and late SV40 RNAs are transported
into the cytoplasm and enter polyribosomes,
regulation could be effected without significant
alteration of the primary RNA transcript. The
possibility that polyadenylation could in some
way be responsible for the selection of those
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FIG. 3. A map of the SV40 genome indicating the
locations of the early and late gene regions based on
the results of the present study. It should be noted
that the junctions of the early and late templates are
very close to, if not coincident with, the Hin AC and
Hin BG junctions. Arrows indicate the direction of
transcription (see ref. 13 and 20).
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transcripts eventually transported to the cyto-
plasm is presently under investigation. (iii) It is
clear from the above results that the early region
of SV40 DNA is larger than was previously
thought (13, 20). On the basis of annealing ex-
periments with cytoplasmic SV40 RNA (Fig. 1),
it encompasses sequences corresponding to
most, if not all, of Hin fragments A, H, I, and B
(approximately 48% of the genome extending
from 0.175 to 0.655 [Fig. 3]). A comparable pro-
portion of polyoma DNA is expressed prior to
the onset of viral DNA synthesis (9). The loca-
tions of the early and late gene regions on the
physical map of SV40 DNA are in good agree-
ment with results obtained by Dhar et al., who
have sequenced terminal nucleotides of viral-
specific RNA (6, 7). Our previous under-esti-
mate of the early gene region most likely re-
sulted from our use of total cellular rather than
cytoplasmic RNA in nucleic acid hybridization
assays (13). The substantial quantity of stable,
SV40-specific RNA, which is complementary to
the plus (late) strand of early Hin fragments
(and which we now know is confined to the
nucleus [Fig. 1 and 2]) can readily form RNA-
RNA duplex structures with "true early" RNA.
Such interaction would reduce the amount of
true early RNA available for reaction with the
32P-labeled DNA probe and lead to a low esti-
mate of the early gene region. In our previous
study we were also concerned with our inability
to fully saturate Hin fragments H, and partic-
ularly I, with lytic RNAs (13). This now appears
to be due to the contamination of fragments
Hin H and particularly Hin I with significant
amounts of fragment Hin J (unpublished data).
This contamination can be largely eliminated
by a second cycle of polyacrylamide gel electro-
phoresis, but there is still some difficulty in
fully saturating Hin I with lytic RNA. Whereas
our present results indicate no discontinuity
in the early region of the viral genome, we can-
not rule out the possibility of a small silent
region. The present estimate of the early gene
region is 46 to 49% of the genome, and this seg-
ment of DNA provides sufficient coding capac-
ity for a protein of 70,000 to 100,000 daltons.
This is of particular interest in light of recent
studies on the isolation and characterization of
SV40 T antigen (3, 5, 15, 16, 21); some of these
studies suggest that T antigen is a viral protein
in this size range (3, 5, 21).
This study provides a more precise location of

the early and late regions of the SV40 genome.
The proximal junction of these segments lies
very close to the Hin AC junction and, there-
fore, very close to the initiation site for DNA

replication (4, 8). Whereas the relationship
between these sites is presently unknown, it
seems likely that their proximity may have
some functional significance.

LITERATURE CITED

1. Aloni, Y. 1972. Extensive symmetrical transcription of
simian virus 40 DNA in virus-yielding cells. Proc. Nat.
Acad. Sci. U.S.A. 69:2404-2409.

2. Aloni, Y. 1973. Poly A and symmetrical transcription of
SV40 DNA. Nature (London) New Biol. 243:2-6.

3. Carroll, R. B., L. Hager, and R. Dulbecco. 1974. SV40
T-antigen binds to DNA. Proc. Nat. Acad. Sci. U.S.A.
71:3754-3757.

4. Danna, K. J., and D. Nathans. 1972. Bidirectional
replication of simian virus 40 DNA. Proc. Nat. Acad.
Sci. U.S.A. 69:3097-3100.

5. Del Villano, B. C., and V. Defendi. 1973. Characteriza-
tion of the SV40 T antigen. Virology 51:34-46.

6. Dhar, R., K. Subramanian, B. S. Zain, J. Pan, and S.
Weissman. 1974. Nucleotide sequence about the 3'
terminus of the SV40 DNA transcript and the region
where DNA synthesis starts initiation. Cold Spring
Harbor Symp. Quant. Biol. 39:153-160.

7. Dhar, R., S. Zain, S. M. Weissman, J. Pan, and K.
Subramanian. 1974. Nucleotide sequences of RNA
transcribed in infected cells and by E. coli polymerase
from a segment of simian virus 40 DNA. Proc. Nat.
Acad. Sci. U.S.A. 71:371-375.

8. Fareed, G. C., C. F. Garon, and N. P. Salzman. 1972.
Origin and direction of simian virus 40 deoxyribonu-
cleic acid replication. J. Virol. 10:484-491.

9. Kamen, R., D. M. Lindstrom, H. Shure, and R. Old.
1974. Transcription of polyoma virus DNA. Cold
Spring Harbor Symp. Quant. Biol. 39:187-198.

10. Khoury, G., J. C. Byrne, and M. A. Martin. 1972.
Patterns of simian virus 40 DNA transcription after
acute infection of permissive and nonpermissive cells.
Proc. Nat. Acad. Sci. U.S.A. 69:1925-1928.

11. Khoury, G., P. M. Howley, M. Brown, and M. A. Martin.
1974. The detection and quantitation of SV40 nucleic
acid sequences using single-stranded SV40 DNA
probes. Cold Spring Harbor Symp. Quant. Biol.
39:147-152.

12. Khoury, G., and M. A. Martin. 1972. A comparison of
SV40 DNA transcription in vivo and in vitro. Nature
(London) New Biol. 238:4-6.

13. Khoury, G., M. A. Martin, T. N. H. Lee, K. J. Danna,
and D. Nathans. 1973. A map of simian virus 40
transcription sites expressed in productively infected
cells. J. Mol. Biol. 78:377-389.

14. Lindstrom, D. M., and R. Dulbecco. 1972. Strand orien-
tation of SV40 transcription in productively infected
cells. Proc. Nat. Acad. Sci. U.S.A. 69:1517-1520.

15. Livingston, D. M., I. C. Henderson, and J. Hudson. 1974.
SV40 T antigen: partial purification and properties.
Cold Spring Harbor Symp. Quant. Biol. 39:283-289.

16. Osborn, M., and K. Weber. 1974. SV40: T-antigen, the
A-function, and transformation. Cold Spring Harbor
Symp. Quant. Biol. 39:267-276.

17. Patch, C. T., A. M. Lewis, and A. S. Levine. 1974.
Studies of nondefective adenovirus 2-SV40 hybrid
viruses. IX. Template topography in the early region of
SV40. J. Virol. 13:677-689.

18. Penman, S. 1966. RNA metabolism in the HeLa cell
nucleus. J. Mol. Biol. 17:117-130.

19. Sambrook, J., P. A. Sharp, and W. Keller. 1972. Tran-

436 J. VIROL.



VOL. 15, 1975 NOTES

scription of simian virus 40. I. Separation of the strands
of SV40 DNA and hybridization of the separated
strands to RNA extracted from lytically infected and
transformed cells. J. Mol. Biol. 70:57-71.

20. Sambrook, J., B. Sugden, W. Keller, and P. A. Sharp.
1973. Transcription of simian virus 40. III. Mapping of
"early" and "late" species of RNA. Proc. Nat. Acad.

437

Sci. U.S.A. 70:3711-3715.
21. Tegtmeyer, P. 1974. Altered patterns of protein synthesis

in infection by SV40 mutants. Cold Spring Harbor
Symp. Quant. Biol. 39:9-15.

22. Weinberg, R. A., Z. Ben-Ishae, and J. E. Newbold. 1974.
SV40 transcription in productively infected and trans-
formed cells. J. Virol. 13:1263-1273.


