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ABSTRACT The nucleotide sequences of eight origin-de-
fective mutants of simian virus 40 have been determined. All
of the mutants have suffered deletions, which range in size from
4 to 241 nucleotides. Some of the mutants induce the synthesis
of tumor (1) antigen, others do not. Viral mRNA extracted from
rat cells transformed by two of the T-antigen-positive mutants
has been analyzed by the SI nuclease technique of Berk and
Sharp. Irrespective of the size or the location of the deletions,
the 5' ends of viral mRNAs are located approximately the same
distance from the A+T-rich region (A-T-T-T-A-T) rather than at
a specific site in the viral genome.

The genomic organization and developmental cycle of simian
virus 40 (SV40) are well understood (for review see ref. 1), and
the complete nucleotide sequence of the viral DNA has been
determined (2, 3). The region of the SV40 chromosome en-
compassing the Bgl I restriction endonuclease site is of partic-
ular interest because various control elements-the origin of
viral DNA replication, the 5' ends of the early mRNAs, and the
tumor (T) antigen binding sites-are localized there (Fig. 1).
In an attempt to locate these control elements more precisely
and to analyze possible interactions between them, we have
isolated a series of deletion mutants in this region. The method
of isolation of these mutants and their biological properties have
been described (10). Here we present their nucleotide sequences
and describe the structure of viral mRNAs isolated from cells
transformed by the mutants.

MATERIALS AND METHODS
Cells and DNAs. Transformed cells and the preparation of

Bgl I-resistant SV40 DNA plasmids have been described
(10).
DNA Sequence Determination. Wild-type SV40 DNA or

mutant DNAs were digested with either HindIII or Hinf (Be-
thesda Research Laboratories, Rockville, MD). Total digests
were dephosphorylated with bacterial alkaline phosphatase
(Bethesda Research Laboratories) for 2 hr at 57°C and indi-
vidual fragments were separated by gel electrophoresis. HindIII
C or Hinf A fragments were purified from the gel and labeled
at their 5' termini by using phage T4 polynucleotide kinase (P-L
Biochemicals) and [y-32P]ATP, 2000 Ci/mmol (Amersham)
(1 Ci = 3.7 X 1010 becquerels). After digestion with Hha I, Hpa
I, or Kpn I (Bethesda Research Laboratories) the appropriate
labeled fragments were chemically cleaved and analyzed by
the method of Maxam and Gilbert (11).

S1 Nuclease Analysis of the Early mRNAs. Total cyto-
plasmic RNA from transformed cells was prepared as described
(12), and poly(A)-containing mRNAs were selected on an oligo
(dT)-cellulose column (13). Unit-length wild-type or mutant
1-11 viral DNA was prepared by digesting the appropriate

plasmid with BamHI. The conditions for RNA-DNA hybrid-
ization and S1 treatment were described by Berk and Sharp
(12).

RESULTS
Properties of Origin-Defective Mutants of SV40. A brief

description of eight origin-defective mutants is presented in
Table 1 (for further details see ref. 10).
DNA Sequence Determination of Origin-Defective Mu-

tants. Restriction enzyme digestion of all mutant DNAs re-
vealed patterns identical to those of wild-type viral DNA with
the exception of those fragments encompassing the Bgl I site
(10). Mutant DNAs with small deletions (Table 1) were digested
with HindIII, and fragment C was isolated, labeled at its 5' ends
with 32p, and then redigested with Hha I. Mutant DNAs with
large deletions were digested with endonuclease Hinf, and
fragment A was isolated, labeled, and recut with Hpa I or Kpn
I. The appropriate fragments were subjected to sequence
analysis by the procedure of Maxam and Gilbert (11). Autora-
diograms of representative gels of four different mutants and
the nucleotide sequences of these mutant DNAs are shown in
Fig. 2 Top.
The mutants could be divided into three groups, according

to the size of the deletions. The first group consists of the mu-
tants 8-4, 8-16 (which is identical to 8-4), 6-1, and 6-17, which
have suffered deletions of 4, 6, or 9 nucleotides, respectively.
Two identical mutants, 1-11 and 3-20, form the second group
and have a larger deletion (58 base pairs). Both the first and
second groups of mutants induce T antigen. The third group
consists of two identical mutants, 8-11 and 8-12, which have
suffered the largest deletion (241 base pairs) and no longer in-
duce detectable T antigen. The structures of all the mutants are
presented in Fig. 2 Bottom.
The small deletions are all localized at the Bgl I site and

presumably were produced by nuclease activity of either S1 or
DNA polymerase I upon the cohesive ends left by digestion with
Bgl I. The boundaries of the large deletions generally are po-
sitioned far from this restriction site, although 1-11 and 3-20
have one boundary close to this site. A possible mechanism for
formation of the large deletions is homologous recombination,
and it may therefore be significant that wild-type SV40 DNA
contains a direct repeat of 8 nucleotides at positions 5214-5221
and 212-219. Mutant 8-12 has lost one of these repeats and the
intervening 233 nucleotides, while the remaining repeat is lo-
cated at the deletion junction. A similar situation could explain
the deletion in mutant 1-11, in which 10 out of 11 nucleotides
are shared by the repeats (positions 5186-5196 and 1-11) which
are, in this case, separated by 47 nucleotides.

SI Analysis of Viral mRNA Isolated from Transformed
Cells. To compare the locations of the 5' ends of the mRNAs

Abbreviations: SV40, simian virus 40; T antigen, tumor antigen; bp,
base pair(s).
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isolated from cells transformed by mutant (1-11, 6-1) or wild-
type plasmids, the mRNAs from the three transformed cell lines
were purified and analyzed by the Si technique (12). These
mRNAs were hybridized with wild-type or 1-11 DNA, and the
resulting hybrids were treated with SI nuclease, subjected to
electrophoresis on neutral (not shown) or alkaline gels, trans-
ferred to nitrocellulose filters (14) and hybridized to 32P-labeled
SV40 DNA. An autoradiogram of one such alkaline gel is shown
in Fig. 3A. The 1900-nucleotide fragments representing the 3'
end of the early transcripts are indistinguishable in size re-
gardless of the source of mRNA or DNA used in the hybrid-
ization. However, the sizes of the fragments arising from the
5' ends of the early messages varied according to the DNA and
RNA used (Table 2). The lengths of the two small SI-resistant
fragments resulting from the hybridization of wild-type RNA
and wild-type DNA were in good agreement with the findings
of Berk and Sharp (12) and Reddy et al. (8). Similar sized
fragments were obtained when wild-type DNA was hybridized
to 6-1 RNA. However, significant decreases (50-70 bp) in the
size of the fragments were observed after S1 treatment of 1-11
RNA-wild-type DNA hybrids; the magnitude of these reduc-

tions correlates well with the size of the deletion in 1-11 DNA.
When 1-11 RNA was hybridized with 1-11 DNA, protected
fragments were indistinguishable in length from those found
when 1-11 RNA was hybridized to wild-type DNA. These
fragments were 10 nucleotides shorter than the corresponding
fragments produced after hybridization of 1-11 DNA to either
6-1 or wild-type RNA. Because both wild-type and 6-1 RNAs
cross the deletion junction of 1-11 DNA, the two pieces of
protected DNA must represent the stretch of nucleotides be-
tween the downstream boundary of the deletion and the large
and small T antigen splice points. Therefore the 5' ends of 1-11
early mRNA were placed about 10 nucleotides downstream
from the 1-11 deletion junction (see Fig. 3C).

Finally, greater amounts of viral mRNA were observed in
cells transformed by the mutants than in cells transformed by
the wild-type DNA. To quantitate relative amounts of viral
RNA, densitometer tracings of the 1900-bp fragments (Fig. 3B,
top) were made. The S1 experiment was carried out with excess
DNA. In cells transformed by 6-1, a mutant that has lost only
the second T-antigen-binding site, there is a 4-fold greater
amount of viral mRNA compared to the wild-type counterpart,
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Table 1. Properties of origin-defective mutants of SV40
Mutagenesis DNA Size of

Mutant procedure* T-Agt replication Transformation deletion, bp
1-11 BgI I + - + 58
3-20 BgI I/S1 + - + 58
6-1 BgI I/Sl/ligase + - + 6
6-17 BgI I/Sl/ligase + - + 9
8-4 BgII/PolI/ + - + 4

ligase
8-16 BgII/PolI/ + - + 4

ligase
8-11 BgI I/Pol I/ - NT - 241

ligase
8-12 BgI I/PolI/ - NT - 241

ligase

bp, Base pairs; NT, not tested.
* The parental plasmid (pMK16, wild-type SV40) was linearized by digestion with Bgl I and either used
directly to transform Escherichia coli X1776 or first treated with one or more of the following enzymes:
S1 nuclease, T4 ligase, E. coli DNA polymerase I.

t CV-1 monkey cells were transfected with mutant DNAs by using the DEAE-dextran technique, and
T antigen was detected by indirect immunofluorescence. The mutantDNAs producingT antigen were
shown to complement the growth of a temperature-sensitive A mutant at the nonpermissive tem-
perature.

whereas 1-11 transformants (1-11 has deleted both the first and
second T-antigen-binding sites) contain 7-fold more mRNA
than wild type.

Analysis of the S1 digestion products on a neutral gel (data
not shown) revealed that large T antigen message was more

abundant than small tumor antigen (t) message, as previously
reported (12). Stronger hybridization of the probe to the 620-bp
fragment (originating from small t mRNA) compared to the
320-bp fragment (large T mRNA) on the alkaline gel (Fig. 3)
does not reflect the relative amount of these messages but is due
to the inefficient transfer of the smaller fragment to the nitro-
cellulose filter.

DISCUSSION
The origin of SV40 DNA replication has been located in a

segment of viral DNA spanning the Bgl I site. Bidirectional
DNA replication (15, 16) that is dependent on viral T antigen
expression (17) is initiated here, and three T-antigen-binding
sites have been assigned to this region (9).
Here we have described the nucleotide sequence of eight

origin-defective mutants and the structure of viral mRNAs
synthesized in rat cells transformed by two of these mutants.
All of these mutants have lost nucleotides around the Bgl I site
and can be divided into two categories: those that produce
functional T antigen (1-11, 3-20, 6-1, 6-17, 8-4, 8-16) and those
that do not (8-11, 8-12) (10). The loss of 4-9 nucleotides around
the Bgl I site in mutants 6-1, 6-17, 8-4, and 8-16 destroys the
origin of viral DNA replication (10) and affects the structure
of the second T-antigen-binding site (Figs. 1 and 2). Mutants
with more extensive deletions in this region (1-11 and 3-20, 58
nucleotides) lack the origin of DNA replication and both the
first and the second T-antigen-binding sites. These findings are

in good agreement with earlier results (6, 7), which have placed
the outer limits of the viral origin of DNA replication in a 75-bp
segment spanning the Bgl I site (Fig. 1). It is known that point
mutations within the Bgl I site drastically affect the efficiency
of DNA replication (ref. 5; Fig. 1) and a small deletion (<15
nucleotides) at one of two Bgl I sites in a viable variant of SV40
with two functional origins completely destroys that origin (18).
We have shown that a deletion as small as 4 nucleotides at the
Bgl I site (Fig. 2) abolishes the origin of DNA replication
(10).

We have compared the structures of the viral mRNAs syn-

thesized in cells transformed by either wild-type or mutant
DNAs and have found that small fragments of 1-11 DNA pro-

tected by 1-11 mRNAs are about 10 nucleotides shorter than
the corresponding fragments of 1-11 DNAs protected by
wild-type or 6-1 mRNAs (Fig. 3, Table 2). It is likely that the
splice points remain unchanged in the mutant mRNAs, because
the T antigens induced by the mutants in transformed cells are
indistinguishable in size from wild-type T antigen and are bi-
ologically functional (10). We are therefore able to place the
5' end of 1-11 mRNAs about 10 nucleotides downstream from
the deletion junction (Fig. 3C) or about 50 nucleotides down-
stream from the 5' end of wild-type mRNA. However, the 5'
ends of both mutant and wild-type mRNAs are approximately
the same distance (25 4 5 bp) from the A+T-rich region shown
in Figs. 1 and 2. To locate the 5' ends of these transcripts pre-

cisely it will be necessary to carry out experiments similar to
those of Reddy et al. (8), in which the early viral mRNAs of
SV40 were transcribed into cDNA and their sequences were

determined.
On the basis of the similarities between the nucleotide se-

quences near the beginning of several different genes it has
been suggested that the promoters for RNA polymerase II are

localized upstream from the 5' end of their messages. A com-

mon feature is the presence of an A+T-rich region about 30
nucleotides from the 5' end of the mRNAs (for example see ref.
8). Our findings are consistent with the idea that RNA poly-
merase II initiates transcription at a fixed distance from the
A+T-nch region and that the downstream nucleotide sequences
do not play a significant role in this process. Similar conclusions

Table 2. Sizes* of the small protected DNA fragments generated
by S1 nuclease digestion of mutant and wild-type (wt)

RNA-DNA hybrids
1-11 DNA wtDNA

wt 1-11 6-1 6-1 l-il wt
RNA RNA RNA RNA RNA RNA

560 550 560 610 550 620
285 275 285 325 275 325

* Lengths of the fragments are in bp as calculated from the autora-
diogram shown in Fig. 3. All values are ±10 bp.
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FIG. 2. The nucleotide sequences of origin-defective DNAs. (Top) The order of the tracts for the sequencing gels is G, A+G, C+T, and C

(left to right). Photographs ofthe four representative gels were cut so as to place the deletion junctions near the center ofthe picture. Nucleotides
bordering the junctions are labeled with their numbered position on the SV40 map. (Middle) The nucleotide sequence of wild-type SV40DNA
from nucleotide 236 to 5161 (excluding 211 to 33) and the ATG initiating codon and A+T-rich region (in boxes) are shown. (Bottom) TheDNA
structures of all of the mutants are shown diagrammatically, with boundaries and sizes of the deletions included.

have been reached for prokaryotic promoters (19, 20), for which
it has been shown that nucleotide changes immediately
downstream of the promoter do not affect transcription (21).
Recently the structure of the promoter for eukaryotic RNA
polymerase III has been described. Although it is localized
downstream from the 5' end of the 5S RNA, transcription al-
ways starts the same distance (55 bp) from the promoter
(22).
One of the mutants, 8-12, is missing a 241-nucleotide segment

of DNA that includes the A+T-rich region, the origin of DNA
replication, the second and third-T-antigen-binding sites, and
a stretch of 13 nucleotides (5234-5222) that are the first 13
nucleotides of the wild-type early mRNA (Figs. 1 and 2). This
mutant fails to induce T antigen in permissive monkey cells and
does not transform rat cells (Table 1), even though 8-12 DNA
contains the entire coding sequence for T antigen. The loss of
13 nucleotides, which are transcribed into wild-type mRNA,

could not be responsible for this defect because mutant 1-11,
which lost 45 nucleotides (5234-5190) from this region still
produces T antigen and transforms rat cells. One possible ex-

planation for the phenotype of 8-12 mutant is that the viral
early promoter has been deleted and mRNA is not produced.
If so, this would define the boundaries of the early promoter
between nucleotides 5 and 212.
We have also found that the amount of cytoplasmic

poly(A)+-selected viral RNA was greater in cells transformed
by mutant DNAs than in cells transformed by wild-type DNA.
There was a 7-fold increase in the amount of viral RNA in cells
transformed by 1-11 DNA (this mutant is missing both the first
and second T-antigen-binding sites) and a 4-fold increase in the
amount detected in cells transformed by 6-1 DNA (a mutant
with an altered nucleotide sequence at the second T-antigen-
binding site). it is possible that decreased T antigen binding to
the mutant DNAs is responsible for the increased amount of
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-- than their wild-type counterparts. It may therefore be that the

untranslated region that is missing from the mutant mRNAs
plays some role in efficient initiation of translation.

Note Added in Proof. P. K. Ghosh, P. Lebowitz, R. J. Frisque, and Y.
Gluzman have recently used another method to map 5' ends of the
virus-specific mRNAs transformed by mutants 8-4, 6-1, 6-17, and 1-11.
By analyzing cDNAs synthesized by reverse transcriptase (8), they have
confirmed that the 5' ends of these mRNAs are invariably located 25

: 2 nucleotides downstream from the A+T-rich region.
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FIG. 3. S1 analysis of the mRNAs extracted from rat cells
transformed by wild-type or mutant DNAs. Poly(A)-selected cyto-
plasmic RNAs (80 Mg) were hybridized to unit-length (BamHI cut)
wild-type (wt) or 1-11 DNA and digested with S1 (12). DNA fragments
resistant to the nuclease were separated by alkaline gel electropho-
resis, transferred to nitrocellulose filters, hybridized to 32P-labeled
SV40 DNA, and autoradiographed for different lengths of time (in-
tensifier screens used). (A) Entire gel exposed for 1 day; (B) top half
of gel (above arrow) exposed 3 hr, bottom half (below arrow) for 4
days. (C) Diagrammatic representation of the structure of wild-type
and mutant mRNAs. The solid lines represent the structures of the
wild-type and mutant DNAs around the Bgl I site and the rectangles
depict the A+T-rich sequence (Figs. 1 and 2). The wavy lines repre-
sent the stretch of viralmRNA between the 5' end and the initiation
codon.

viral mRNAs. Autoregulation of the synthesis of early mRNAs
by T antigen was previously described for temperature-sensitive
A mutants of SV40 and polyoma virus. Compared to the
wild-type viruses, both temperature-sensitive mutants induce
a 15-fold increase in the amount of early viral mRNA during
a lytic infection at the nonpermissive temperature (23-26). In
cells transformed by temperature-sensitive A mutants of SV40,
only a 2 to 3fold increase was observed (27, 28). However, other
factors, such as changes in the stability of mutant messages, may
be responsible for the increased amount of viral RNA in the cells
transformed by origin-defective mutants.

Even though mRNA is significantly overproduced in mutant
transformants, we have not observed a proportional increase
in T.antigen production (10). One possible explanation for this
finding is that the mutant RNAs are translated less efficiently
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