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The DNA of simian virus 40 (SV40) was transcribed into RNA by Escherichia
coli RNA polymerase at 18 to 24 C after synchronization of the initiation ofRNA
synthesis. After a brief synthetic period the RNA product contained relatively
large amounts of sequences derived from a limited segment of SV40 DNA. The
source for this pulse-labeled RNA was found to be a portion of the segment of
SV40 DNA included within the nondefective adenovirus (Ad)-SV40 hybrid
viruses, Ad2+ND1 and Ad2+ND3. After synthesis with [y-y32P] ATP, Ad2+ND,
and Ad2+ND3 DNA transcripts contained an initial sequence missing from Ad2
transcripts. This sequence was identified as an initiation sequence for polym-
erase transcription of the SV40 DNA. Thus, there is a preferred site for initiation
of in vitro transcription on the segment of SV40 DNA common to the
nondefective Ad2+ND1 and Ad2+ND3 hybrid viruses.

The derivation of nucleotide sequences for
DNA oncogenic viruses would be of interest for
many reasons, related both to the general prop-
erties of the transcription process and mRNA in
animal cells and to the specific information that
might be obtained about the ordering, spacing,
and structure of genes for proteins directed by
these viruses.

Direct analysis of DNA nucleotide sequences
has been difficult because of a lack of base-
specific DNases. However, this may be partly
overcome by transcribing the DNA into radioac-
tive RNA and analyzing the transcript. The
methods for RNA sequence analysis have now
advanced to the point where it is possible to
derive extensive sequences from RNA of the
length of single genes. The small DNA virus,
simian virus 40 (SV40) is a favorable subject for
sequence analysis because its biological proper-
ties have been thoroughly studied, and its DNA
is transcribed asymmetrically and extensively
in vitro by purified preparations of Escherichia
coli RNA nucleotidyl transferase (E.C.2.7.7.6)
(13, 32). The availability of nondefective adeno-

virus-SV40 hybrid agents containing various
portions of the SV40 genome (18, 19) has made
it possible to isolate, by nucleic acid hybridiza-
tion techniques, segments of RNA correspond-
ing to various lengths of SV40 DNA. Our studies
have utilized the Ad2+ND3 and Ad2+ND, hy-
brids. The former contains approximately 2 to
5% and the latter 10 to 18% of the total SV40
genome (10, 17; T. J. Kelly, Jr., and A. M.
Lewis, Jr., manuscript in preparation). This
SV40 DNA is covalently inserted as a single
continuous segment near one end of the adeno-
virus DNA (T. J. Kelly, Jr. and A. M. Lewis,
Jr., manuscript in preparation). Whereas cells
infected with Ad2+ND3 do not express detecta-
ble SV40-specific antigens, cells infected with
Ad2+ND1 express the early SV40 U antigen
(20). By transcribing SV40 DNA into comple-
mentary RNA and annealing this RNA to the
DNA of Ad2+ND, hybrid virus, we have been
able to isolate a segment of RNA transcribed
from the SV40 DNA which appears to direct the
formation of the SV40 U antigen. This RNA is
small enough to permit extensive sequence
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analysis. During the course of our experiments
we have observed that, under specific condi-
tions, there is a preferred site for initiation of
RNA transcription on SV40 DNA which lies
relatively near one end of the SV40 genetic
material in the Ad2+ND, virus.

MATERIALS AND METHODS
The Ad2+ND, and Ad2+ND3 viruses (three pas-

sages from clone isolation) were grown in either 32-oz
(0.95 liter) bottle cultures of Vero cells or in suspen-

sion cultures of KB cells. Bottle cultures of Vero cells
were infected with approximately 10 PFU/cell in 10
ml of Eagle minimal essential medium containing 250
units of penicillin per ml, 250 Ag of streptomycin per

ml, and 2 mM glutamine supplemented with 2% agam-
and 8S in neutral sucrose gradients (5 to 20% linear
4-h adsorption period, the cultures were refed with 20
ml of EMEM-2. Cells and fluid were harvested by
scraping when 50 to 75% of the cell sheet exhibited
cytopathic effects. The cells were pelleted by low-
speed centrifugation (500 x g), suspended in either 60
ml of 0.01 M Tris-hydrochloride buffer (pH 7.8) or

Tris-buffered saline (pH 7.4) (TBS), and frozen at
-70 C. One liter of a suspension culture of KB cells
containng 2 x 105 cells/ml was infected with 109 PFU
of the hybrid pool. At 48 h the cells were pelleted and
suspended in 60 ml of buffer or TBS and stored at - 70
C.
The cell suspensions were frozen and thawed three

times, brought to a final concentration of 1.0% sodium
deoxycholate and 0.1% trypsin, incubated at 37 C for
30 min, and centrifuged onto a cushion of cesium
chloride solution (density 1.40 g/ml) in an SW25.1
rotor at 55,000 x g for 90 min at 4 C. The virus band at
the interface was collected and twice banded in CsCl
(density 1.34 g/ml) using an SW39 rotor at 100,000 x g

for 24 h. After 5 to 6 h of dialysis against buffer, the
virions were stored at -70 C.

Extraction of the virus DNA has been described
elsewhere (10). Samples of Ad2+ND, DNA so pre-

pared were found to contain intact strands of DNA by
sedimentation through both neutral and alkaline
sucrose gradients.

SV40 derived from strain 777 was passed in Vero
cells at a multiplicity of infection of less than 2
PFU/cell. DNA was extracted from infected cells by
the Hirt procedure (12). Super-coiled viral DNA was

then isolated by centrifugation in a cesium chloide
density gradient containing ethidium bromide. The
ethidium was removed by isoamyl alcohol extraction,
followed by exhaustive dialysis against sterile 0.1 x

SSC (SSC: 0.15 M sodium chloride, 0.015 M sodium
citrate, pH 6.7). The preparation of E. coli RNA
polymerase, general procedure for RNA synthesis,
separation of RNA from triphosphates, nuclease
digestion, and oligonucleotide mapping have been
described elsewhere (15). [a-32PInucleoside triphos-
phates with specific activities in excess of 70 Ci/mmol
were prepared as described previously (15) or ob-
tained commercially (New England Nuclear Corp.).
[-y-32P]ATP with specific activities of 20 to 30 Ci/
mmol was also obtained from New England Nuclear
Corp.

Standard syntheses of RNA from SV40, adenovirus
2 (Ad2), Ad2+NDS, or Ad2+ND, DNA were performed
in reaction mixtures of 64 gliters containing 0.18 M
KCl, 0.033 M Tris-hydrochloride (pH 7.9), 6 mM
mercaptoethanol, 3.3 mM MgCl2, 0.165 mM ATP,
GTP, CTP, and UTP, 1 to 3 sg of DNA, and 5 ,g of
RNA polymerase holoenzyme. In each reaction only
one nucleoside triphosphate was labeled. Incubations
were performed at 37 C for 30 min. Syntheses utilizing
[y-32P]ATP were terminated by the addition of so-

dium dodecyl sulfate (SDS) to 0.25% and an equal
volume of water-saturated phenol. Transcriptions
utilizing (a_-32P) nucleoside triphosphates were ter-
minated by further incubation for 10 min with 1.5 zg
of rifamycin and 0.18 Mg of pancreatic DNase
(E/C.3.1.4.5.), followed by SDS and phenol treatment
as above.

Limited syntheses of SV40 complementary RNA
were performed by modifications of the methods of
Blattner and Dahlberg (1). The reaction mixture was

constituted as for standard syntheses, but with the
omission of MgCl2, the reduction of KCl to 0.095 M,
and the addition of EDTA to 2.5 mM. After preincu-
bation for 0.5 to 2 min, transcription was initiated by
the addition of MgCl2 to a concentration of 6.1 mM
and allowed to proceed for 5 to 60 s. Limited tran-
scriptions were carried out with preincubation and
synthesis at temperatures ranging from 18 to 24 C. In
general, the cleanest results were obtained when the
preincubation and synthesis were both carried out at
20 C or lower. These reactions were terminated by
addition of an equal volume of phenol saturated with
15 mM EDTA.
RNA was separated from radioactive triphosphates

on Sephadex G-100 columns (15) and precipitated
with ethanol in the presence of 2% potassium acetate,
pH 5.1, and 100 to 200 ,g of E. coli tRNA, which had
been purified from commercial preparations by three
phenol extractions. Precipitated RNA was then uti-
lized for either nucleic acid hybridization or oligonu-
cleotide mapping procedures.

Nucleic acid hybridization was performed by the
method described by Gillespie and Spiegelman (8).
The DNA to which the transcript RNA was to be
annealed was taken up in 2 ml of 0.01 x SSC, heat
denatured at 97 C for 5 min, and rapidly chilled. The
filters were presoaked in 6 x SSC for 30 min, mounted
on the membrane filtration assembly (Millipore
Corp.), and washed slowly with 10 ml of 6 x SSC.
Three milliliters of 10 x SSC was added to the
heat-denatured DNA, and the solution was filtered
slowly. The filters were washed slowly with 10 ml of 6
x SSC and rapidly with 100 ml of 6 x SSC. They were

then transferred to preheated scintillation vials, dried
overnight at room temperature, and baked for 3 h at
80 C in a vacuum oven. Each filter was then in-
cubated in a closed scintillation vial with RNA
dissolved in 0.75 ml of 2 x SSC, 0.1% SDS. This
solution contained, typically, 0.05 to 10 MCi of radio-
active RNA and 100 wg of nonradioactive carrier E.
coli tRNA. At the end of an 8-h incubation period, the
filter was removed, rinsed with 10 ml of 2 x SSC on

each side, and washed with 100 ml of 2 x SSC. The
filter was incubated at room temperature for 40 min
with 2 ml of 2 x SSC containing either 0.4 iLg of
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pancreatic RNase per ml (I-A, E-C 2.7.7.6) or 1 to 1.5
IU of Ti RNase per ml (E.C. 3.1.4.8) if the retained
RNA was to be analyzed by further pancreatic or TI
RNase digestion, respectively. The filter was rinsed
and washed again with 100 ml of 2 x SSC. It was then
incubated in 2 ml of a solution of 0.15 M sodium
iodoacetate, 0.1 M sodium acetate in 2 x SSC, pH
5.1, at 54 C for 40 min. At the end of the incubation
period, the filter was rinsed with 10 ml of 2 x SSC and
washed as mentioned above. To elute the RNA from
the bound DNA, the filter was boiled in 1.5 ml of 0.01
x SSC containing 100 ,ug of carrier E. coli tRNA for 15
min and the solution was rapidly chilled. The radioac-
tive RNA was then precipated by the addition of 0.1
vol of 20% potassium acetate, pH 5.1, and 2 vol of
ethanol. In general, the radioactive RNA from exten-
sive syntheses annealed to and eluted from Ad2+ND,
DNA had a sedimentation coefficient of between 5
and 8S in neutral sucrose gradients (5 to 20% linear
sucrose gradients in a buffer containing 0.1 M LiCl2,
0.01 M Tris [pH 7.9], 1 mM EDTA, 0.5% SDS,
centrifuged for 3 h at 50,000 rpm in the Spinco
SW50.1 rotor at 20 C).

RESULTS
RNA was synthesized by incubation of pre-

cursors and enzyme with SV40 DNA for 30 min
at 37 C. This resulted in incorporation of about

20 to 30% of the radioactive precursor into
polynucleotide. The radioactive SV40 comple-
mentary RNA was then annealed to Ad2+ND,
DNA, after which the bound RNA was treated
with RNase and eluted. After precipitation with
ethanol, the RNA was digested with Tl or
pancreatic RNase and mapped by two-dimen-
sional electrophoresis and chromatography (3,
4) (Fig. 1). The resulting maps showed a dis-
crete and highly reproducible set of oligonucleo-
tides. The same products were obtained even
when eightfold greater levels of RNase were
used to treat the DNA filters prior to elution of
the RNA. Omission of RNase treatment gave
maps with a much higher background. Detailed
sequence analysis has been performed on all
these products and will be reported elsewhere.
Clean oligonucleotide maps were also obtained
when the RNA was annealed to Ad2+ND3 DNA
rather than Ad2+ND, DNA (Fig. 2). Compari-
son of the two oligonucleotide maps showed that
essentially all the oligonucleotides contained in
Ad2+ND3 DNA were also contained in
Ad2+ND,, but many of the Ad2+ND, oligonu-
cleotides were missing from Ad2+ND3.

.4

FIG. 1. Autoradiograph of a two-dimensional electrophoretic separation of oligonucleotides produced by T1
RNase digestion of SV40 complementary RNA annealed to Ad2+ND, DNA. Electrophoresis was from left to
right on Cellogel in 7 M urea at pH 3.5, and from bottom upwards on a DEAE cellulose-thin-layer
chromatography plate using the "homo B" solution of Sanger et al (4). The RNA was synthesized on an SV40
DNA template, in the presence of [a-32P]UTP (sp. act. 36.6 Ci/mmol) for 30 min at 37 C, in the absence of
EDTA, and annealed to Ad2+ND, DNA as described in Materials and Methods. A, Autoradiograph. The blank
spot indicates the position of marker dyes. B, Schematic sketch of autoradiograph, with numbers assigned to
those oligonucleotides common to Ad2+ND,, Ad2+ND3 and SV40 transcripts.
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Experiments were performed to determine
initial RNA sequences by use of short incuba-
tions at reduced temperatures. E. coli RNA
polymerase was incubated with SV40 DNA at
18 or 24 C in the presence of EDTA, and RNA
synthesis was initiated by the addition of MgCl2
and then terminated after 5 to 20 s at 18 or 24 C.
The resulting RNA was annealed to either
Ad2+ND, (Fig. 3) or Ad2+ND, DNA (Fig. 4),
eluted, and analyzed by Tl or pancreatic RNase
digestion. Maps of RNase digests of the RNA
from these two sources were similar and showed
a limited number of prominent oligonucleotides
(Fig. 3). Entirely similar results were obtained
whether or not rifamycin (27) was added at the
time transcription was initiated with MgCl2.
Table 1 summarizes the results of pancreatic
RNase digestion of the principal oligonucleo-
tides produced by complete T, RNase digestion
of the RNA transcripts from brief syntheses
after hybridization to either Ad2+ND, or
Ad2+ND3 DNA. Comparison of the analyses of
the principal oligonucleotides from maps of
transcripts prepared in 30-min syntheses and
annealed to Ad2+ND, or Ad2+ND3 DNA (Table
la, b) with the analyses of the oligonucleotides
from maps of transcripts prepared in brief
syntheses and similarly annealed (Table ld, e)
showed that all the principal products obtained

in the brief syntheses were derived from a
segment of the DNA common to both Ad2+ND,
and Ad2+ND3. In addition to the results sum-
marized in Table 1, the proposed sequences are
based on results of digestion of the RNA with
U2 RNase and spleen acid ribonuclease. The
results of the complete sequence analysis of this
segment of SV40 will be presented elsewhere. In
control experiments, the oligonucleotides pres-
ent in largest amounts in limited syntheses were
the same when the RNA was purified by hybrid-
ization to whole SV40 rather than by hybridiza-
tion to Ad2+NDI or Ad2+ND, (Fig. 4). Even
when the RNA was digested and mapped with-
out prior hybridization, this same set of oligonu-
cleotides constituted the most prominent prod-
ucts (Fig. 5) although such maps were often less
clean than those obtained from RNA previously
annealed to Ad2+ND, DNA. Nucleotide se-
quence analysis of RNA transcribed from SV40
DNA and annealed to Ad2+ND, or Ad2+ND3
DNA has shown that this set of prominent
oligonucleotides are ordered in a single continu-
ous sequence. These results clearly indicate that
under our conditions of restricted RNA tran-
scription there is a preferred site for initiation of
RNA synthesis on SV40 DNA which lies within
the segment of SV40 DNA common to both
Ad2+ND, and Ad2+ND3.
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FIG. 2. Autoradiograph of RNA prepared and analyzed as described in the legend to Fig. 1, except that the
RNA was synthesized in the presence of [a_-2P] GTP (sp. act. 136 Ci/mmol) and the transcript was annealed to
Ad2+ND, DNA before digestion with RNase. A, Autoradiograph; B, Schematic sketch of autoradiograph with
numbers assigned to the principal oligonucleotides.
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A By prolongation of the time of incubation, we
have been able to obtain a set of oligonucleo-

* # tides approaching a total chain length of 100
nucleotides (Fig. 6). However, incubations for
still longer periods of time do not result in any
further lengthening of the RNA transcript as
judged by the absence of any additional T,
RNase digestion products in amounts stoichi-
ometrically comparable to those found in
shorter syntheses when the RNA was annealed
to Ad2+ND, DNA and eluted before analysis.
Thus the initiation site for transcription under
limiting conditions lies at least 100 nucleotides
from the 5' phosphorylated end of the tran-
scribed strand of the SV40 region of Ad2+ND,
and Ad2+ND3 DNA. Our inability to extend the
chain beyond 100 nucleotides may be due to a
block in progression of the RNA polymerase
molecules along the SV40 DNA rather than
movement of the enzyme out of the region of
SV40 DNA contained in Ad2+ND3. The other
alternative requires that transcription proceeds
on SV40 DNA in a direction away from the
remainder of the Ad2+ND, segment. Further
experiments to test this model are in progress.

Several groups (1, 2, 20, 21, 32) have reported
an influence of salt concentration on the kinet-
ics of termination, release, and reinitiation of
RNA transcribed on DNA templates, and Lebo-

42 witz (unpublished results) has recently demon-
59 ,44 strated an effect of salt concentration on the

JCxtooJ--' relative use of various lambda phage DNA
initiation signals by RNA polymerase. On the
other hand, Lebowitz and Weissman (unpub-

540 lished results) have noted no difference between
the sequence of the lambda 6s RNA transcribed
in vitro at either 0.18 or 0.27 M KCI. In our
experiments with SV40 transcription, changes
of the KCl concentration between 0.05 and 0.20

(7)3/?AJM did not have any appreciable effect on the
oligonucleotide patterns of the RNA transcribed

'727 at 24C for 10 s.
Because of the evidence suggesting a pre-

ferred site of initiation of transcription on the
SV40 segment of Ad2+ND, and Ad2+ND3 DNA,
transcription experiments utilizing ['y-32P]ATP
were performed in an attempt to detect and

'9 FIG. 3. Autoradiograph of RNA prepared and ara-
21C lyzed as described in the legend to Fig. 1, except that

the RNA was synthesized for 10 s at 25 C in the pres-
sence of [a-_2PJ GTP (sp. act. 136 Ci/mmol) and an-
nealed to Ad2+ND, DNA as described in Materials
and Methods. The oligonucleotide containing a 5'

5-=;]terminal triphosphate streaked during electrophore-
sis on Cellogel and is not shown clearly in this and the
following autoradiographs. A, Autoradiograph; B,
schematic sketch of autoradiograph with numbers

4)2 assigned to the oligonucleotides.
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determine the homogeneity of gamma-labeled
initiation sequences within this DNA segment.
Transcriptions were performed on the AD2 and
AD2+ND1 DNA templates, and the RNA prod-
uct was separated from substrate, digested with
T1 RNase, and analysed by one-dimensional
chromatography. Figure 7a demonstrates the

A ;s ,"p, * * f: A*++4~~~~~~~~~~~tS~~~~~~~~~~~~~~~~~~~~~~~~~
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presence of about nine separate initiation frag-
ments on Ad2 complementary RNA; in striking
contrast, when Ad2+ND1 DNA was used as
primer (Fig. 7b), the same fragments were seen
plus one additional prominent and one or two
less abundant large initiation fragments.
To determine whether these additional frag-

D

59
a

560
c

61 541
C: 542

0540

Q31

021 Q27

012
o112

C2

FIG. 4. Autoradiograph of RNA prepared and analyzed as described in the legend to Fig. 2, except that the
synthesis was for 20 s. A, Autoradiograph of RNA annealed to SV40 DNA. B, Autoradiograph ofRNA annealed
to Ad2+ND1 DNA. C and D, Schematic sketches of A and B, respectively, with numbers assigned to
oligonucleotides.
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ments represented initiation points on the SV40
DNA included within the Ad2+ND, and
Ad2+ND3 hybrids, transcriptions were carried
out using the DNA from these hybrids as

templates and the radioactive product was

annealed to SV40 DNA prior to T, RNase
digestion and chromatographic analysis. The
chromatogram of RNA processed by this
method (Fig. 7c) demonstrates the presence of
only one initiation spot having a mobility identi-

cal to that of the major additional spot in the
Ad2+ND, transcript. Therefore, this product
represents the principal initiation sequence in
the SV40 segment of Ad2+ND, and Ad2+ND3
DNA.
RNA was then synthesized on the SV40 DNA

template, annealed to Ad2+ND, DNA, digested
with T, RNase, and analyzed. Only one princi-
pal spot was seen, again moving with slow
mobility and comigrating with the principal

TABLE 1. Comparison of pancreatic RNase digestion products of oligonucleotides derived by T, RNase
digestion of limited and extensive transcripts of SV40 DNAa

Oligo- Pancreatic RNase digestion products"
nucleo- Radioactive Source Radioactive Source Radioactive Source Radioactive Source Sequences derivedc
noe precursor of precursor of precursor of precursor of
no.

a-32P-ATP RNA a_3P-CTP RNA a-_2P-GTP RNA a-32P-UTP RNA

2 ApApApUp, abc ApCp, ApUp, abcd ApApApGp abcde ApApApUp, abcde .. ApApApGp
Cp, ApCp, Up, Cp, ApUp, Up, Cp ]Cp]
ApApApGp ApApApGp

5 ApApUp, abcd ApApApCp, abcd ApApUp abcd ApApUp, abcd Up(CpCpApApAp
ApApApCp, ApUp,Up ApUp, CpUpCpApUp)
Cp ApApApCp, CpApApUpGp

Gp [Up ]

12 Cp, Up ab ApUp ab ApUp abcde ApUp, Gp, Cp, abcd UpApUpCpUpUp
Up ApUpCpApUp

Gp [Up]

21 Cp abc Cp, ApUp ab ApGp abcde ApUp abcd ApUpCpCpCpCp
ApGp [Gp]

27 Cp, Up ab Up ab ApGp abcde ApGp, ApUp, abcd CpApUpUpCpUp
Cp ApGp [Up]

31 ApApUp, Cp abc ApGp abcd ApGp abcde ApApUp abcd CpApApUpApGp
[Cp]

112 Cp abc ApCp, Gp, Up abc Up abcde ApUp, ApCp, abcde CpApUpUpUp Up
Up UpUpUpCpAp

CpUpGp [Cp]

540 - ab Up ab Up, Gp abcde Cp abcd UpCpUpGp [Gp]

541 - ab - ab Up abcde Gp, Up abcde UpUpGp [Up]

542 - ab - ab Up Gp, Up abcde UpUpUpGp [Up]

551 - ab Cp, Up ab Up abc Cp, Gp abcd CpUpCp(Cp, Up)
II CpUpGp [Up]

aEach RNA sample was digested with T, RNase. The resulting oligonucleotides were separated by electrophoresis on Celogel
at pH 3.5 and homochromatography on thin-layer chromatography plates as described in Materials and Methods. Indi-
vidual products were located by autoradiography, eluted, and digested with pancreatic RNase. These digestion products
were fractionated on DEAE paper by electrophoresis at pH 3.5. The pancreatic RNase digestion products were identified by
their electrophoretic mobility. They are all consistent with the sequences proposed in the last column of this table. This
provides strong evidence for the identity of corresponding T, RNase products obtained from the different RNase samples.

" The italic letters indicate the types of RNA preparations analyzed. a, Results obtained from SV40 complementary RNA
transcribed in vitro for 30 min and annealed to Ad2+ND, DNA as described in Materials and Methods. b, Results obtained from
SV40 complementary RNA transcribed as in a but annealed to Ad2+ND, DNA. c, Results obtained from pulse-labeled SV40
complementary RNA, transcribed in vitro for 5 to 50 s. The total transcript (without purification by hybridization) was digested
with T, RNase and mapped. d, Results obtained from RNA as mentioned in c but annealed to Ad2+ND, DNA. e, Results
obtained from RNA as mentioned in c but annealed to Ad2+ND, DNA.

cThe sequences derived are based principally on the analysis of the products of U, RNase as well as pancreatic RNase
digestion of these oligonucleotides. Brackets indicate the nearest neighbor base and parentheses enclose nucleotides whose
position is uncertain.
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fragment from Ad2+ND, not present in tran-
scripts of Ad2. When the SV40 transcript was
digested and chromatographed without prior
hybridization, the most prominent large initia-
tion fragment comigrated with the fragment
present in the transcripts of Ad2+ND, but
absent in the transcript of Ad2. Furthermore,
pancreatic RNase digestion of this initiation
fragment derived from SV40 DNA and the
comigrating fragment from Ad2+ND, DNA pro-
duced smaller radioactive fragments of identi-
cal mobility on electrophoresis on DEAE paper
at pH 1.7. Thus the initiation signal on the
SV40 segment of Ad2+ND, and Ad2+ND8 ap-
pears to be identical with an initiation signal
present in the intact SV40 DNA.

DISCUSSION
Several workers have shown that RNA may

be annealed to and eluted from DNA and still
retain relatively long intact nucleotide se-
quences. Blattner and Dahlberg (1) have an-
nealed pulse-labeled lambda DNA transcripts
to separate strands of mutant phage DNA to
isolate single initiation sequences, and Lebo-
witz and Weissman (unpublished observations)
have annealed lambda transcripts to the "r"
strand of lambda DNA to isolate highly purified
6s RNA for sequence analysis. The present

A

results demonstrate that it is possible to purify
discrete segments of SV40 complementary RNA
by annealing total SV40 transcripts to DNA
from adenovirus-SV40 hybrid viruses. This
makes it possible to analyze RNA containing
genetic information that appears to code for
specific antigens and which is of sufficient
purity to permit detailed sequence determina-
tion.
We have confirmed that E. coli RNA polym-

erase transcribes SV40 DNA asymmetrically by
demonstrating that oligonucleotides obtained
by digestion of RNA hybridized to either
Ad2+ND, or Ad2+ND,DNA cannot be arranged
into two complementary nucleotide sequences.
For example, no pancreatic RNase product
GpGpGpGpApUp (complementary to oligonu-
cleotide 21 in Table 1) nor T, RNase product
ApApApApApApApUpGp (complementary. to
oligonucleotide 112 in Table 1) was detected in
our analyses.

Initiation of transcription at a preferred site
on SV40 DNA indicates that there is an addi-
tional specificity beyond strand selection in the
interaction of E. coli RNA polymerase and this
DNA. Under our conditions of synthesis, it is
clear that many of the starts occur at a single
site on the SV40 DNA that corresponds to a
segment of the genome included in the
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FIG. 5. Autoradiograph of T, RNase digest of RNA synthesized as described in the legend to Fig. 1, except
that the synthesis was carried out in the presence of [a-_32P]UTP (sp. act. 36.6 Ci/mMol) for 10Os. The total RNA
synthesized was digested and mapped without purification by annealing to hybrid virus DNA. A, Autoradio-
graph, B, schematic sketch of autoradiograph with numbers assigned to oligonucleotides.
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FIG. 6. Comparison of oligonucleotide maps of T1 RNase digests of RNA synthesized for 10Os (A and C) or 40
s (B and D). The RNA was synthesized in the presence of [a_32P]GTP (sp. act. 136 Ci/mmol) and was annealed
to Ad2+ND1 DNA. Analyses were performed as described in the legend to Fig. 1. A and B, Autoradiographs; C
and D, schematic sketches of autoradiographs with numbers assigned to oligonucleotides.
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ABC

FIG. 7. T, RNase digests of [y 3P ATP-labeled

RNA chromatographed on DEAE cellulose-thin-layer

chromatography, plates using "Homo B" (3) for devel-

opment. A, RNA transcribed on Ad2 DNA as de-

scribed in text; B, RNA transcribed on Ad2+ND,
DNA as described in text; C, RNA transcribed on

Ad2+ND, DNA and annealed to SV40 DNA.

Ad2.ND,and Ad2+ND3 hybrid viruses. This

conclusion is based on our finding a limited

number of prominent oligonucleotides in RNA

synthesized on the SV40 DNA template at

reduced temperatures for short periods of time

which are identical to oligonucleotides in the

RNA complementary to the SV40 DNA seg-
ments of Ad2+ND, and Ad2+ND.. In fact, when
the SV40 complementary pulse-labeled RNA
was annealed to Ad2+ND, DNA prior to analy-
sis, most oligonucleotides present in low yield in
maps of unannealed RNA were lost and the
prominence of the limited number of oligonu-
cleotides found in the SV40 segments of the
hybrid viruses was enhanced. Recent results
indicate that the oligonucleotides found in the
pulse-labeled RNA are also identical to prod-
ucts found in the transcript of the "G" fragment
of SV40 DNA produced by cleavage with Hae-
mophilus influenza restriction endonuclease
(Dhar, Zain, Lebowitz, Weissman, Danna, Na-
thans, unpublished results). It is a curious fact
that this is also the region of the SV40 genome
in which DNA replication terminates (7).

Although our experiments establish a pre-
ferred site for initiation of transcription, it
remains possible that under other conditions,
additional sites might be detected. Delius,
Westphal, and Axelrod (manuscript submitted
for publication) have not detected a preferred
initiation site on SV40 DNA, using a new
technique for electron microscope investigation
of the length of growing RNA chains transcribed
from SV40 DNA by E. coli RNA polymerase.
One possible reason for difference between their
results and ours is that, under our conditions,
most RNA chains are less than 100 nucleotides
in length and fail to lengthen appreciably on
extended incubation, whereas the RNA chains
investigated by Delius and Westphal were, in
general, of chain length of 100 or more.
We have not only shown a preferred site for

initiation of transcription on the intact DNA of
SV40 within the segment of genome carried by
the Ad2+ND, and Ad2+NDS hybrids, but we
have also demonstrated a specific initiation
sequence labeled by [.y-32P]ATP within the
SV40 segment of the hybrid viruses. Further-
more, this initiation sequence appears not to be
an artifact associated with the integration of
SV40 genetic material into Ad2 DNA, since an
identical [y-32P]ATP-labeled initiation frag-
ment was identified in transcripts of intact
SV40 DNA.
Specificity has also been found in strand

selection, site of initiation (5, 9, 30) and even
termination (14, 15, 21, 22, 23, 26, 27) in the
transcription of several bacteriophage DNAs
with purified E. coli RNA polymerase. For
example, the enzyme preferentially transcribes
one of the two strands of phage fd replicative
form DNA and the transcripts contain rela-
tively discrete RNA products with specific 5'
terminal sequences (31). In addition, transcrip-
tion of Xb2b5 DNA gives RNA species with
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unique initiation and termination points, com-
plementary to only limited portions of the DNA
coding for early functions of the phage (6, 22)
and in one instance there is evidence that the
starting sequences of the in vitro and in vivo
transcripts of lambda are the same (1).

Detailed sequence analysis of the initiation
site for E. coli RNA polymerase in the SV40
segment in Ad2+ND1 may provide new informa-
tion about the way in which initiation of tran-
scription is signaled in DNA sequences and the
extent to which this signal is universal among
cells. Experiments are in progress to establish
the direction of transcription of SV40 DNA and
to correlate the location of the in vitro transcrip-
tion initiation site reported here with the sites of
initiation of early and late gene transcription in
vivo and with the site of termination of SV40
DNA replication.
Oxman et al. (24) have suggested that SV40

genes may be transcribed into RNA covalently
linked to adenovirus messages in cells infected
with an adenovirus-SV40 hybrid virus. Control
of SV40 transcription by an adenovirus promo-
tor would also be consistent with the delayed
appearance of peak U antigen levels in cells
infected with Ad2+ND, (20). Even if the E. coli
RNA polymerase start signal of the SV40 seg-
ment of Ad2+ND, did represent an in vivo
promoter, it is still possible that additional
transcription could be controlled by an "up-
stream" adenovirus promoter.
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ADDENDUM IN PROOF

Recently H. Westphal and H. Delius (Le Petit
Symposium, in press) studied the transcription of
linear forms of SV40 DNA prepared by cleavage with
R, restriction endonuclease. They found a preferred
initiation site for E. coli RNA polymerase situated
about 0.15 map units from one end of the linear DNA.
This probably corresponds to the initiation site de-
scribed in the present report.
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