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ABSTRACT Electron microscopic examination of molecular
hybrids between simian virus 40 DNA, that had been cleaved
with EcoRI and then digested with exonuclease III, and either
16S or 19S mRNA produced late during the viral infection cycle
indicated that each of these mRNAs contained a 5'-terminal
"leader" sequence that was encoded in the viral genome at
about map position 0.71-0.75. Hybridization of each of these
mRNAs to viral DNA immobilized on nitrocellulose- filters
supported the electron microscopic observations.

A number of different late-produced mRNAs from adenovirus
type 2 (Ad2) contain a segment at their extreme 5' ends that
derives from Ad2 DNA remote in the viral genome from the
main mRNA coding regions (the "leader" sequence) (1-8). The
"leader" is about 150-200 nucleotides long and consists of three
short sequences transcribed from different regions of the ge-
nome. Possibly by intramolecular RNA rearrangements after
transcription, the "leader" is formed and joined to the main
portion of a number of different mRNA molecules.
The discovery of the "leader" sequence in Ad2 late mRNAs

prompted us to determine whether the presence of such se-
quences in mRNAs might be a more widespread phenomenon.
To examine this possibility we have searched for "leader" se-
quences in the mRNAs of the small DNA tumor virus, simian
virus 40 (SV40).

MATERIALS AND METHODS
DNA. SV40 DNA form I was released from CV-1 cells in-

fected with the SVS strain (4) by Hirt extraction (5) and the
SV40 DNA was purified by ethidium bromide/CsCl equilib-
rium banding (6).

Cytoplasmic RNA. CV-1 cells were infected at 10 plaque-
forming units per cell with SV40. For the biochemical experi-
ments 6 X 107 cells were labeled with 2.5 mCi of [3H]uridine
(New England Nuclear) per 10 ml of medium 46-48 hr after
infection. The RNA for both the biochemical and electron
microscopic experiments was extracted 48 hr after infection.
The RNA was extracted by the procedure of Spradling et al.
(7). The cells were washed once with ice-cold buffer (20 mM
Tris, pH 7.4/140mM NaCl/10mM KCl/1 mM sodium phos-
phate). Then they were scraped from the monolayer into 10 ml
of the buffer and centrifuged at 2000 rpm for 2 min at 4°. Cells
(6 X 107) were resuspended in 10 ml of the following solution:
30 mM Tris, pH 8.5/0.1 M NaCI/10 mM CaCl2/25 ,ug of
polyvinyl sulfate (Sigma) per ml/35 Ag of spermine (Calbio-
chem) per ml/1% diethylpyrocarbonate (Naftone). The solution
was then made 0.5% in Nonidet P-40 (Shell). The mixture was
shaken on a Vortex mixer for 20 sec and then centrifuged at
2000 rpm for 3 min at 40 to remove the nuclei. The cytoplasmic
RNA was extracted as described (8).
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FIG. 1. (A) Schematic representation of preparation of SV40
DNA by cleavage with EcoRI and then digestion with Exo III. The
two DNA strands are arbitrarily depicted as a solid line and an in-
terrupted line. Note the specific preservation of the DNA template
for the mRNA in the 5' direction from the EcoRI cut site. (B) Agarose
(2%) gel electropherograms of SV40 DNA that had been first cleaved
with EcoRI and then digested with Exo III. The gel on the left shows
SV40 DNA after EcoRI cleavage and Exo III digestion. The gel on the
right shows SV40 DNA that has been digested with EcoRI and Exo
III and then further digested with S1. The SV40 DNA band in the gel
on the right corresponds to 0.40 genome lengths (2000 nucleotides).
This result indicates a 0.3 or 30% DNA digestion by Exo III, 1 - (0.3
X 2) = 0.4.

Liquid Hybridization. SV40 DNA was first cleaved with
EcoRI endonuclease (Miles) (9, 10) in 0.1 M Tris, pH 7.4/10
MM Mg9l2. The EcoRI enzyme was inactivated by heating to
65' for 3min The sample was then diluted with an equal vol-
ume of 0.1I M Tris, pH 8.5. After the sample was chilled on ice
for 15 min, 1.5 units of Escherichsa coli exonuclease III (Exo
III, Biolab) was added per Mig of DNA (11). After incubation on
ice for an additional 15 min, the sample was incubated at 370
for 25-30 min. The reaction was stopped by the addition of
EDTA to 10 mM. The extent of Exo III digestion was monitored
by electron microscopy and/or 51 nuclease digestion and gel
electrophoresis. For 51 nuclease digestion, 0.1 M~gof DNA was
incubated with 2 units of nuclease S1 (12). The digestion
products were analyzed by gel electrophoresis in 2% agarose;

Abbreviations: SV40, simian virus 40; EcoRI - Exo III DNA, SV40
DNA that is first cleaved with EcoRI endonuclease and then digested
with Escherichia coli exonuclease III; Ad2, adenovirus type 2.
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FIG. 2. Heteroduplex molecules between 16S or 19S RNA and SV40 DNA. (A) A heteroduplex molecule (ds, double stranded) formed between
a 16S RNA molecule and an EcoRI -t Exo III DNA molecule that has been rendered 1096 single stranded (ss) on each end by Exo III digestion.
(B) A heteroduplex molecule formed between a 16S RNA molecule and an EcoRI - Exo III DNA molecule that has been rendered 30% single
stranded on each end by Exo III digestion. Point a is the 5' end of the main coding sequence of 16S RNA in the hybrid with DNA. Length b-c
is 16S RNA "leader" in the hybrid with DNA. (C) A heteroduplex molecule formed between a 19S molecule and an EcoRI - Exo III DNA molecule
that has been rendered 30% single stranded. Point a is the 5' end of main coding sequence of 19S RNA in the hybrid with DNA. Length b-c is
19S RNA "leader" in the hybrid with DNA. (D) A complex heteroduplex molecule composed of two EcoRI - Exo III DNA molecules (digested
as for C) that have hybridized two 19S RNAs in a reciprocal manner (see text). The molecule is schematically depicted at the right.

they were stained with 0.5 jig of ethidium bromide per ml.
After the Exo III digestion the SV40 DNA was used to hy-

bridize cytoplasmic RNA in 0.1 M Tris, pH 7.4/0.1 M EDTA/
0.3M NaCl at 600 for 30 min.

For some experiments the cytoplasmic RNA was fractionated
on a sucrose gradient (see Filter Hybridization) to enrich for
either the 16S or 19S RNA.

Electron Microscopy. For electron microscopy the prepa-
ration was made 50% formamide in 0.1 M Tris, pH 8.5/10mM
EDTA was spread either onto a hypophase of 20% formamide
in 10mM Tris, pH 8.5/1 mM EDTA or onto distilled water, and
was examined with a Philips 201 electron microscope. The
hybrid molecules were photographed and measured with a
Numonics digital electronic graphic calculator.

Filter Hybridization. SV40 DNA form I was digested var-
iously with the following restriction endonulceases: Hha I
(Miles) (13), Hae II (Miles) (14), or Bgl I (gift from R. Evans)
(15) in 6 mM Tris, pH 7.4/6 mM MgCl2/6 mM 2-mercapto-
ethanol. The digestion with the enzyme EcoRI was as described
above. Because of the size difference in the DNA fragments
generated, the fragments could be separated by two cyles
through a 15-30% sucrose gradient in 10mM Tris, pH 7.4/10
mM EDTA/50 mM NaCl with an SW40 rotor (Beckman) at

39,000 rpm for 14 hr at 220. The adequacy of fragment sepa-
ration was tested with agarose gel electrophoresis (see Liquid
Hybridization). The DNA was denatured in 0.2 M NaOH and
adsorbed to nitrocellulose filters at pH 11.3 (16). Filters con-
taining total SV40 DNA were prepared from SV40 linear DNA
generated by EcoRI cleavage.
The cytoplasmic RNA from 6 X 107 cells was fractionated

on a 15-30% sucrose gradient in 10 mM Tris, pH 7.4/50 mM
NaCI/10 mM EDTA/0.2% sodium dodecyl sulfate and cen-
trifuged with an SW40 rotor at 35,000 rpm for 10 hr at 22°.
Aliquots of gradient fractions were treated with 0.2 M NaOH
at 00 for 90 min. The hybridization, on filters, against either
total SV40 DNA or SV40 fragments (1 jig of DNA equivalent/
fraction hybridization) was performed at 60° for 24 hr (15).
There was a greater than 20-fold excess of DNA to RNA in the
hybridization reaction (unpublished observation). The filters
were washed and treated with RNase as described (17).

RESULTS
Late during the infectious cycle, SV40 mRNA consists of two
major species: 16S, the bulk of the steady state viral mRNA, and
19S, the more rapidly labeled but less abundant species (18).
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FIG. 3. Histogram of heteroduplex molecules formed between
16S RNA (A) or 19S RNA (B) and EcoRI - Exo III DNA rendered
30% single stranded by Exo III digestion. Point a is the 5' terminus
for the main coding sequence for 16S RNA or 19S RNA hybridized
with EcoRI - Exo III DNA. Point b is the terminus for the DNA

"loop" region for both species of heteroduplex molecules. Point c is
the 5' terminus for the "leader" for either 16S or 19S RNA hybridized
to EcoRI - Exo III DNA. The data were compiled from the analysis
of 105 16S RNA hybrid molecules and 52 19S RNA hybrid mole-
cules.

To determine whether these two mRNAs contain "leader" se-

quences they were each hydridized to SV40 DNA that had
previously been digested with the Endo R-EcoRI restriction
nuclease and subsequently treated with exonuclease III (EcoRI

Exo III DNA). In this way only the complementary DNA

strand was available to hybridize with the mRNAs, thus elim-
inating the competing DNA-DNA re-annealing reaction (Fig.
1A). For such DNA molecules to hybridize to all the corre-

sponding mRNA sequences, most DNA molecules would have
to be digested beyond the 5' terminus of the mRNA coding
region. This requires that the Exo III reaction be somewhat
synchronous. Fig. 1B shows an agarose gel profile of SV40 DNA
after restriction by the EcoRI-enzyme followed by Exo III
treatment before and after further treatment with S1 nuclease,
which removes the single-stranded DNA generated by the Exo
IM As shown in the figure, the doubly digested DNA migrated
as a relatively sharp band in the gel, indicating that a relatively
synchronous reaction with the exonuclease was obtained.
When EcoRI Exo III treated DNA that had been digested

so that 10-20% was rendered single stranded on either end was

hybridized with 16S mRNA, an RNA-DNA duplex formed
extending from map position 0.94 to 0.0/1.0 (the EcoRI cut site)
(see Fig. 2A). This observation agrees well with previously re-

ported findings that showed the 5' end of the main coding se-

quence of the 16S mRNA to be encoded at position 0.95 in the
viral genome (19). Additionally, the heteroduplex molecule
included a 150- to 200-nucleotide length of unhybridized RNA
extending in the 5' direction from the hybrid terminus at map
position 0.94. If the EcoRI -k Exo III DNA was rendered 30%
single stranded on either end by the Exo III treatment, the
hybrid with 16S mRNA formed a single-stranded DNA loop
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FIG. 4. (A) Hybridization profile of cytoplasmic RNA from in-
fected cells to SV40 DNA. The RNA was sedimented in a 15-30%
sucrose gradient and then part of each fraction was hybridized to total
SV40 DNA immobilized on nitrocellulose filters. Fractions 33-44
(between the unmarked arrows) from the sucrose gradient were hy-
bridized to SV40 DNA fragments covering map positions 0.83-0 (B),
0.73-0.83 (C), and 0.67-0.83 (D). See text.

as shown in Fig. 2B. The loop was 0.19 ± 0.01 map units long,
beginning at the 5' terminus of the hybrid to the main coding
sequence of 16S RNA (map position 0.94). Counterclockwise
from the base of the loop was an additional 0.037 ± 0.01 map
unit RNA-DNA hybrid at position 0.71-0.75, suggesting that
the 16S mRNA contained a "leader" sequence at its 5' terminus.
Thus, the leader sequence appeared to be encoded approxi-
mately 0.2 genome lengths removed from the DNA sequences
coding for the 5' end of the main body of the 16S mRNA mol-
ecule.
The 19S mRNA was also analyzed in a manner similar to that

described for the 16S mRNA. The 5' end of the main coding
region of the 19S mRNA was localized at map position 0.78 i
0.015, in agreement with previous R-loop data (19). As found
for the 16S mRNA, the 5' end of the main coding region of the
19S mRNA (at map position 0.78) served as the base of a sin-
gle-stranded DNA loop of about 0.04 map units. Counter-
clockwise from the loop was an RNA-DNA hybrid of 0.045 i
0.02 map units, extending from map position 0.70 to 0.74 (Fig.
2C). Thus, there appeared to be a "leader" at the 5' end of the
19S mRNA that, within the precision of the technique, mapped
at the same position in the viral genome as that observed at the
5' end of the 16S mRNA.

Confirmatory evidence for the 19S mRNA "leader" is shown
in Fig. 2D. A complex structure was observed in the electron
microscope that arose from the hybridization of two 19S mRNA
molecules with two EcoRI Exo III DNA molecules. The

"leader" and main coding regions of one 19S RNA molecule
are hybridized to different EcoRI Exo III DNA molecules.

The other 19S RNA molecule is hybridized to the same two
EcoRI Exo III DNA molecules in a reciprocal fashion. The

RNA-DNA hybrid regions (map position 0.78-0) shown in Fig.
2D lying between each of the two short single-stranded regions
(a'-b' and a"-b") and the corresponding unhybridized RNA

30 --

ur

20
:10
0

a.)
-Q
E
z

Proc. Natl. Acad. Sci. USA 74 (1977)



Proc. Nati. Acad. Sci. USA 74 (1977) 4985

~6S

FIG. 5. Map of 16S and 19S RNA derived from the present work.
The dashed lines represent regions in the DNA template that separate
the RNA "leader" from the RNA main coding sequences. The
"leaders" for 19S RNA and 16S RNA are drawn identically, but the
accuracy of techniques involved cannot exclude subtle differences
between the two.

"tail" were both equal in length to the RNA-DNA hybrid region
shown in Fig. 2C between the loop and the unhybridized RNA
"tail". These data indicated that the "single-strand" (Fig. 2D,
a'-b' and a"-b") region was the unhybridized DNA separating
the template for the main coding sequence of 19S RNA from
that of the 19S RNA leader. This is additional evidence for a
"leader" sequence at the 5' end of the 19S mRNA. A histogram
showing the number of hybrid molecules with EcoRI -- Exo
III DNA and the 16S or 19S mRNAs is shown in Fig. 3.

Biochemical evidence that would corroborate the presence
of the "leader" sequence at the 5' ends of the two late mRNAs
was sought with [3H]uridine-labeled cytoplasmic RNA from
SV40-infected cells. Size-fractionated RNA, including both the
16S and 19S regions, was hybridized to restriction enzyme-

generated DNA fragments immobilized on nitrocellulose filters.
Three different specific SV40 DNA fragments were used
covering genome regions 0.67-0.83 (Bgl I cut site to Hae II cut
site), 0.73-0.83 (Hha I generated fragment), and 0.83-0 (Hae
II cut site to EcoRI cut site). If the 16S RNA had its 5' terminus
at map position 0.94, then there should be no 16S RNA hybri-
dized to SV40 DNA counterclockwise from map position 0.94.
However, Fig. 4 shows that 16S RNA did hybridize to SV40
DNA from the region 0.67-0.83. About half the number of
counts were found in the hybrid to the fragment covering map
position 0.67-0.83 as were found in the hybrid to the fragment
covering map position 0.83-0. Since 16S RNA has sequences

transcribed from the region 0.94-0, the data are consistent with
a "leader" of about 0.03 map unit in agreement with the elec-
tron microscopy data, which show a "leader" of 0.04 + 0.01
length.
A smaller amount of the 16S RNA also hybridized to SV40

DNA from the region 0.73-0.83, and the relative number of
cpm in the hybrid indicated a duplex region of about 0.015 map
unit. This is also consistent with this electron microscopy data,
which show that the 3' end of the 16S RNA "leader" lies at 0.75

:0.01.
Interpretation of the hybridization data for 19S RNA is made

more difficult because of the proximity on the DNA template
of the 3' end of the "leader" at about map position 0.74 and the
5' end of the main coding sequence at about map position 0.78.
However, for 19SRNA the ratio of cpm hybridizing to the DNA
region from 0.67 -- 0.83 to those hybridizing to the DNA region
from 0.83 -O 0 should be 0.05, 0.17, or 0.29, if there is no

"leader". The ratio for the three points defining the 19S RNA
peak is 0.41 + 0.04. The excess RNA hybridization to DNA
from the region 0.67-0.83 is consistent with "leader" sequence
for 19S RNA. Other investigations located a 5'-methyl-labeled
structure from 16S mRNA remote from the main coding se-
quence of 16S RNA (20, 21).

DISCUSSION
The data presented here provide evidence for the presence of
a common "leader" sequence in both the 16S and 19S late SV40
mRNAs. Fig. 5 depicts the arrangement of the nucleotide se-
quences within each of these two mRNAs. The "leader" se-
quence is encoded in the viral genome at position 0.71-0.75,
with a gap of 0.04 map units between it and the beginning of
the main coding sequences for the 19S mRNA at position 0.78;
for the 16S mRNA, there is a gap of 0.19 map units between the
position coding for the "leader" and the beginning of the main
mRNA coding sequences at map position 0.94.
The "leader" sequence in SV40 differs from that previously

described for late Ad2 RNAs in that for the SV40 late messen-
gers the "leader" is a 150 to 200-nucleotide RNA segment that
is continuously transcribed. In Ad2, there are three noncon-
tiguous regions of the viral genome that are transcribed which
eventually become juxtaposed in the mature mRNA molecules
to form the 150- to 200-nucleotide "leader" (2).
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