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We have analyzed the structure of the late cytoplasmic RNAs made after
infection with wild-type simian virus 40 and a set of viable mutants, four of which
have deletions and one an insertion within the nucleotide sequence specifying the
leader segment of the 16S and 19S mRNA's. The principal findings are: (i) simian
virus 40 16S and 19S mRNA's made during infections with wild-type virus are

heterogeneous with respect to the map location of their 5' ends and possibly in
the nucleotide sequence comprising the "leader" segments. (ii) "Spliced" 16S and
19S mRNA's are made during infections with each of the mutants although, in
some cases, the ratio of 19S to 16S mRNA species is reduced. (iii) The deletion or

insertion of nucleotides within the DNA segment defined by map position 0.70 to
0.75 causes striking alterations in the types of leader structures in the late
mRNA's. (iv) Many of the late RNA leader segments produced after infection
with the mutants appear to be multiply spliced, i.e., instead of the major 200- to
205-nucleotide-long leader segment present in wild-type 16S mRNA, the RNAs
produced by several of the deletion mutants have leaders with short discontiguous
segments.

Recently, it was discovered that simian virus
40 (SV40) late mRNA's, which are transcribed
clockwise from the DNA segment between map
coordinates 0.67 and 0.17 and code for the three
virion polypeptides (VP1, VP2, and VP3), have
unusual structures (2, 5, 8, 11, 13, 15, 16). Instead
of being homologous to a contiguous length of
DNA, these mRNA's are composite structures,
containing nucleotide sequences transcribed
from nonadjacent DNA segments. Each mRNA
contains a 5'-terminal segment (the "leader")
transcribed from the L-strand between map co-
ordinates 0.70 and 0.76. Joined to the leader
sequence, the 19S class of mRNA's has a seg-
ment of RNA homologous to the L-strand be-
tween map coordinates 0.77 and 0.17 (the 19S
"body"); the body of the 16S late mRNA is
transcribed from the L-strand of the DNA be-
tween map coordinates 0.94 and 0.17. The phys-
iological function or formation of such "spliced"
mRNA's is not yet clear.
Some time ago we obtained a set of viable

mutants, four of which have deletions and one
an insertion within the DNA segment coding for
the leader sequence (6, 21, 23). In this study we
examine the effect of these deletions on the
formation and structure of SV40 late mRNA's.
Our experiments demonstrate that spliced 19S
and 16S mRNA's are formed after infection with
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each of the mutants, although the structures of
their leader sequences are decidedly altered.

MATERIALS AND METHODS
Cell culture and viruses. The history, growth,

and protocols for virus infection of the CV-1 monkey
kidney cell line have already been described by Mertz
and Berg (20), as has the isolation of the mutants dl
804, dl 810, dl 861, dl 894, and in 872 (6, 21, 23).
Enzymes. Restruction endonucleases BglI,

BamHI, EcoRI, HpaI, HincII, and HindIII were pur-
chased from New England Biolabs. Taq endonuclease
was obtained from S. Goff. S1 nuclease was purchased
from Sigma Chemicals, and exonuclease VII was a gift
from S. Goff (12).

Preparation of SV40 DNA. Semiconfluent mono-
layers of CV-1 cells were infected with wild-type (SVS)
and mutant virus at a multiplicity of infection of 50.
To obtain 32P-labeled DNA, [32P]orthophosphate (car-
rier free, 1 mCi per plate) was added 30 h postinfection
to the cells in phosphate-free medium containing 2%
dialyzed fetal calf serum. Viral DNA was extracted 18
h later by Hirt's method (14) and purified as described
previously (24); the specific activity of the viral DNA
was generally 1 x 106 to 2 x 106 cpm/4g.

Polyacrylamide gel analysis ofthe viral DNAs.
Each purified viral DNA (1 ILg) was cut with HincII
and HindIII endonucleases, after which sodium do-
decyl sulfate (to 1%) and EDTA (to 20 mM) were
added, and the mixture was heated to 65°C for 5 min.
Glycerol (5%) and bromophenol blue indicator dye
(1%) were added, and the samples were layered on a
3 to 7% gradient polyacrylamide gel and subjected to
electrophoresis as previously described (10). The lo-
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cation of the DNA bands was determined with a short-
wavelength UV light transilluminator after staining
with 1 ,ug of ethidium bromide per ml.

Preparation of hybridization probes. Viral
DNA fragments, specific for the leader and body of
the late mRNA's, were prepared by digesting SVS
DNA with HpaI and BglI endonucleases (see Fig. 2B).
The A fragment of this digest (the segment bounded
by map coordinates 0.765 and 0.175) contains the
nucleotide sequence coding for the bodies of the late
mRNA's. The D fragment (defined by map coordi-
nates 0.670 and 0.760) spans the nucleotide sequence
coding for the leader of the late mRNA's. The frag-
ments were separated by electrophoresis in horizontal
1.5% agarose slabs (10), eluted electrophoretically into
dialysis tubing, and labeled with 32P by nick-transla-
tion (22). To assay the purity of these fragments prior
to their use as hybridization probes, the HpaI-BglI
endonuclease digest of 5 ,ug of SVS DNA was trans-
ferred from an agarose gel to a sheet of nitrocellulose
according to Southern (25). The nitrocellulose strips
were then annealed with 2 x 105 cpm of each of the
32P-labeled probes, and then autoradiograms were pre-
pared. The probe for the body of the mRNA's hybrid-
izes predominately to the A fragment, with only a
trace of hybridization to the B, C, and D fragments
(see Fig. 2B). Similarly, the probe for the leader seg-
ment hybridizes principally to the D fragment, but
here too some hybridization occurs with the other
fragments.

Isolation of SV40 RNA. RNA was extracted from
semiconfluent cell monolayers 48 h after infection
(multiplicity of infection, 50) with SVS, dl 804, dl 810,
dl 861, in 872, and dl 894. The cells were washed twice
with cold Tris-buffered saline and once, briefly, with
a cold solution of 10 mM Tris (pH 7.5) containing 10
mM NaCl and 5 mM MgCl2, followed with 1 ml per
plate of the same buffer plus 0.5% Nonidet P-40 and
0.05% deoxycholate. The cell monolayer was scraped
off with a rubber policeman and mixed with an equal
volume of 100 mM Tris (pH 8.5) containing 300 mM
NaCl and 15 mM EDTA, and the cell aggregates were
dispersed by forcing the mixture in and out, several
times, through a Pasteur pipette. The suspension was
extracted twice with an equal volume of water-satu-
rated phenol-chloroform (1:1), and the RNA was pre-
cipitated with 2 volumes of ethanol. This procedure
extracts mainly cytoplasmic RNA, as the nuclei do not
lyse and remain in the first phenol-chloroform aqueous
interface. The precipitates were washed with 70%
ethanol, drained, and dissolved in a small volume of
20 mM Tris (pH 7.5) containing 10 mM NaCl and 10
mM MgCl2. DNase I, freed of RNase by iodoacetate
treatment (26), was added (20 ,ug of DNase per mg of
nucleic acid), and the mixture was incubated at room
temperature for 45 min. Then, 0.5 volume of a solution
of 80 mM Tris (pH 8.5) containing 50 mM EDTA, 300
mM NaCl, 0.5% sodium dodecyl sulfate, and proteinase
K (100 pg/ml) was added. After 10 min at room tem-
perature, the mixture was extracted with an equal
volume of water-saturated phenol-chloroform (1:1).
The RNA was either precipitated with ethanol or
passed over polyuridylic acid-Sepharose (Pharmacia)
(17) to select polyadenylic acid-terminated RNAs.
Analysis of SV40 RNAs. Polyadenylic acid-con-
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taining RNAs were denatured with glyoxal and sub-
jected to electrophoresis in a horizontal 1.5% agarose
slab gel (10 ytg per gel track) in 10 mM sodium phos-
phate buffer (pH 7.0) (19). After electrophoresis, the
gel was immersed in 50 mM NaOH containing ethid-
ium bromide (1 ug/mi) for 1 h to dissociate the RNA-
glyoxal compound and to stain the RNA bands. About
30 min after the gel was immersed in alkali, the di-
azobenzyloxymethyl-treated cellulose sheet was "di-
azotized" (3). After 60 min of alkali treatment, the gel
was neutralized by washing twice in 100 mM phos-
phate buffer (pH 6.8) for 15 min, followed by three
washes of 20 mM phosphate buffer for 10 min each.
During neutralization the diazotized cellulose was
washed four times with cold water for 10 min each and
then twice with cold 20 mM phosphate buffer for 10
min each. The RNA was transferred by blotting to the
diazotized cellulose (3) and then hybridized for 24 h at
42°C with approximately 2 x 106 cpm of the appropri-
ate 32P-labeled DNA probe. The cellulose sheets were
then washed for 2 h at 42°C with six changes of 100 ml
each of 50% formamide and fivefold-concentrated
standard citrate-saline, followed by one wash at room
temperature with Tris-buffered saline. The sheets
were air dried and autoradiographed using Kodak XR-
5 film exposed to -70°C for 4 h with a Dupont Cronex
lightning-plus intensifying screen.

Analysis of spHced structure of the RNAs. The
contiguity of the nucleotide sequences in the mRNA's
was determined by the method of Berk and Sharp (4).
About 50,g of the cytoplasmic RNA was hybridized
with 1 x 104 to 3 x 104 cpm of intact 32P-labeled viral
DNA fragments for 40 h at 47°C in 50 pl of 80%
formamide as described by Casey and Davidson (7). A
25-,ld aliquot was diluted 10-fold into cold 30 mM
sodium acetate (pH 4.5) containing 280 mM NaCl and
4.5 mM ZnCl2 and digested with 8 U of S1 nuclease at
45°C for 45 min as described by Shenk et al. (24). The
remaining 25 pl of the hybridized sample was diluted
with 10 volumes of 10 mM Tris (pH 7.5) containing
enough exonuclease VII to digest 1 ug of denatured
SV40 DNA in 45 min at 45°C. After the digestion,
samples were precipitated with ethanol, and the re-
sistant DNA was subjected to electrophoresis in hori-
zontal 1.5% agarose slab gels containing 30mM NaOH
(18). Dried gels were autoradiographed for 12 h as
described above.

RESULTS
Verification of the DNA structure of

SV40 deletion and insertion mutants. We
have previously observed high levels of tran-
scriptionally active defective genomes accumu-
lating during a single growth cycle after high-
multiplicity infection, particularly by mutant vi-
rus stocks (unpublished data). Since the
mRNA's being analyzed were to be isolated from
cells infected with high multiplicities of the wild-
type and mutant viruses, it was advisable to
verify that the intranuclear viral genomes were
predominately those of the infecting species.
Accordingly, viral DNA, extracted by Hirt's pro-
cedure (14) 48 h after infection, was digested
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with HincII and HindIII endonucleases, and the
fragments were subjected to electrophoresis in
polyacrylamide gels (Fig. 1). Strain Rh 911 is the
parent virus to mutants dl 804 and dl 810 (21),
whereas strain SVS is the progenitor of dl 861,
dl 894, and in 872 (6, 23). dl 804 and dl 810 DNA
lack the Rh 911 C fragment but contain a new
fragment that comigrates either with the F frag-
ment (dl 804) or just behind the G fragment (dl
810); this corresponds to deletions of 170 ± 10
and 190 ± 10 nucleotides, respectively. Com-
pared to their parent virus, SVS, mutants dl 861
and dl 894 also lack the C fragment, but yield
new fragments comigrating with the D or E
fragments, respectively, indicating deletions of
20 to 30 and 150 ± 10 nucleotides, respectively.
Mutant in 872 was reported to contain a deoxy-
ribosyladenine:deoxyribosylthymine insertion at
map position 0.73 (6), a contention supported by
our finding that the C fragment is about 50
nucleotides larger than the corresponding frag-
ment from wild-type DNA. Because the diges-
tion patterns are uncomplicated, i.e., free of frag-
ments, we conclude that there are not substan-
tial amounts of defective or rearranged genomes
in these stocks or in the vegetatively multiplying
viral DNA pool.
Judging from the size of the deletions and

insertion and the fact that each of these mutants
lacks the HpaII endonuclease cleavage site (map
position 0.73) (mutant dl 810 also lacks the Kpn
endonuclease cleavage site at map position 0.72),
the location of the deletions and insertion can
be fixed within the segment bounded by map
coordinates 0.70 and 0.76, the putative leader
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sequence of SV40 late mRNA's (11, 13).
Spliced 19S and 16S cytoplasmic, poly-

adenylated viral mRNA's are produced
after infection with SV40 mutants. Cyto-
plasmic, polyadenylated RNA, synthesized after
infection of CV-1 cells with SVS or each of the
mutants, was isolated, denatured, subjected to
electrophoresis on agarose gel, and then trans-
ferred to sheets of diazotized cellulose as de-
scribed in Materials and Methods. One set of
RNA samples was hybridized with 32P-labeled
DNA derived from the region defined by map
position 0.67 to 0.76 (the late mRNA leader
probe), and an identical set of electrophoresed
RNA samples was hybridized with 32P-labeled
DNA containing the nucleotide sequences from
map position 0.76-0.175 (the late mRNA body
probe). The results (Fig. 2) demonstrate that the
mature 19S and 16S late mRNA classes are
produced during infections with the mutants;
mutants in 872 and dl 894 produce considerably
less of the 19S size class, but on longer exposures
the 19S RNA band is clearly visible in the au-
toradiograms. Since both mRNA species hybrid-
ize with the leader and body probes, we infer
that the cytoplasmic mRNA's produced by the
mutants are probably similar in structure to the
wild-type mRNA's.
Evidence that the mutant mRNA's are indeed

discontiguous (spliced) structures was obtained
using Berk and Sharp's technique (4) for detect-
ing such spliced RNAs. SV40 cytoplasmic RNA,
isolated 48 h after virus infection, was hybridized
to a 2.5-kilobase (kb) 32P-labeled DNA fragment
(the segment between map coordinates 0.67 and
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FIG. 1. Analysis of wild-type and mutant viral DNAs by HincII and HindIII endonuclease digestion and
electrophoresis on polyacrylamide gel. The DNAs were isolated by Hirt extraction (14) 48 h after high-
multiplicity infections, digested with HincII and HindIII endonucleases, subjected to electrophoresis on a 3
to 7% gradient polyacrylamide slab gel, stained with ethidium bromide, and photographed on UV light
transilluminator as described in the text.
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FIG. 2. Analysis of viral RNAs synthesized late after infection with wild-type SV40 and mutants. (A)
Cytoplasmic, polyadenylated RNA was denatured with glyoxal, duplicate samples were subjected to electro-
phoresis on 1.5% agarose gels, and each was transferred by blotting to sheets of diazotized cellulose as
described in the text. One sheet was incubated with 32P-labeled DNA homologous to the body of the mRNA's,
and the other sheet was incubated with 32P-labeled DNA corresponding to the leader sequence (see text).
Autoradiograms were exposed for 4 h. (B) Wild-type SV40 DNA was digested with BglI and HpaI endonu-
cleases, and the products were subjected to electrophoresis on 1.5% agarose gels (5 gg ofDNA per track). The
DNA was transferred by blotting to nitrocellulose as described in the text, hybridized to the 32P-labeled body
or leader DNA probes, and autoradiographed for 2 h.
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0.15), the hybrids were digested with S1 nuclease
to degrade the unhybridized single-strand DNA,
and the resistant DNA was subjected to electro-
phoresis in alkaline agarose gels. Figure 3 shows
that hybridization with RNA isolated after in-
fections with either wild-type or each of the
mutant viruses generates two Si nuclease-resist-
ant segments, approximately 2 and 1.1 kb in
length; there are also smaller bands, in the range
of 0.2 kb and smaller, but these are not easily
resolvable or visualized with this electrophoresis
system and are dealt with subsequently. The
preservation of the 2- and 1.1-kb DNA fragments
with each of the RNA preparations is indicative
of the presence of two RNAs, each homologous
to only part of the labeled DNA probe. The 1.1-
kb DNA fragment results from hybridization
with 16S RNAs having a discontiguity between
the RNA andDNA nucleotide sequence at about
0.94, thereby yielding a DNA fragment of about
1.1 kb (map position 0.94 to 0.15). Similarly,
hybridization with the 19S RNA species reveals
a discontiguity in the two nucleotide sequences
at about map position 0.76, thereby yielding an
S1 nuclease-resistant fragment of 2 kb (map
position of 0.76 to 0.15). If a 32P-labeled DNA
fragment extending from map position 0.67 to
1.0 is used as the probe, the S1 nuclease-resistant
fragments are only 1.25 and 0.3 kb in length
(data not shown), establishing that the contig-
uous part of the RNAs maps to the distal end of
the indicator fragment. Note that the mutant
and wild-type RNAs are equally efficient in pro-
tecting the smaller fragment, i.e., they contain
about equal quantities of the 16S RNA species.
Similarly, the RNAs obtained after infection
with mutants dl 804, dl 810, and dl 861 generate
about the same amount of the longer fragment
as does the wild-type RNA. However, there is
considerably less of the longer fragment after
hybridization with the RNA obtained from the
infection with mutants in 872 and dl 894, al-
though the larger fragment is visible on a longer
exposure of these autoradiograms. This is con-
sistent with the earlier conclusion that the RNA
produced after infection with mutants in 872
and dl 894 has less of the 19S RNA, relative to
the 16S RNA, than is found in wild-type infec-
tions.
Altered late RNAs are produced after in-

fection with mutants having deletions and
insertions in the leader segment. The data
presented in the previous section show that the
spliced late RNAs are produced after infection
with mutants having deletions and insertions in
the leader segment. However, the late RNAs
generated by each of the mutants are distin-
guishable from those formed in wild-type infec-

tions, particularly in the nucleotide sequences
included in the leader segment. This is demon-
strated by a more detailed analysis of the struc-
ture of the late RNAs using Berk and Sharp's
technique (4) for mapping the termini of RNAs
and sizing the individual segments of spliced
RNAs.
Cytoplasmic RNAs obtained 48 h after infec-

tion with wild-type or mutant viruses were hy-
bridized to a 32P-labeled DNA fragment (the
segment between map coordinate 0.57 to 1.0),
and the hybrids were digested with exonuclease
VII, an enzyme which degrades the unhybridized
DNA from the 5' and 3' ends exclusively (9).
The products of the digestion (i.e., the protected
32P-labeled DNA segments) were subjected to
electrophoresis on an alkaline agarose gel and
autoradiographed. Figure 4 shows that RNA
obtained from infections with wild-type virus
yields two classes of protected fragments, 1.62
and 1.45 kb in length. This is consistent with the
existence of two major classes of late RNA, one
whose 5' ends extend to about map position 0.72,
yielding the 1.45-kb protected DNA segments,
and the other having 5' ends at or about map
position 0.69, to generate the 1.62-kb protected
DNA fragment. Since the RNA from infections
with mutant dl 894 is deficient in the 19S RNA
species (see Fig. 2A and 3) and appears to pro-
duce little or none of the protected 1.62-kb DNA
fragments, we tentatively identify the larger
fragment as the one protected by the 19S mRNA
class and the 1.45-kb fragment as the one that
hybridized with the 16S mRNA class.
Comparing the results obtained with the wild-

type and mutant RNAs reveals that mutants dl
804, dl 810, dl 861, and in 872 produce, predom-
inately, RNAs with 5' ends at or near map
position 0.69. Mutant dl 810 also appears to
make a small amount of another RNA, one
indicated by the occurrence of a 1.28-kb pro-
tected DNA fragment; this indicates the exist-
ence of a minor RNA species whose 5' terminus
is at about map position 0.75. Since 16S mRNA's
are made after infection with each of these mu-
tants and wild-type 16S mRNA's have their 5'
ends at about map position 0.72 (11, 13), we
conclude that the mutants produce 16S RNAs
with altered 5' ends. From this experiment we
cannot determine whethere the 5' ends of the
19S mRNA's made by the mutants are or are
not altered by the mutations. TheRNA obtained
from infections with mutant dl 894 protects
mainly the 1.45-kb DNA fragment, indicating
that the 5' end of most of the RNAs produced
by this mutant occurs close to map position 0.72.
A more precise estimate of the map location

of the 5' termini of wild-type and mutant 19S
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FIG. 3. 32P-labeled SV40 DNA segment made resistant to Si nuclease digestion after hybridization with
cytoplasmic RNA made after infection with wild-type and mutant SV40. The 32P-labeled DNA fragment,
defined by map coordinates 0.67 and 0.15 (made by digestions with BgUI and BamHI endonucleases), was
annealed with cytoplasmic RNAs from cells infected with wild-type and mutant viruses, digested with Si
nuclease, incubated with alkali, and subjected to electrophoresis on a 1.5% alkaline agarose gel (see the text);
autoradiograms were exposed for 12 h. The molecular length markers were obtained by digesting SV40 DNA
with HincII endonuclease as well as the starting 32P-labeled DNA fragment. The diagram below outlines
features of the experimental protocol: the 32P-labeled probe is shown as a single solid line, the putative
cytoplasmic RNAs are indicated by wavy lines, the small triangle represents the position of the missing
nucleotide sequence in the splice junction ofRNAs, and the loops of solid line are the DNA sequences absent
(spliced out) from the RNA. The products of the exonuclease VII and alkaline digestions are the DNA
segments that define the 5' and 3' termini of the RNAs. In this experiment the protected DNA fragments
represent the segments that comprise the leader and the body. Since the portions ofthe splicedRNA fragments
corresponding to the leader segment are not well resolved or visualized under these electrophoresis conditions,
that portion of the autoradiograms has not been reproduced here.
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FIG. 4. 32P-labeled SV40 DNA segment made resistant to exonuclease VII digestion after hybridization
with cytoplasmic RNAs made after infection with wild-type and mutant SV40. A 32P-labeled SV40 DNA
fragment, defined by map coordinates 0.57 to 1.0 (made by TaqI and EcoRI endonuclease cleavages), was

annealed with excess cytoplasmic RNA isolated 48 h after infection with wild-type and mutant virus. The
annealed mixture was incubated with exonuclease VII, incubated with alkali (0.03 M), and subjected to
electrophoresis on a 1.5% alkaline agarose gel as described in the text. The gels were neutralized, dried, and
autoradiographed (12 h). The molecular length markers are generated from SV40 DNA by digestion with
HincII, KpnI, and EcoRI, or TaqI and EcoRI endonucleases. The diagram below outlines features of the
experimental protocol; see legend to Fig. 3 for explanation.

mRNA's was obtained by repeating this analysis coordinate 0.83 to the position of their 5' ends.
with a 32P-labeled fragment extending from map Figure 5 shows the autoradiogram ofthe result
coordinate 0.67 to 0.82; this DNA segment hy- with wild-type and mutant late cytoplasmic
bridizes preferentially to 19S RNAs, since it does RNAs. The uppermost band of each track is the
not contain nucleotide sequences present in the full-length segment (0.82 kb) used as the probe.
16S RNA body segment. Consequently, the ex- With RNA from wild-type virus infections there
periment permits a measure of the length of that are a closely spaced pair of fragments of 0.70 and
portion of the 19S RNA that maps from map 0.645 kb and another pair of 0.575 and 0.515 kb.

Kb
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FIG. 5. 32P-labeled SV40 DNA segment made resistant to exonuclease VII digestion after hybridization
with cytoplasmic RNAs made after infection with wild-type SV40 and mutant viruses. A 32P-labeled SV40
DNA fragment, defined by map coordinates 0.67 to 0.82 (made by BglI and HaeII endonuclease cleavages),
was annealed with excess cytoplasmic RNA isolated 48 h after infection with wild-type and mutant virus. The
annealed mixture was incubated with exonuclease VII, denatured with glyoxal (1 M), and subjected to
electrophoresis on a 3 to 7% polyacrylamide gel (see the text); autoradiograms were exposed for 40 h.

These represent 19S RNA species with 5' ends
that map to positions 0.685 to 0.695 and 0.710 to
0.720, respectively. A faint band of 0.20-kb
length is also observed during a longer exposure
of the autoradiogram. This band probably cor-
responds to the DNA fragment protected by
hybridization to the 16S RNA leader. Its rela-
tively low amount is due to the conditions of
hybridization which favor the more stable hy-
bridization ofthe longer 19S RNA with the DNA
probe. The RNA obtained from infections with
dl 804, dl 810, and in 872 contains predominately
the pair of RNAs extending to 0.686-0.695 and
some to 0.720. Mutant dl 861 RNA contains the
5' termini characteristic of wild-type 19S RNA,
whereas dl 894 RNA contains only 19S RNA
species with 5' ends extending to 0.710-0.720.
There are also other notable features of the
experimental result: (i) RNA from infections
with mutants dl 804, dl 810, dl 861, and in 872

produce one or several protected DNA frag-
ments approximately 0.35 to 0.41 kb in length;
these could result from hybridization of a 16S
mRNA leader segment to the portion of the
labeled DNA mapping between 0.76 and 0.70 to
0.68. (ii) Mutant dl 894 RNA protects principally
a DNA fragment of about 0.22 kb, probably as
a result of hybridization between the leader seg-
ment of its 16S RNA and the probe; this seems
reasonable in light of the paucity of 19S RNAs
produced after infection with this mutant. (iii)
There are a large number of discrete smaller
DNA bands that are protected by the hybridi-
zations with the mutant and not with wild-type
RNAs, but their origin is difficult to decipher.
SV40 mutants produce late mRNA's with

altered leader segments. The experiments de-
scribed thus far show that the length and struc-
ture of the 19S and 16S mRNA body segments
produced in the infections with wild-type and

J. VIROL.
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mutant viruses are indistinguishable; all of the
changes occur in the leader segment.
To compare the wild-type and mutant leader

segments more closely, the late cytoplasmic
RNA was hybridized to a 1.67-kb 32P-labeled
DNA fragment (defined by map position 0.67 to
1.0), and, after digestion of the hybrids with Si
nuclease, the products were denatured with
glyoxal and subjected to electrophoresis on a
gradient polyacrylamide gel; these conditions
resolve the small fragments derived from the
leader segments (Fig. 6). The wild-type and mu-
tant RNA samples each protect DNA fragments
of 1.25 and 0.30 kb; these correspond to the body
portion of the 19S and 16S mRNA species, re-
spectively. The wild-type RNA produces, in ad-
dition to the 1.25- and 0.3-kb fragments, a frag-
ment of 0.20 kb and three minor fragments rang-
ing in size from about 0.04 to 0.15 kb. The 0.20-
kb fragment is probably the leader segment of
the major 16S mRNA (11, 13), and the others
are the leader segments of minor 16S mRNA's
and the 19S mRNA species. Except for mutant
dl 894, none of the RNAs contains leader seg-
ments corresponding to the major 16S RNA
species. Instead, each generates several small
fragments resembling, but distinct from, the pu-
tative 19S mRNA leader segments. The RNA
obtained from infections with mutant dl 861
contains a predominant leader segment of about
0.17 kb and two smaller ones about 0.035 to 0.045
kb in length. The pattern produced with mutant
dl 894 RNA is consistent with the existence of a
16S mRNA-like leader and no fragments diag-
nostic of 19S mRNA's.
Although considerably more work is needed

to assign the different leader segments to specific
classes of wild-type and mutant late mRNA's,
our experiments demonstrate clearly that dele-
tions and insertions within the leader region do
not block the production of spliced 16S and 19S
mRNA's, but they do alter the location of the
splices and the lengths of the leader segments.

DISCUSSION
Recently, it was shown that the late mRNA's

of SV40 are composite molecules containing nu-
cleotides transcribed from at least two noncon-
tiguous DNA segments (2, 5, 8, 11, 13, 15, 16).
This raises several interesting questions about
the formation and function of what has been
termed spliced mRNA's (13). Is it the splicing
event or the spliced RNA per se that is essential
for late gene expression? Which nucleotides in
the sequence are essential for generating the
properly spliced mRNA's? What function does
the leader have, and how critical are the nucleo-
tides comprising the 5' and 3' termini and the
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FIG. 6. Analysis of the size of the leader segments
of cytoplasmic RNAs produced after infection with
wild-type and mutant SV40. The 32P-labeled DNA
fragment, defined by map coordinates 0.67 to 1.0
(made by digestion with BglI and EcoRI endonucle-
ase digestions), was annealed with excess cytoplas-
rnic RNAs as described in the legend to Fig. 3. The
annealed mixtures were digested with Si nuclease,
denatured with glyoxal, and subjected to electropho-
resis on a 3 to 7% gradient polyacrylamide gel (see
the text); autoradiograms were exposed for 94 h. The
molecular length markers are the digestion products
ofSV40 DNA with HaeIII endonuclease.

internal portions of the 19S and 16S mRNA
leader segments for that function?
One approach to answering these and other

questions makes use of virus mutants, particu-
larly those whose nucleotide sequence within
and adjacent to the leader and body segments of
the mRNA's are altered. For example, the 5' end
of the major late 16S mRNA (presumably bear-
ing the "cap" structure [1]) has been located at
map coordinate 0.72, between the KpnI and
HpaII endonuclease cleavage sites, and the 3'
end of the leader segment has been located at
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FIG. 7. Summary of findings. Putative structures
of SV40 late mRNA produced during infection with
wild-type and mutant SV40 with deletions and inser-
tions within the leader segment. The top of the figure
shows the structure determined for the major 16S
mRNA (11, 13); the dashed line indicates the region
that is missing or spliced out of the 16S mRNA
nucleotide sequence. The lower portion of the figure
summarizes our deductions about the structure of the
different mRNA classes produced during infections
with the wild type and various mutants of SV40.

map coordinate 0.76 (11, 13) (see top of Fig. 7).
Yet a mutant exists which lacks the nucleotides
specifying the 5' end of the major late 16S
mRNA. Mutant dl 810 lacks both the KpnI and
HpaII endonuclease cleavage sites, but still syn-
thesizes VP1 and propagates without a helper
virus (21). Similarly, there are several mutants
with deletions that eliminate the 3' end of the
late mRNA leader segment (map coordinate
0.76) (M. Dieckmann, R. Mulligan, S. P. Goff,
and P. Berg, unpublished data); these, however,
fail to make any of the late viral proteins after
infection (10; Dieckmann et al., unpublished
data) because of an inability to generate stable
cytoplasmic 16S and 19S mRNA's from the late
nuclear transcripts (R. T. White and L. P. Vil-
larreal, unpublished data).

In the present work we have compared the
structure of the late cytoplasmic RNAs made
after infection with wild-type SV40 and a set of
viable SV40 mutants, four of which have dele-
tions and one an insertion within the nucleotide
sequence specifying the leader segment of the
19S and 16S mRNA's. Several particularly strik-
ing results were noted. (i) The leader segments

of wild-type SV40 16S and 19S mRNA's are
heterogeneous with respect to the map location
of their 5' ends and possibly in the nucleotide
sequence comprising the leader segments. (ii)
Spliced 16S and 19S mRNA's are made after
infection with each of the mutants, but in two
cases (i.e., in 872 and dl 894) the ratio of 19S to
16S mRNA is reduced. (iii) The elimination or
introduction of nucleotides within map positions
0.70 and 0.75 strikingly alters the types of struc-
tures found in the leader segments of the late
mRNA's (see Fig. 7 for summary). For example,
the late RNAs made after infection with mutants
dl 804, dl 861, dl 810, and in 872 have their 5'
termini at or about map position 0.69 and lack
the major species with a 5' end at map coordi-
nate 0.72; conversely, after infection with dl 872,
very few of the late RNAs have 5' ends mapping
to 0.69, the preferred terminus being map posi-
tion 0.72. (iv) Many of the late RNA leader
segments produced after infections with the mu-
tants appear to be multiply spliced (except for
dl 894), since the major 200- to 205-nucleotide-
long leader segment characteristic of the wild-
type 16S mRNA's is replaced by leaders with
several short discontinguous segments.
The failure of relatively large deletions or an

insertion within the leader nucleotide sequence
of the 16S and 19S mRNA's to render the mu-
tants nonviable suggests that a precise structure
for the mRNA leader sequences is not critical
for its function. Alternatively, there may be a
multiplicity of spliced structures, each capable
of fulfilling the others' functions, and mutational
alterations merely change the relative propor-
tions of the different spliced molecular species.
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