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The colinearity of RNA transcripts with the vaccinia virus genome was
investigated. Cytoplasmic RNA from infected cells was annealed to a cloned
DNA segment that extended from 9 to 15.6 kilobase pairs from the left end of the
genome and contained approximately 800 base pairs of the inverted terminal
repetition (ITR). Remaining unhybridized single strands of DNA were digested
with nuclease S1, and the lengths of the protected DNA fragments were
determined by agarose gel electrophoresis under neutral and alkaline conditions.
Uniformly 32P-labeled cloned DNA insert, separated recombinant DNA strands,
and smaller restriction fragments, as well as 3’ and 5’ end-labeled DNA, were
employed to map five early RNAs and one late RNA. One of the early RNAs
hybridized to sequences within the ITR, and the other four hybridized to
sequences proximal to the ITR. The late RNA was initiated proximal to the ITR
but extended into it. Interestingly, the 3’ portion of this late RNA was comple-
mentary to the early RNA transcribed from the opposite strand of the ITR. From a
comparison of the lengths of the protected DNA fragments on neutral and alkaline
gels, all except the complementary early and late RNAs appeared to be colinear
with the genome. Although the anomalous nuclease S1 data obtained with the
latter RNAs mimicked splicing, they were shown by DNA-DNA hybridization to
result from a small deletion or rearrangement within the ITR. Thus far, no true

examples of spliced vaccinia virus RNAs have been found.

Vaccinia virus provides a unique model sys-
tem for studying the synthesis and posttran-
scriptional modification of mRNA encoded by a
DNA genome. RNA synthesized by enzymes
packaged within the virus particle (9, 13) con-
tains a 5’ cap structure (17) and a 3’ polyade-
nylate tail (8). Because of these eucaryotic
features, there is considerable interest in deter-
mining whether vaccinia virus RNAs are
spliced. No evidence of splicing was found for
three early mRNAs encoded within the long
inverted terminal repetition (ITR; 5, 18, 19) or in
another DNA fragment (6). To extend these
studies, we have examined by the Berk and
Sharp hybridization and nuclease S1 protection
procedure (1, 2) several additional RNAs en-
coded within the left penultimate 6.6-kilobase
pair (kbp) EcoRI fragment. The results de-
scribed here confirm RNA size and map posi-
tions determined by other methods (20). In
addition, we detected a late RN A that is comple-
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mentary in sequence to one of the early RNAs.
Although the majority of the transcripts exam-
ined appeared to be colinear with the genome,
the two complementary RNAs were exceptions.
Further analysis of the DNA, however, demon-
strated that the appearance of splicing resulted
from a small deletion or sequence rearrangement
within a large subpopulation of the plaque-puri-
fied virus.

MATERIALS AND METHODS

Isolation of RNA. Procedures for infection of cells
with the WR strain of vaccinia virus and purification of
cytoplasmic RNA by centrifugation through CsCl have
been described (19).

In vivo labeling of recombinant A phage DNA. Infect-
ed LE392 cells were labeled with 30 to 50 uCi of *2P;
per ml in modified MOPS medium, and the phage were
purified as described (19). The specific activity of the
DNA was about 50,000 cpm/pg.

In vitro labeling of DNA fragments. The 5’ ends of
DNA fragments were labeled with [y-3?P]ATP and T4
polynucleotide kinase essentially as described by
Maxam and Gilbert (10). Labeling of recessed 3’ ends
was accomplished by using the Klenow fragment of

447



448 WITTEK AND MOSS
TERMINAL
REPEAT
-—-——
640 (13K) 450 (6K)  >1560 (6K) 760 (19K)
E| D ¢ B L € - A M R
H
——
940 (21K)
Y N Y KN S SR SR NS T S SR
9 10 [ 12 13 14 15 16

KILOBASE PAIRS FROM LEFT END

FIG. 1. Transcriptional map of the 6.6-kbp left
penultimate EcoRI fragment of the vaccinia virus
genome. Arrows indicate the direction of transcrip-
tion, numbers refer to the sizes of the polyadenylated
RNAs in bases, and the numbers in parentheses are
the sizes of the polypeptide translation products. The
Hpall digestion products are indicated by letters. H,
Heavy strand of the recombinant DNA; L, light strand
of the recombinant DNA.

Escherichia coli DNA polymerase to add a-32P-labeled
deoxyribonucleoside triphosphates.

Nuclease S1 analysis. Nuclease S1 analysis was
performed by the methods of Berk and Sharp (1, 2).
Hybrids between vaccinia RNA and the purified 32P-
labeled vaccinia virus DNA fragment were formed in
30 pl of 80% formamide-0.4 M NaCl-0.04 M PIPES
[piperazine-N,N’-bis(2-ethanesulfonic acid), pH 6.4]-
0.001 M EDTA. The samples were denatured by
incubation at 60°C for 10 min and hybridized for 16 h at
42°C. Alternatively, hybridization of labeled separated
strands and vaccinia RNA was performed in 0.6 M
NaCl-0.06 M sodium citrate for 16 h at 60°C. Hybrid-
izations were terminated by diluting the reaction mix-
tures with 10 volumes of 0.25 M NaCl, 0.03 M sodium
acetate (pH 4.5), 0.001 M ZnSO,, 5% glycerol, and 375
U of S1 nuclease (Miles) per ml. Samples were incu-
bated at 45°C for 30 min, and S1-resistant material was
precipitated by the addition of 3 volumes of ethanol.

Nuclease S1-treated samples were analyzed by elec-
trophoresis in either 1.5% neutral or alkaline agarose
gels (19). The latter were cast in 0.03 M NaCl-0.002 M
EDTA and pre-electrophoresed in 0.03 M NaOH-
0.002 M EDTA for 1 to 2 h before loading the samples.

RESULTS

The 6.6-kbp left penultimate EcoRI fragment
of the vaccinia virus genome was cloned in
AgtWES-AB and used to locate the map posi-
tions of encoded mRNAs (20). The representa-
tion in Fig. 1 was derived from ‘‘Northern blot’’
analysis, hybridization of cap-labeled RNA to
““Southern blots,”” and cell-free translation of
RNA selected by hybridization to separated
DNA strands and restriction fragments. In this
manner, four early mRNAs were shown to hy-
bridize to the light (L) strand, and one was found
to hybridize to the heavy (H) strand. Similar
results were obtained with early RNAs made in
the presence of cycloheximide, an inhibitor of
protein synthesis, and cytosine arabinoside, an
inhibitor of DNA replication. Further work was
necessary to analyze early and late transcription
products by the Berk and Sharp hybridization
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and nuclease S1 protection procedure (1, 2) to
confirm and improve the map and determine the
colinearity of RNA and DNA. In particular, we
were searching for evidence of splicing.

Total cytoplasmic RNA from vaccinia virus-
infected cells was hybridized to the cloned vac-
cinia virus DNA fragment purified from uni-
formly 3?P-labeled recombinant DNA. The
concentration of formamide and the tempera-
ture were selected previously to minimize
DNA-DNA reannealing (19). Unhybridized sin-
gle-stranded DN A was then digested with nucle-
ase S1, and the resistant DNA-RNA hybrids
were resolved by agarose gel electrophoresis.
Under neutral conditions, the bands detected by
fluorography are RNA‘-DNA hybrids (Fig. 2).
Except for the highest-molecular-weight band,
which represents reannealed DNA, none of the
bands was detected in the absence of added
RNA. The sizes of the hybrids indicated in Fig. 2
are averages obtained from several similar ex-
periments. When immediate early RNA from
cells infected in the presence of cycloheximide
was used, the sum of the sizes of the RNA'DNA
hybrids exceeded the 6.6-kbp coding capacity of
the DNA fragment, indicating overlapping or
complementary transcripts. To rule out artifacts
resulting from limiting amounts of DNA, a 10-
fold-higher DNA concentration was used. Al-
though the same bands were detected, their
relative intensities were quite different. In par-
ticular, the two smallest hybrids of approximate-
ly 360 and 440 bp were now most intense,
reflecting their true abundance.

Similar results were also obtained with early
RNA made in the presence of cytosine arabino-
side (Fig. 2). Because of the low amounts of viral
RNA made under these conditions, however,
the bands were faint, and the relative abundance
of the short transcripts was evident with either
concentration of DNA. When late RNA was
used for hybridization, a prominent band of
1,290 bp was found (Fig. 2). Faint bands corre-
sponding to the early sequences also could be
detected.

Under the neutral conditions of electrophore-
sis used above, interrupted segments of DNA
that hybridize to a single RNA species would
migrate as a unit. Under alkaline conditions,
however, the DNA segments would be separat-
ed. This type of analysis was developed by Berk
and Sharp and used to demonstrate splicing (2).
In a similar manner, we sought to obtain infor-
mation regarding the colinearity of vaccinia vi-
rus RNA and DNA by alkaline gel electrophore-
sis of nuclease S1-protected DNA fragments.
With early viral RNAs made in the presence of
cycloheximide or cytosine arabinoside, similar
bands were obtained under both electrophoretic
conditions, and the sizes of the DNA segments
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FIG. 2. Autoradiograph of nuclease Sl-resistant RNA-[**P]DNA hybrids analyzed by electrophoresis on
neutral and alkaline agarose gels. A 10-pg sample of total cytoplasmic RNA from vaccinia virus-infected cells
treated with cycloheximide (cyc), cytosine arabinoside (car), or no inhibitors (late) was hybridized to the 6.6-kbp
cloned DNA fragment isolated from uniformly ?P-labeled recombinant phage. In all tracks numbered 2, a 10-fold
greater amount of DNA was used than for tracks labeled 1. Unhybridized single-stranded DNA was digested
with nuclease S1 (375 U/ml), and resistant material was resolved by electrophoresis on either neutral or alkaline
1.5% agarose gels. The indicated lengths in nucleotides of the bands are averages from several gels in which end-
labeled A HindIII and $X174 RF Haelll fragments were co-electrophoresed as markers.

agreed within the error of the method. As will be
shown later, however, the large number of pro-
tected DNA fragments obscured real differences
in the lower part of the gel. With late RNA an
additional band of 890 bases was resolved by
alkaline gel electrophoresis and a band of about
430 bases appeared to increase slightly in inten-
sity. However, a band of approximately 1,280
bases was still present, making the result some-
what puzzling.

Because the RNAs of greater than 2,000 nu-
cleotides have not been shown to be translat-
able, appear to be overlapping in sequence, and
are of unknown significance, we will make very
little further comment regarding them in this
communication.

Strand assignment of RNAs. To further our
analysis, RNA was hybridized to the separated
strands of uniformly labeled A\ recombinant
DNA and the unhybridized material was digest-
ed with nuclease S1. Upon neutral agarose gel
electrophoresis, a single band of 820 bp was
detected when viral RNA made in the presence
of cycloheximide was annealed to the heavy

(rightward reading) DNA strand (Fig. 3). Since
previously (20) only a single mRNA of 940
nucleotides was shown to hybridize to the heavy
strand, we surmised that the band contained the
message for the 21,000-dalton (21K) polypeptide
(Fig. 1). Further evidence to support this con-
tention and to explain the apparent discrepancy
in RNA size will be presented in a later section.

The remaining nuclease S1-protected hybrids
were detected by using the light DNA strand
(Fig. 3). The two smallest hybrids of 360 and 440
bp were apparent on longer exposure. The faint-
ness of these bands evidently was due to the
limiting amounts of separated DNA strands
available for hybridization. This view was sup-
ported by results obtained with viral RNA made
in the presence of cytosine arabinoside. Because
of the low amounts of viral RNA and the conse-
quently higher DNA/RNA ratio, the abundant
low-molecular-weight hybrids were predomi-
nant (Fig. 3). The specific late 1,290-bp hybrid
was also formed with the light DNA strand (Fig.
3).

When parallel samples of nuclease S1-resis-
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FIG. 3. Autoradiograph of nuclease S1-resistant material formed by hybridization of RNA to 3?P-labeled
separated recombinant DNA strands and analyzed by neutral and alkaline agarose gel electrophoresis. A 25-pg
sample of total cytoplasmic RNA, isolated from vaccinia virus-infected cells treated with cycloheximide (cyc),
cytosine arabinoside (car), or no inhibitors (late), was hybridized to uniformly *2P-labeled, cloned 6.6-kbp DNA
fragment (T) and to purified heavy (H) and light (L) strand of recombinant DNA. Treatment with nuclease S1 and
gel electrophoresis under neutral and alkaline conditions were carried out as described in the legend to Fig. 2.

tant material formed by hybridization of RNA to
separated DNA strands were analyzed on alka-
line gels, essentially the same pattern was ob-
tained (Fig. 3). One exception, however, was the
presence of a faint 430-base band in addition to
the major 800-base band when RNA made in the
presence of cycloheximide was hybridized to the
heavy DNA strand. Although the faint band was
seen on repeated experiments, we considered
initially that it might have resulted from a slight
contamination with light strand DNA. Subse-
quent experiments, however, demonstrated that
this was not the correct explanation.

As before, we observed the band of 890 bases
as well as a faint band of 430 in addition to the
one of approximately 1,290 bases when late
RNA-DNA hybrids were examined by alkaline
gel electrophoresis. Moreover, these products
were formed by hybridization to the light strand.

Mapping of early RNAs by hybridization to
smaller restriction fragments. Additional experi-
ments were designed to map the RNAs detected
by hybridization and nuclease S1 analysis. Uni-
formly 3?P-labeled recombinant DNA was di-
gested with EcoRI, and the vaccinia virus DNA

segment was isolated. The latter was then di-
gested with Hpall, and the resulting fragments,
indicated in Fig. 1, were purified. These labeled
Hpall fragments were then annealed to immedi-
ate early RNA, and the unhybridized single
strands were digested with nuclease S1. We
considered that RNAs entirely encoded within
individual Hpall fragments would give hybrids
identical in size to those obtained with the larger
EcoRI fragment. On the other hand, RNA spe-
cies that hybridize to two or more adjacent
Hpall fragments will form truncated hybrids by
this procedure. Apparently, unshortened hy-
brids of 360, 440, 580, and 2,280 bp were detect-
ed when the large Hpall A fragment was used,
and one of 500 bp was found by using the Hpall
B fragment (Fig. 4); the remaining bands ap-
peared to be truncated to some extent. The 500-
bp band obtained with the Hpall B fragment was
evidently the mRNA for the 13K polypeptide
(Fig. 1). The bands detected by using the Hpall
A fragment were candidates for the 6K, 19K,
and 60K early polypeptides.

Identification of early RNAs mapping at the left
and right ends of the cloned EcoRI DNA segment.
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F1G. 4. Autoradiograph of nuclease S1-resistant
material formed by hybridization of RNA to 32P-
labeled Hpall restriction fragments and analyzed by
neutral agarose gel electrophoresis. Total cytoplasmic
RNA from virus-infected cells treated with cyclohexi-
mide was hybridized to uniformly 32P-labeled, cloned
6.6-kbp EcoRI DNA fragment (T) and to the indicated
Hpall subfragments (see Fig. 1). Treatment with nu-
clease S1 and gel electrophoresis under neutral condi-
tions were carried out as described in the legend to
Fig. 2.

Our ptevous studies (5, 16, 20) suggested that
mRNA s for the 21K and 19K polypeptides were
initiated to the left and right, respectively, of the
cloned penultimate EcoRI fragment studied here
(Fig. 1). Accordingly, those RNAs should hy-
bridize to the 3’ ends of the EcoRI fragment and
protect the terminal nucleotide from nuclease S1
digestion. To confirm this, [o¢*?>-PJdATP and
'[0*2-P]dTTP were used with DNA polymerase
to label the staggered ends of the DNA. The
EcoRI fragment was then cleaved at the single
Xhol site, and the two resulting pieces were
separated by agarose gel electrophoresis. RNA,
from cells infected in the presence of cyclohexi-
mide, was then hybridized to the labeled DNA
fragments, and the remaining single-stranded
DNA was digested with nuclease S1. The la-
beled bands were then identified by autoradiog-
raphy after neutral gel electrophoresis. With the
left fragment, a prominent band of 820 bp and a
faint one of 2,280 bp was observed (Fig. 5). With
the right fragment, an intense band of 580 bp was
detected (Fig. 5). Hybrids of 820 and 580 bp
were among those detected with uniformly 3?P-
labeled DNA (Fig. 5). The map in Fig. 1 suggests
that the 820-bp and 580-bp bands are derived
from the mRNAs for the 21K and 19K polypep-
tides, respectively. It should be realized that the
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sizes of the protected DNA fragments do not
represent the full lengths of the mRNAs since
the latter are initiated in adjacent EcoRI frag-
ments. By contrast, the values determined di-
rectly by gel electrophoresis of denatured RNA
(shown in Fig. 1) represent full lengths plus a
polyadenylate tail of approximately 100 nucleo-
tides. Thus, there is no discrepancy in the re-
sults obtained by the two methods.

Parallel nuclease S1-treated samples were also
examined by electrophoresis on an alkaline gel.
When the hybridization products obtained with
the right-end-labeled DNA fragment were ana-
lyzed, the size of the single band was similar to
that obtained on a neutral gel (Fig. S, track 2). In
contrast, a remarkable difference was noted
when the products obtained with the left-end-
labeled fragment on neutral and alkaline gels
were compared (Fig. 5, track 1). Whereas a
single band of approximately 820 bp was found
on neutral gels, two bands of 800 and 430 bases
were resolved under alkaline conditions, sug-
gesting the possibility of splicing (Fig. S, track
1). Identical results also were obtained when
RNA made in the presence of cytosine arabino-
side was hybridized to end-labeled DNA (not
shown). Although a faint 430-base band had
been detected on alkaline gels when uniformly
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FIG. 5. Autoradiograph of nuclease S1-resistant
material formed by hybridization of RNA to 3’ end-
labeled DNA fragments and analyzed by neutral and
alkaline agarose gel electrophoresis. A 25-ug sample
of total cytoplasmic RNA, isolated from vaccinia
virus-infected cells that were treated with cyclohexi-
mide, was hybridized to uniformly labeled, 6.6-kbp
cloned EcoRI DNA fragment (T) and to the left (1) and
right (2) Xhol subfragments 3’ end-labeled at the
EcoRI restriction sites. Nuclease S1 digestion and
agarose gel electrophoresis were carried out as de-
scribed in the legend to Fig. 2.
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labeled heavy strand DNA was used for hybrid-
ization (Fig. 3), the presence of a similar size
band derived from the light strands obscured the
difference between neutral and alkaline gels
when uniformly labeled DNA that was not
strand separated was used.

Next, we determined that none of the early
RNAs that are initiated within the penultimate
EcoRI fragment extends into adjacent frag-
ments. To do this, the cloned EcoRI fragment
was labeled at its 5’ ends with polynucleotide
kinase and [y-32P]ATP and then cleaved at the
single Xhol site. The two DNA fragments were
purified and hydridized to RNA made either in
the presence of cycloheximide or cytosine arabi-
noside. However, in neither case did RNA hy-
bridize to the terminally labeled nucleotide and
protect it from nuclease S1 digestion.

Identification of a late RNA mapping at the left
end of the cloned EcoRI DNA segment. Experi-
ments similar to those outlined in the previous
section were performed with late RNA obtained
6 h after vaccinia virus infection. When 3’ end-
labeled DNA was used, no labeled bands were
obtained; negative results also were obtained
with the right Xhol subfragment labeled at the S’
EcoR1 end (Fig. 6, track 1). However, when late
RNA was hybridized to the left Xhol subfrag-
ment labeled at the 5’ EcoRI end, nuclease-
protected bands were resolved. On neutral agar-
ose gels, a 1,290-bp RNA-DNA hybrid that
comigrated with the hybrid formed with uni-
formly labeled DNA was detected (Fig. 6, track
2). When the uniformly labeled DNA-RNA hy-
brids were analyzed on alkaline gels, bands of
1,280, 890, and 430 bases were detected as
before, again raising the possibility of splicing.
When the 5’ end-labeled DNA-RNA hybrid was
analyzed on the same alkaline gel, bands of
1,280 and 430 bases were detected (Fig. 6, track
2). Evidently, the 430-base DNA fragment was
derived from the 5’ end of the 1,290-base DNA.
Since the 890-base fragment was derived from
the 3’ end, it was detected only with uniformly
labeled DN A on the alkaline gel (Fig. 6, track T).
The values of 1,290 bp obtained on neutral
agarose gels and 1,280 bases obtained on alka-
line gels were not significantly different, suggest-
ing that some of the DNA was fully protected
from nuclease S1.

The 5’ end of this late transcript must map
about 500 nucleotides to the right of the ITR
(Fig. 1). Since the RNA extends past the EcoRI
site of the cloned DNA segment, its 3’ end must
be in the adjacent DNA fragment. Thus, the full
length of the transcript is greater than 1,280
bases. Furthermore, a large portion of this late
RNA must be complementary in sequence to the
early RNA for the 21K polypeptide (Fig. 1). The
map position of the RNA for the 13K polypep-
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FIG. 6. Autoradiograph of nuclease Sl-resistant
material formed by hybridization of late RNA to 5’
end-labeled DNA fragments and analyzed by neutral
and alkaline agarose gel electrophoresis. A 25-pg
sample of total cytoplasmic RNA, isolated 6 h after
infection, was hybridized to uniformly labeled, 6.6-
kbp cloned EcoRI fragment (T) and to the left (1) and
right (2) Xhol subfragments 5’ end-labeled at the
EcoRlI sites. Nuclease S1 digestion and agarose gel
electrophoresis were carried out as described in the
legend to Fig. 2.

tide is not sufficiently refined to know whether it
partially overlaps the late transcript.
Interestingly, the DNA hybrids formed with
the late RNA and the RNA for the 21K polypep-
tide were incompletely protected against nucle-
ase S1 as indicated by the smaller fragments
obtained on alkaline agarose gels. Furthermore,
in each case, the smaller end-labeled fragment
was 430 bases. Their identical electrophoretic
mobilities were confirmed by analysis on the
same gel (not shown). This coincidence led us to
look for an explanation, other than RNA splic-
ing, for the anomalous nuclease S1 results.
Evidence for a deletion or sequence rearrange-
ment in the genome. We considered that the
probable cause for the above results was the
occurrence of a small deletion or sequence rear-
rangement, approximately 430 bp from the
EcoRI site within either the virion or cloned
DNA. Evidence supporting the above hypothe-
sis came from DNA-DNA hybridization studies.
Total virion DNA, from the virus stock used for
infections, was digested with EcoRI and incu-
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FIG. 7. Autoradiograph of nuclease Sl-resistant
material formed by hybridization of unlabeled virion
DNA to 3?P-labeled cloned DNA and analyzed by
alkaline agarose gel electrophoresis. A constant
amount of uniformly 32P-labeled, 6.6-kbp cloned
EcoRI DNA insert was annealed to 0 ug (track 5), 2 ug
(track 1), 4 pg (track 2), 6 g (track 3), and 8 pg (track
4) of unlabeled, EcoRI-digested total DNA from vac-
cinia virions. Nuclease S1 digestion and alkaline agar-
ose gel electrophoresis were carried out as described
in the legend to Fig. 2.

bated under suitable conditions with the cloned,
uniformly 3?P-labeled DNA segment. After nu-
clease S1 digestion, the hybrids were analyzed
on an alkaline gel. With increasing amounts of
total vaccinia DNA, an increasingly intense
band of approximately 400 bases was found (Fig.
7, tracks 1 to 4). This band was not detected
upon self-hybridization of the cloned DNA (Fig.
7, track 5). The size of this band was in good
agreement with the anomalous ones detected by
alkaline gel electrophoresis after RNA-DNA hy-
bridization (Fig. 5 and 6). Similar results were
also obtained by hybridizing the EcoRI-digested
left terminal HindIII fragment to the 3?P-labeled
cloned fragment. Moreover, in that experiment
we not only detected the 400-base band but also
demonstrated a small reduction in size of the
remaining approximately 6,000-bp fragment (not
shown).

To locate the precise position of the deletion
or rearrangement, EcoRI-digested total vaccinia
virus DNA was hybridized to the 3’ end-labeled
left Xhol subfragment of the cloned DNA seg-
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ment, and the products were treated with nucle-
ase S1. Upon neutral agarose gel electrophore-
sis, a very intense band corresponding to the
entire left portion of the cloned segment was
found, as well as some very minor bands of
unknown significance (Fig. 8, track 2). More
importantly, an additional 430-base band was
detected under alkaline conditions (Fig. 8, track
2). Moreover, this band comigrated with the
product of RNA-DNA hybridization (Fig. 8,
track 1).

DISCUSSION

Early and late RNAs encoded within the 6.6-
kbp left penultimate EcoRI fragment of the
vaccinia virus genome were analyzed by neutral
and alkaline agarose gel electrophoresis of nu-
clease S1-digested RNA-DNA hybrids. By using
uniformly 3’P-labeled cloned EcoRI fragment,
separated recombinant DNA strands, and Hpall
restriction fragments as well as 3’ and 5’ end-
labeled DNA for hybridization, it was possible
to confirm and extend the transcriptional map
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FIG. 8. Autoradiograph of nuclease Sl-resistant
material formed by hybridization of RNA and DNA to
3’ end-labeled DNA fragments and analyzed by neu-
tral and alkaline agarose gel electrophoresis. The left
subfragment, obtained by Xhol digestion of the 6.6-
kbp 3’ end-labeled EcoRI fragment, was hybridized to
total cytoplasmic RNA from vaccinia virus-infected
cells treated with cycloheximide (1) and to 5 pg of
EcoRlI-digested total DNA from vaccinia virions (2).
Nuclease S1 digestion and neutral and alkaline agarose
gel electrophoresis were carried out as described in the
legend to Fig. 2.
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obtained by independent methods (20). mRNAs
for the early 21K and 19K polypeptides were
shown to extend into the left and right adjacent
fragments, respectively. Early mRNA for the
13K polypeptide was encoded entirely within
the Hpall B fragment, whereas mRNAs be-
lieved to code for the early 6K and 60K polypep-
tides hybridized to sequences contained within
the Hpall A fragment. There was some ambigu-
ity regarding the mRNA for the 6K polypeptide
since two transcripts of 360 and 440 bases were
detected by nuclease S1 analysis whereas only a
single polyadenylated RNA of 450 bases was
detected by the lower-resolution Northern blot-
ting procedure (20).

The nuclease S1 procedure also resolved addi-
tional early high-molecular-weight RNAs that
appeared very faintly on Northern blots (20).
High-molecular-weight early RNAs encoded
within other restriction fragments were noted
previously (6, 19). In those studies, the possibili-
ties that these RNAs are read-through products
or higher-molecular-weight precursors that are
destined to be trimmed at the 3’ ends were
considered. Whether these in vivo high-molecu-
lar-weight RN As are related to the high-molecu-
lar-weight RNAs formed in vitro when ATP is
depleted (15) or an ATP analog is added (7)
remains to be determined.

The nuclease S1 procedure also revealed a
late RNA that initiates outside of the ITR and
extends into it. The 3’ end of this RNA is located
within the adjacent terminal EcoRI fragment.
However, this late RNA could not be detected
by Northern blotting (20). Evidently, the failure
to resolve a discrete band by the latter proce-
dure is due to the heterogeneity in size of many
if not all transcripts made late in infection (6).
That we obtained a discrete band by hybridiza-
tion of late RNA to a truncated DNA fragment
containing sequences corresponding to the S’
end of the RNA indicates that the heterogeneity
must be in the 3’ end.

Another point of interest, possibly also related
to failure of RNA termination, is that a long
segment of the late RNA is complementary to
the early RNA coding for the 21K polypeptide.
This confirms prior RNA-RNA hybridization
studies indicating that some late RNAs are
“‘anti-early’’ (3) as well as self-complementary
(4). We do not know whether the late RNA
analyzed in this study is translatable. Although a
late 22K polypeptide is encoded within the
cloned 6.6-kbp DNA fragment, its map position
does not appear to correspond with that of this
transcript.

The main purpose of this study was to exam-
ine the colinearity of the transcripts with the
genome. In particular, we sought evidence of
RNA splicing. For most RNAs, the lengths of
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the nuclease S1-protected DNA fragments were
similar under neutral and alkaline conditions,
indicating the absence of unhybridized interven-
ing DNA sequences. This was not the case
either for the early mRNA encoding the 21K
polypeptide or the complementary late RNA.
The early 940-nucleotide RNA is initiated in the
EcoRI DNA fragment to the left of the one used
in this study. In neutral agarose gels, the length
of DNA protected from nuclease S1 by this
RNA was about 820 bases, whereas in alkaline
gels a band of the latter size as well as an
additional band of 430 bases was detected. Simi-
larly, the DNA fragment protected by the late
transcript appeared to be 1,290 bases long on
neutral gels, but additional fragments of 890 and
430 bases were detected on alkaline gels. Within
both early and late RN As, the 430-base fragment
represented the left end of the cloned DNA
segment. Although the possibility of splicing
was entertained, it seemed unlikely that RNAs
transcribed from complementary strands would
be spliced at exactly the same point. Moreover,
in both cases, considerable amounts of the full-
size DNA segment remained under alkaline con-
ditions regardless of the amount of nuclease S1
used. The cause of the anomalous nuclease S1
results was found to be a small deletion or
sequence rearrangement within the genome.
This was shown by hybridizing EcoRI-digested
virion DNA to the cloned EcoRI fragment and
digesting with nuclease S1. As predicted, a
fragment of about 430 bases was formed. Thus,
although the same plaque-purified virus had
been used for cloning and preparing large virus
stocks, a genomic variant arose in the latter.
Consequently, RNA transcribed from the vari-
ant did not completely protect the cloned DNA
segment from nuclease S1.

Because the deletion or rearrangement oc-
curred within the ITR, we also considered the
possibility that the left and right ends of the
DNA are not identical. Under these circum-
stances, similar but nonidentical mRNAs could
be formed from the two ends. However, when
DNA from the left side of the genome was
hybridized to a cloned fragment from the left
side, the DNA heterogeneity was still observed.
We suspect that the region of the genome near
the junction of the ITR is a ‘‘hot spot’ for
deletions or rearrangements. Moyer and co-
workers found that large deletions within the
rabbit poxvirus genome begin in this region (12),
and similarly large deletions have been found in
plaque isolates of vaccinia virus (11, 14).

In conclusion, no evidence for splicing of
vaccinia virus mRNAs has been obtained thus
far. Whether such a generalization will hold true
for all vaccinia virus transcripts remains to be
seen.
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