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Physical, transcriptional, and translational maps of an EcoRI fragment located
between 15,800 and 20,600 base pairs from the left end of the vaccinia virus
genome were prepared. Major polypeptides with molecular weights of 14,000 (14K
polypeptide), 32,000 and 38,000 were synthesized in a reticulocyte cell-free system
programed with immediate early RNA made in the presence of cycloheximide
and selected by hybridization to A recombinant DNA containing the EcoRI
fragment. With early RNA made in the presence of cytosine arabinoside, an
inhibitor of DNA replication, the polypeptide pattern was similar except for
quantitative differences in which less 38K polypeptide was detected as a transla-
tion product. With late RNA, isolated 6 h after infection without inhibitors, only
traces of the early translation products were found and a new 40K polypeptide
was detected. The sizes of the mRNA's for the 14K, 32K, and 38K polypeptides
were determined to be approximately 760, 880, and 1,150 nucleotides, respectively,
by several independent procedures. Several large early RNAs not shown to code
for any additional translation products were also detected. The size of the late
message for the 40K polypeptide varied from 920 to 3,100 nucleotides. This
heterogeneity appeared to be a general property of vaccinia virus late mRNA's.
No evidence of RNA splicing was obtained by analysis of RNA-DNA hybrids
after nuclease S1 treatment. Further analyses using separated recombinant DNA
strands and restriction fragments indicated that all mRNA’s were encoded by the
leftward-reading DNA strand and at least two were overlapping. Since early and
late mRNA’s were encoded by the same DNA strand, the possibility of temporal
regulation by transcriptional strand switching was eliminated. In conjunction
with previous studies, a transcriptional map of the left 20,600 base pairs of the

vaccinia virus genome was derived.

To understand the organization and expres-
sion of the 180-kilobase-pair (kbp) vaccinia virus
genome, detailed transcriptional and transla-
tional mapping is required. With this in mind,
we have cloned in phage A three adjacent EcoRI
fragments from the left end of the DNA mole-
cule (21, 23). Together, these DNA segments
comprise an uninterrupted sequence of nearly
21 kbp that represents more than 10% of the
genome. The end 9-kbp EcoRI fragment was of
special interest since it includes the major por-
tion of the 10-kbp inverted terminal repetition
(7, 24). Following a 3-kbp terminal noncoding
segment containing two sets of 13 to 17 direct
tandem repeats of a 70-base-pair (bp) sequence
(25), there is a region that encodes messages for
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three early polypeptides (6). These mRNA’s do
not appear to be spliced (22), and their 5’ capped
ends contain the ribonucleotides used to initiate
transcription (19). A fourth mRNA, which be-
gins near the end of the first EcoRI fragment
and continues into the adjacent one, was subse-
quently discovered (19). The penultimate 6.6-
kbp EcoRI fragment, which contains the junc-
tion of the inverted terminal repetition with the
unique region at the left end of the genome,
encodes four early polypeptides and one late
polypeptide (23). Of the seven early messages
identified, five are copied from the same left-
ward-reading DNA strand.

To continue these investigations, we have now
extended the transcription map 4.7 kbp further
into the genome. Three additional early
mRNA’s and one late mRNA were detected. All
of these were transcribed from the apparently
dominant leftward-reading DNA strand, and at
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least two of the early mRNA'’s as well as one late
and one early mRNA appeared to be overlap-

ping.
MATERIALS AND METHODS

Isolation of RNA from infected cells. Total cy-
toplasmic RNA was isolated by CsCl centrifugation 4
h after HeLa cells were infected with 1,500 particles
(30 PFU)/cell of purified vaccinia virus (WR strain)
in the presence of 100 ug of cycloheximide or 40 pg of
cytosine arabinoside per ml or 6 h after infection in
the absence of inhibitors (5).

Hybridization selection of RNA and cell-free
translation. RNA was selected by hybridization to
DNA immobilized on nitrocellulose filters and trans-
lated in a micrococcal nuclease-treated reticulocyte
system as described previously (5) and in the preceding
paper (23).

Size fractionation of RNA in agarose gels con-
taining methylmercuric hydroxide. RNA samples
were heated at 60°C for 5 min in buffer containing 10
mM methylmercuric hydroxide and resolved by elec-
trophoresis in 1.5% agarose gels containing 5 mM
methylmercuric hydroxide exactly as described (6).
After electrophoresis, the gel was washed three times
in 0.5 M ammonium acetate and then exposed to X-
ray film placed against an intensifying screen for 2 h
at 4°C to determine the position of internal **P-labeled
DNA restriction fragment markers. Gel slices (4 mm
thick) were frozen and thawed, and the RNA was
extracted with phenol and ethanol precipitated with
20 pg of carrier tRNA before translation (6).

Blotting and hybridization of size-fractionated
RNA. RNA was denatured in buffer containing 1 M
glyoxal, 50% (vol/vol) dimethyl sulfoxide, and 10 mM
NaH.PO,-Na,HPO, (pH 6.9), fractionated on a 1.6%
agarose slab gel (12), and transferred to diazotized
paper (20). Hybridization to **P-labeled DNA was as
described (22).

Nuclease S1 analysis. The procedure of Berk and
Sharp (1) was carried out as previously described by
hybridizing RNA to purified restriction fragments or
separated DNA strands isolated from 2P-labeled A
recombinants (22). After nuclease S1 treatment, the
samples were analyzed by electrophoresis in neutral or
alkaline agarose gels. The gels were then dried on
DEAE-paper under vacuum and fluorographed. **P-
labeled DNA restriction fragments analyzed on the
same gels served as size markers.

RESULTS

Physical mapping of the cloned EcoRI
fragment C of HindIII-C. Fifteen fragments
are obtained by digestion of vaccinia virus
(strain WR) DNA with restriction endonuclease
HindIIl (11). The left-terminal fragment,
HindIII-C, contains three EcoRI sites (21; Fig.
1). The terminal EcoRI-A and penultimate
EcoRI-B of HindIII-C were cloned in coliphage
A, and those recombinants, designated AA7/1
and A52, respectively, have been used for tran-
scriptional and translational mapping studies (6,
22, 23). In this report, we describe similar anal-
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yses, using a recombinant designated A34 that
contains the 4.8-kbp EcoRI-C of HindIII-C. This
fragment mapped between 15.8 and 20.6 kbp
from the left end of the vaccinia virus genome
(Fig. 1). For convenience, the data establishing
the identity of the cloned fragment of A34 were
included with data for A52 in the preceding
report (23).

Figure 1 also shows maps of the Xhol, Hpall,
Hincll, and BamHI sites. The locations of the
Xhol, Xbal, and BamHI sites were determined
by double digestions and the Hpall and Hincll
sites by the partial mapping procedure of Smith
and Birnstiel (17). The Hpall, Hincll, and Xhol
sites of the cloned DNA agreed with restriction
maps of the HindIll fragment isolated from
authentic vaccinia virus DNA (E. Barbosa, un-
published data). The orientation of the cloned
insert within the A recombinant was determined
from the sizes of the Xhol recombinant DNA
fragments, using the known Xhol sites in A and
vaccinia virus DNA for reference. In this man-
ner, the left end of the insert was found to be
attached to the left A arm.

Cell-free translation of early and late
mRNA'’s. Total cytoplasmic RNA from cells
infected with purified vaccinia virus was used
for these studies. Cytosine arabinoside, an inhib-
itor of DNA synthesis, or cycloheximide, an
inhibitor of protein synthesis, was added before
and during virus infection to obtain early classes
of RNA. According to the conventional nomen-
clature, RNA made in the absence of protein
synthesis is referred to as immediate early. Both
classes of early RNAs, however, have very sim-
ilar translation products (5) and were isolated 4
h after infection. Late RNA was obtained 6 h
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terminal HindIII fragment C.
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after infection in the absence of any inhibitors.
Under our conditions of infection, DNA repli-
cation occurs primarily between 1.5 and 4 h.

Those RNA species transcribed from the por-
tion of the genome corresponding to the cloned
EcoRI fragment C of HindIII-C were selected
by hybridization to A34 recombinant DNA im-
mobilized on a nitrocellulose filter and trans-
lated in a micrococcal nuclease-treated reticu-
locyte cell-free system. In preliminary experi-
ments, we noted that the amounts of translata-
ble immediate early RNA obtained by hybridi-
zation to this 4.7-kbp portion of the vaccinia
genome approached that obtained by hybridi-
zation to the terminal 9-kbp EcoRI-A/HindIII-
C in AA7/1 (6) and were substantially greater
than that obtained by hybridization to the 6.6-
kbp EcoRI-B/HindIII-C in A52 (23).

Three major [*H]leucine-labeled 38,000-dal-
ton (38K), 32K, and 14K polypeptides were re-
solved by polyacrylamide gel electrophoresis of
immediate early RNA selected by hybridization
to A34 DNA (Fig. 2). These polypeptides were
distinct from those made by RNA selected to
either AA7/1 or A52. The 38K polypeptide
formed a broad band that sometimes appeared
to separate into two components during electro-
phoresis. Some radioactive material also mi-
grated with the globin front; in general, the
intensity of that band correlated with the total
amount of radioactive protein applied.
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The lower amount of total translatable RNA
obtained when cytosine arabinoside was used
instead of cycloheximide was reflected in the
lower amounts of specific mRNA’s selected to
A34 DNA (Fig. 2). In addition, the relative
amounts of the messages for the three polypep-
tides were different. In particular, the 38K poly-
peptide could barely be detected.

The three early messages were virtually ab-
sent at 6 h after infection, judging from the
translation products of late RNA selected to A34
DNA (Fig. 2). However, a new polypeptide of
40K was detected. The mobility of this polypep-
tide was very similar to that of the immediate
early 38K polypeptide. However, these two poly-
peptides had distinctive tryptic peptide maps,
indicating that they are different (J. A. Cooper,
unpublished data).

Similar results were obtained by using
[3°SImethionine in place of [?H]leucine in the
cell-free system (Fig. 3). Since all of the poly-
peptides encoded within the cloned DNA seg-
ment were shown to contain methionine, this
amino acid was used for further experiments.

Sizes of translatable early and late
mRNA’s. The sizes of the mRNA’s encoded
within the EcoRI fragment C of HindIII-C were
determined by agarose gel electrophoresis of
methylmercuric hydroxide-denatured RNAs.
Figure 4A shows the translation products of
immediate early RNAs eluted from individual
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F1G. 2. Polyacrylamide gel electrophoresis of [*H]leucine-labeled cell-free translation products of RNA
selected by hybridization to recombinant DNA. Cytoplasmic RNA was isolated from cells 4 h after infection
in the presence of cycloheximide (cyc) or cytosine arabinoside (car) or 6 h after infection in the absence of
inhibitors (late) and hybridized to AA7/1, A52, or A\34 recombinant DNA immobilized on nitrocellulose filters.
The selected RNA was translated in a micrococcal nuclease-treated reticulocyte cell-free system containing
[*H]leucine, and the products were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
A fluorograph is shown. Abbreviations: E, endogenous translation products of the cell-free system, U,
translation products of unselected RNA; Hb, position of the globin band. Molecular weights X 10™° are
indicated on the left.
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Fi1G. 3. Polyacrylamide gel electrophoresis of
[*°S]methionine-labeled translation products of RNA
selected by hybridization to A34 recombinant DNA.
RNA was isolated, hybridized, and translated as in
Fig. 2 except for the use of [**S]methionine instead of
[*H]leucine. Molecular weights X 10™° as indicated.

gel slices. RNA sizes were determined by co-
electrophoresis of denatured DNA restriction
fragment markers. As previously shown (5, 6),
there was a general relationship between RNA
and polypeptide size, with the largest polypep-
tides of each RNA size class using most of the
coding capacity. To select the messages of pres-
ent interest, RNA from each fraction was hy-
bridized to recombinant DNA before transla-
tion. mRNA coding for the 38K polypeptide was
recovered mainly in two gel slices corresponding
to a size of approximately 1,290 bases, but a
small amount of mRNA had an apparent size of
about 1,850 bases (Fig. 4B). RNAs coding for
the 32K and 14K polypeptides were predomi-
nantly 860 and 680 bases, respectively. However,
small amounts of those polypeptides were made
by RNAs that had apparent sizes up to 1,650
bases (Fig. 4B). Similar-size heterogeneity was
not observed with the translation products of
immediate early RNAs that hybridized to the
terminal EcoRI fragment (6).

A far more dramatic example of size hetero-
geneity occurred with late RNAs. Most individ-
ual polypeptides were made by a continuous
spectrum of mRNA’s ranging from more than
6,000 bases down to a size just large enough to
contain the required coding information (Fig.
5A). To avoid the possibility of incomplete de-
naturation, these RN As were treated with meth-
ylmercuric hydroxide, and the gel also contained
this denaturing agent. Furthermore, labeled
marker DNA restriction fragments mixed with
the RNA sample were fully denatured. In other
control experiments, reovirus double-stranded
RNAs, which included species of approximately
4 kbp in length, were completely denatured to
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single strands under identical conditions. When
vaccinia virus late RNA fractions of 2,200 to
3,400 bases were eluted, treated a second time
with methylmercuric hydroxide, and electropho-
resed again, much of the RNA had the same
mobility as before and directed the synthesis of
the same set of polypeptides.

By hybridizing the size-fractionated RNA to
recombinant DNA, the mRNA encoding the late
40K polypeptide was shown to be heterogeneous
in size and to vary from 920 to 3,100 bases (Fig.
5B). The smaller size is barely sufficient to code
for the 40K polypeptide. Although there ap-
peared to be discontinuities in the size of the
mRNA, tracks with lighter amounts of transla-
tion products may reflect variable recovery of
RNA during the gel elution and hybridization
steps.

Mapping of early polypeptides. The three
immediate early polypeptides of 38K, 32K, and
14K were mapped by cell-free translation of
mRNA'’s purified by hybridization to the sepa-
rated strands and restriction fragments of the
recombinant DNA. Each of the mRNA’s hybrid-
ized to the light or leftward-reading DNA strand
(Fig. 6, track L). In addition, all three hybridized
to Hincll-A but not to Hincll-B, -C, -D, or -E or
to Hpall-C (Fig. 6), indicating that all three
polypeptides were encoded within a contiguous
2,000-bp region. However, this region was some-
what smaller than that necessary to code for the
three mRNA’s with a combined size of 2,800
bases without their overlapping.

Finer mapping was accomplished by hybrid-
izing RNA to Xbal and BamHI fragments. The
mRNA for the 38K polypeptide was selected on
Xbal-A and BamHI-C and -A but not on Xbal-
B or BamHI-B. Occasionally, this polypeptide
was partially resolved into two bands, as seen in
the BamHI-C hybridization of Fig. 6. The 840
bp of DNA between the first BamHI site and
the first Hincll site was not quite long enough
to code for an RNA of about 1,200 bases. There-
fore, the RNA may have extended into the ad-
jacent BamHI-B to the left or into HincII-B to
the right to extents that did not permit efficient
hybridization selection. Figure 7 shows the map
position derived for this mRNA.

The mRNA for the 32K polypeptide hybrid-
ized to both Xbal-B and -A but only to BamHI-
B (Fig. 6). Since the mRNA was 860 bases long
and did not hybridize to Hpall-C, it could lie
mostly to the left of the Xbal site. Nevertheless,
Xbal-A effectively selected this RNA, indicating
that a significant portion must be transcribed to
the right of the Xbal site as well. In Fig. 7 we
have shown the 5" end close to the BamHI site
to minimize overlap of this RNA with that cod-



VoL. 39,1981

11000
6700
3450

A

"
100-
50— i
40-
30-
20—
Hb—
e

EU

5_

EUC
By
38-
32- §
14- ~8

—

VACCINIA VIRUS mRNA’s II 737
(@) o o o
0 o ™ N
(¢ 0] » To) AN

Fic. 4. Translation products of size-fractionated immediate early RNAs. RNA eluted from each slice of
agarose gel containing methylmercuric hydroxide was translated either directly (A) or after hybridization to
recombinant DNA (B). [*S]methionine-labeled products were analyzed by electrophoresis on a polyacryl-
amide slab gel. Abbreviations: E, endogenous translation products; U, translation products of unselected
RNA; C, translation products of total RNA selected by hybridization to recombinant DNA; Hb, globin band.
The numbers on the left are the molecular weights X 10~° of the polypeptides. The numbers on the top
represent estimates of the size in nucleotides of RNA eluted from that position in the methylmercuric hydroxide

gel.

ing for the 14K polypeptide.

The mRNA for the 14K polypeptide hybrid-
ized to Xbal-B and BamHI-B but not to Xbal-
A, BamHI-C or -A, or Hpall-C (Fig. 6). The
DNA segment defined by this hybridization pat-
tern was just large enough to code for an RNA
of the observed size, although a small overlap
into Hpall-C cannot be ruled out. With the
mRNA’s positioned as shown in Fig. 7, several
hundred bases of the 3’ end of the 32K polypep-
tide mRNA overlapped the 5’ end of the 14K
polypeptide mRNA.

Mapping of the late polypeptide. Mapping
of the 40K polypeptide proved difficult because
of persistent nonspecific polypeptide back-
ground encountered when this minor late
mRNA was hybridized to immobilized restric-
tion fragments. Whether this was partly due to
heterogeneity of RNA size or to formation of
double-stranded branched RNA structures (3) is
not known. Nevertheless, the data were consist-
ent and provided useful map information (Fig.
8). Most significantly, the mRNA for the 40K
polypeptide hybridized selectively to the light or
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F1G. 5. Translation products of size-fractionated late RNAs. RNA eluted from each slice of a gel containing
methylmercuric hydroxide was translated either directly (A) or after hybridization selection to recombinant
DNA (B). The key to symbols is in the legend to Fig. 4. Decreased amounts of mRNA may have been present
in fractions of approximately 2,100 bases because of overloading the gel with rRNA.

leftward-reading DNA strand, Xbal-A and
BamHI-A, a mixture of Hpall-A and -B, and
Hincll-A and -B. No hybridization to Hpall-C,
to HincllI-C, -D, or -E, or to the second-largest
fragment of combined Hpall and Hincll diges-
tion was detected. The relatively weak hybridi-
zation to Hincll-B and the failure to hybridize
to the Hpall/Hincll double-digestion B frag-
ment, which was slightly shorter than HincII-B,
suggested that the 5’ end of the late message lies
between the Hincll-A/B junction and the
Hpall-B/A junction. From the heterogeneity in
size of this late RNA, the 3’ ends could hybridize
to the right and left of the first Xbal and BamHI
sites. In support of this, weak hybridization to
BamHI-B and Xbal-B was detected. We have

considered that any degradation near the 3’ ends
of these large late transcripts during hybridiza-
tion might actually sharpen the mapping of the
translated regions. Because of the heterogeneity
in size, we did not include the map position of
the late RNA in Fig. 7. However, it appeared to
overlap extensively with the early mRNA for
the 38K polypeptide.

Mapping of immediate early mRNA’s by
hybridization to labeled DNA. In the pre-
vious sections of this report, nRNA'’s were iden-
tified by their cell-free translation products. An
independent approach was used to confirm the
map positions and sizes as well as to identify
RNAs without detectable translation products.
Total cytoplasmic RNA from vaccinia virus-in-
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Fi1G. 6. Cell-free translation of immediate early transcripts selected by hybridization to separated DNA
strands and purified restriction fragments. Cytoplasmic RNA from cells infected in the presence of cyclohex-
imide was hybridized to (T) total \34 recombinant DNA, (H) the heavy or rightward-reading strand, (L) the
light or leftward-reading strand or to specified restriction fragments of the cloned insert, and (e) endogenous
translation products. The molecular weights of polypeptides X 10~ are indicated. Fluorographs of polyacryl-
amide gels are shown. Since Hpall-A and -B were too similar in size to be preparatively separated, the two
largest fragments produced by combined Hpall and Hincll digestion were used. “Hpall/Hincll A” is
contained within Hpall-B and “Hpall/HincIl B” is within Hpall-A, as can be seen in Fig. 1.

fected cells treated with cycloheximide was de-
natured with dimethyl sulfoxide and glyoxal and
fractionated according to size on an agarose gel
(12). The RNA was then transferred by blotting
to diazotized paper, and individual strips were
hybridized to various **P-labeled probes. When
the probe was prepared from the total cloned
fragment (Fig. 9, strip T), five major RNA bands
calculated to be 758, 879, 1,152, 1,333, and 1,606
bases, respectively, were resolved. These bands
were more clearly seen by using probes made
with smaller DNA fragments. In addition, four
larger RNAs of 2,121, 2,485, 2,909, and 3,394
bases, respectively, were detected on longer au-
toradiographic exposure. A probe prepared from
the heavy strand of the recombinant did not
hybridize to any of the RNAs (strip H), but all
RNA bands were labeled when the light strand
was used as a probe (strip L). Therefore, all
RNAs encoded within the cloned DNA segment
were transcribed from the leftward-reading
DNA strand.

2p.labeled Hpall, Hincll, Xbal and BamHI
fragments were used to map the RNAs. RNA
with a size of 758 bases hybridized to Hpall-C
and -B, HinclI-A, Xbal-B, and BamHI-B, indi-
cating transcription from the left side of the
cloned EcoRI DNA segment (Fig. 9). Both the
size and map position of this RNA suggest that
it was the message for the 14K polypeptide (Fig.
7). One discrepancy, however, was the hybridi-
zation to Hpall-C. An RNA translated to form
the 14K polypeptide was not detected by hy-
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F16. 7. Transcriptional and translational map of
the 4.8-kbp EcoRI fragment. The arrows represent
immediate early mRNA’s pointing in the directions
of their synthesis. The numbers by the arrows indicate
their sizes in bases determined by blot hybridization,
and the numbers in parentheses represent the poly-
peptide sizes. The following symbols stand for sites
of cleavage with the indicated restriction endonucle-
ase: ¥, Hpall; &, Xbal; é , BamHI; 4, Hincll. The
late RNA coding for the 40K polypeptide is not shown
because of its size heterogeneity, but appears to over-
lap considerably with the 38K polypeptide mRNA.

bridization to this fragment (Fig. 6), possibly
because the extent of overlap into Hpall-C was
too small for efficient hybridization selection of
the message for the 14K polypeptide in the cell-
free translation experiments. However, a similar-
size message for a 19K polypeptide that was
previously mapped to the end of EcoRI-B/
HindIII-C (23) is known from nuclease S1 pro-
tection experiments to extend into EcoRI-C (R.
Wittek and B. Moss, manuscript in preparation).
Therefore, the RNA of 760 bases detected by
hybridization to Hpall-C probably represents
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Fic. 8. Cell-free translation products of late transcripts selected by hybridization to separated DNA
strands and purified restriction fragments. Cytoplasmic RNA from cells infected in the presence of cyclohex-
imide (cyc) or cytosine arabinoside (car) or 6 h after infection in the absence of inhibitors (late) was selected
by hybridization to total (T) recombinant DNA. Late RNA was selected by hybridization to the heavy (H) or
light (L) recombinant DNA strand or to the specified restriction fragments of the cloned inserts. Symbols: (E)
endogenous translation products; (U) translation products of unselected late RNA. The molecular weight of

the late polypeptide X 1073 is indicated.

the message for this 19K polypeptide, as indi-
cated in Fig. 7.

The next larger RNA, of 879 bases, hybridized
to Hpall-B, Hincll-A, BamHI-B, and Xbal-A
and -B (Fig. 9). Its hybridization to Xbal-A
distinguished it from the 758-base RNA and
suggested that it was the message for the 32K
polypeptide (Fig. 7).

The RNA of 1,152 bases was the best candi-
date for the 38K message. It hybridized to
Hpall-B, Hincll-A, Xbal-A, and BamHI-A (Fig.
9). In some cases, the band appeared broad
enough to be a doublet.

The RNA of 1,333 bases hybridized to the
same fragments as the 758-base RNA, suggesting
that it could also code for the 14K polypeptide.
In this respect, small amounts of that polypep-
tide were made by RNAs up to 1,650 bases long.

The RNA of 1,606 bases hybridized primarily
to the right side of the cloned segment, as indi-
cated by the strong labeling with HinclII-D and
-E, Xbal-A, and BamHI-A (Fig. 9). However, no
message hybridizing to this region was detected
by cell-free translation experiments.

The large RNAs of 2,121 to 3,394 bases were
too faint to map, and no messages of that size
range were detected by cell-free translation.

When late RNA was fractionated by electro-
phoresis under identical denaturing conditions,
only radioactive smears were obtained by hy-
bridization to **P-labeled restriction fragments
(not shown). This result was consistent with the
size heterogeneity detected by cell-free transla-
tion experiments.

Analysis of nuclease Sl-resistant RNA-

DNA duplexes. Additional information regard-
ing the size, structure, and map positions of
RNA molecules was obtained by analysis of
nuclease-resistant RNA-DNA duplexes (1). The
cloned EcoRI fragment from the uniformly *P-
labeled recombinant was hybridized to unla-
beled cytoplasmic RNA from cells infected with
vaccinia virus in the presence of cycloheximide.
This was done at a temperature and formamide
concentration which prevented DNA-DNA
reannealing. After hybridization, single-stranded
DNA was digested with nuclease S1 and resist-
ant DNA-RNA hybrids were separated by elec-
trophoresis in a neutral agarose gel and then
visualized by autoradiography or fluorography.
The sizes of the duplexes were determined from
the positions of radioactively labeled DNA re-
striction fragment markers resolved on the same
gel.

In initial experiments, a constant amount of
RNA was hybridized to increasing amounts of
DNA to ensure that we were working in DNA
excess (Fig. 10, track 1 through 4). A complex
array of bands was seen. The lowest three, with
sizes of 604, 747, and 1,057 bases, were each
approximately 150 nucleotides shorter than the
mRNA'’s encoding the 14K, 32K, and 38K poly-
peptides, respectively. This difference could
have resulted from elimination of the polyade-
nylate [poly(A)] tail by nuclease S1 digestion.
The higher-molecular-weight RNAs, for which
no messenger function has been demonstrated,
were more clearly revealed by this procedure
than by blot hybridizations.

Less viral RNA was present when cytosine
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Fi6. 9. Autoradiograph of size-fractionated RNAs hybridized to **P-labeled DNA probes. Total cytoplas-
mic RNA was denatured with dimethyl sulfoxide and treated with glyoxal before agarose gel electrophoresis.
After this, the RNA was transferred by blotting to diazotized paper and hybridized to 32P-labeled total
recombinant DNA (T), heavy DNA strand (H), light DNA strand (L), or the indicated restriction fragment of
the cloned insert. The sizes in bases of the RNAs detected are shown at the left.

arabinoside was used instead of cycloheximide.
However, except for their lighter intensity, the
pattern of nuclease S1-resistant bands obtained
by using RNA made in the presence of cytosine
arabinoside and cycloheximide were very similar
(Fig. 10). One curious difference was the replace-
ment of the 1,057-bp band with one very slightly
larger (marked by a dot). This difference may
be significant, since the 1,057-base RNA ap-
peared to code for the 38K polypeptide, which
appeared to be made in very low amounts, in
cell-free systems programed with RNA from cy-
tosine arabinoside-treated cells.

When late RNA was examined by this tech-
nique, discrete bands were more difficult to see
against a smeared high-molecular-weight back-
ground (Fig. 10), as might be expected from the
heterogeneity indicated by cell-free translations
of size-fractionated RNA. However, apparent
bands of about 3,352 and 1,512 bases fell within
the size range giving maximal amounts of 40K
polypeptide (Fig. 5).

Additional experiments were designed to eval-
uate the possibility of splicing. Berk and Sharp
(2) demonstrated that after hybridizing a spliced

mRNA to genomic DNA, the nonhybridized in-
tron DNA is susceptible to S1 nuclease degra-
dation. As a result, the RNA-DNA duplexes
contain interrupted segments of DNA which
remain associated under neutral conditions but
dissociate under alkaline conditions. Accord-
ingly, splicing can be revealed by comparing the
sizes of the S1 nuclease-protected fragments by
electrophoresis under neutral and alkaline con-
ditions. When we analyzed the fragments of the
cloned vaccinia DNA protected by immediate
early or early RNAs from S1 nuclease under
alkaline conditions, however, the pattern of
bands and the sizes of the individual DNA frag-
ments were very similar to those observed under
neutral conditions (Fig. 10). Thus, there was no
evidence for splicing of either class of early vac-
cinia virus RNAs encoded within this region of
the genome. The neutral and alkaline electro-
phoresis patterns obtained by using late RNA
for hybridization were also similar to each other,
although the resolution appeared slightly
greater in the alkaline gel.

In Table 1, we have compared the sizes of the
polypeptides, the estimated minimal coding
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Fic. 10. Agarose gel electrophoresis of **P-labeled DNA resistant to nuclease S1 digestion after hybridi-
zation to RNA. For tracks 1 to 4, a constant amount (25 pg) of total cytoplasmic RNA was hybridized to
increasing amounts of purified insert from 2P-labeled recombinant DNA before nuclease S1 digestion. For
sample 5, no RNA was added. In the other tracks, a constant amount of **P-labeled DNA equivalent to that
in track 3 was hybridized with 25 ug of RNA from cells infected in the presence of cycloheximide (cyc), cytosine
arabinoside (car), or no inhibitors (late) before nuclease SI digestion. The use of neutral and alkaline gel
conditions and sizes in bases of the DNA segments are indicated.

TABLE 1. Size of mRNA’s and polypeptides

RNA size
Mol wt of poly- No. ott amino  Minimal cc;:ding
peptide acids length Methylmercury® Glyoxal S1, neutral SIiisza'
14,000 122 366 680 758 604 536
32,000 278 834 860 879 747 710
38,000 330 990 1,290 1,152 1,057 996
40,000 347 1,041 920-3,100

“ Molecular weight divided by 115.
® No. of amino acids x 3.
¢ Includes poly(A).

lengths, and the actual RNA sizes determined
by the several different methods used. As al-
ready mentioned, a correction of 100 to 150
residues for the poly(A) tail would make the
results obtained by denaturing gels and nuclease
S1 procedures comparable. The estimated sizes
of the nuclease S1-resistant RNA-DNA hybrids
in neutral gels were about 50 bases longer than
the sizes of DNA segments in alkaline gels. Al-
though the same DNA restriction fragments
were used as markers for both, it is possible that
RNA-DNA hybrids migrated very slightly
slower than DNA-DNA hybrids, causing over-

estimation of size. Alternatively, the nuclease S1
treatment might not have removed all of the
adenylate residues at the 3’ end of the RNA,
leading to slight electrophoretic retardation. The
minimal coding lengths suggest that the sizes of
the 32K and 38K polypeptides may have been
slightly overestimated by sodium dodecyl sul-
fate-gel electrophoresis.

Mapping the 5’ ends of RNAs by in vitro
capping. Specific labeling of the 5" ends of RNA
molecules was done by in vitro capping. This
procedure involved the removal of the original
unlabeled cap by periodate oxidation and g-
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elimination followed by addition of a new cap by
incubating the RNA with [«-*P]JGTP and vac-
cinia virus RNA guanylyltransferase (22). The
specificity of the enzyme for di- or triphosphate
termini (18) ensured that labeling did not occur
within the body of the message. In addition, a
portion of the labeled RNA was digested with
nuclease P1 and alkaline phosphatase and ana-
lyzed by paper electrophoresis to prove that the
label was exclusively in cap structures.

Cap-labeled immediate early RNA was then
hybridized to immobilized Hpall and Hincll
fragments of the cloned DNA. Nonhybridized
RNA was removed by washing and by RNase
treatment. The fluorograph shown indicates
that the capped ends of the RNAs hybridized
mainly to Hpall-B and Hincll-A, although some
hybridization to HincII-B was also detected
(Fig. 11). These results were consistent with the
map positions of the immediate early mRNA'’s.
When similar experiments were attempted with
late RNA, insufficient labeled material was ob-
tained to detect hybrids. Subsequent experi-
ments with capped late RNA, however, showed
hybridization primarily to BamHI-A (M. Haffey,
personal communication).

DISCUSSION

The present report, together with previous
ones (6, 21-23), provides a preliminary transcrip-
tional and translational map of the left 21 kbp of
the vaccinia virus genome. A total of 11 early
mRNA’s encoding polypeptides of 6K and 60K
and two late mRNA’s encoding polypeptides of
22K and 40K were identified. Inspection of the
map of the early RNAs (Fig. 12) reveals several
interesting features. For example, the majority
of mRNA’s were transcribed from the leftward-
reading DNA strand. Indeed, the only two
mRNA'’s that hybridized to the rightward-read-
ing DNA strand were encoded within the in-
verted terminal repetition. Therefore, at the
right end of the genome, those two mRNA’s
were also encoded by the leftward-reading DNA
strand. Thus, all of the early genes mapped so
far would be expressed if only one DNA strand
were transcribed. Late mRNA'’s also hybridized
to the leftward-reading DNA strand, indicating
that temporal regulation of expression did not
occur by transcriptional strand switching. To
what extent this predominance for one strand
will hold for mRNA'’s transcribed from other
regions of the genome remains to be seen. Cer-
tainly, some transcripts, although not necessar-
ily with messenger function, must be copied from
the rightward-reading DNA strand because of
the large amounts of complementary RNA made
late in infection (3, 4).

Given the very large size of the vaccinia virus
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F16. 11. Hybridization of cap-labeled RNA to im-
mobilized DNA restriction fragments. Recombinant
DNA was cleaved with EcoRI, to separate the cloned
DNA from the \ vector, and then with Hpall or
HinclII. After agarose gel electrophoresis, the DNA
fragments were transferred to a nitrocellulose sheet
and hybridized to *:P-cap-labeled immediate early
RNA. After washing and RNase A treatment, a fluo-
rograph was made. DNA frafments were located by
probing parallel strips with **P-labeled vaccinia vi-
rus DNA.

genome, it is interesting that some mRNA'’s
appeared to be transcribed in an overlapping
fashion. This is a tentative conclusion, however,
that is not yet based on sequence data. Although
certain regions of the genome appeared to be
crowded with mRNA s, other portions appeared
unexpressed (Fig. 12). This is somewhat mis-
leading, since additional high-molecular-weight
RNAs were detected both by hybridization of
3p_labeled DNA fragments to size-fractionated
RNA and by nuclease S1 protection experi-
ments. The nature of these RNAs is uncertain,
however, since their translation products have
not been identified. Although technical prob-
lems cannot be excluded, it is possible that these
RNASs were not mature messages but were either
high-molecular-weight precursors of mRNA’s
(15) or read-through transcripts.

Perhaps the most puzzling data resulted from
attempts to size fractionate late mRNA by elec-
trophoresis. Despite the use of methylmercuric
hydroxide under conditions that denatured dou-
ble-stranded DNA and double-stranded RNA,
late mRNA’s migrated as heterogeneous-size
molecules up to and exceeding 6,000 bases. Sim-
ilar observations have been made independently
by Brian Roberts and co-workers (personal com-
munication) during investigations of vaccinia vi-
rus mRNA made in L cells. This heterogeneity
is not due to variability in poly(A) length, since
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F1G. 12. Transcriptional and translational map of the left 21 kbp of the vaccinia virus genome. Early
mRNA'’s are shown with the sizes of the polypeptides that they encode. The late mRNA’s for the 22K and 40K
polypeptides have been omitted. Except for the tandem repeats at the far left, the vertical lines above and
below the horizontal are Hpall and Hincll sites, respectively.

late RNA has been reported to contain uniform
poly(A) tails of about 100 nucleotides (13). We
suspect either that late genes do not have strong
termination signals or that late in infection the
termination mechanism becomes less effective.
If the latter were true, then one might expect
residual early mRNA’s made late to also be
heterogeneous. We have preliminary evidence
that RNA as large as 3,100 bases encoded small
amounts of the 14K polypeptide late in infection.
Indeed, Oda and Joklik (14) reported many years
ago that early sequences which are represented
in late RNA are in larger RNA species. Failure
to properly terminate transcription on both
DNA strands would also explain the large
amounts of double-stranded RNA and the
branched RNA structures seen by electron mi-
croscopy after incubating late RNA under hy-
bridization conditions (3, 4). It is interesting that
large heterogeneous RNA is synthesized in vitro
by vaccinia virus cores when ATP is depleted
(16), ATP analogs are added (8), or the virions
are heat treated (9). We have speculated previ-
ously that the DNA- or RNA-dependent nucleo-
side triphosphate phosphohydrolases (8) might
function as a rho factor which mediates ATP-
dependent RNA termination in procaryotes (10).
If ATP is depleted late in infection, failure of
termination could occur.

The presence of RNA from opposing DNA
strands was used to explain our previous finding
that self-annealed late RNA was untranslatable
unless denatured (5). Similarly, late RNA se-
lected by hybridization to the A34 recombinant
was also untranslatable after self-annealing, sug-
gesting the presence of RNA from the opposite
DNA strand in this region of the genome. The
finding of only one late polypeptide, however,
does not indicate that the complement is trans-
latable.

Results obtained using the S1 nuclease pro-
cedure (1, 2), blot hybridization of cap-labeled
RNA, and the mapping of each RNA to a single
or two contiguous fragments of DNA were all
consistent with the likelihood that the mRNA’s
encoded within the DNA segment investigated
here were unspliced. However, further work is
necessary to rigorously exclude this possibility
of splicing, since it would be difficult to detect
short intervening sequences located near the
ends of genes. Similar negative results were also
obtained upon analysis of the mRNA’s encoded
within the terminal 9 kbp of the genome (22).
Anomalous nuclease S1 results were obtained
with RNAs encoded near the junction of the
terminal repetition and unique region (Wittek
and Moss, manuscript in preparation). However,
this was shown to result from a small deletion or
rearrangement within the genome and not from
RNA processing.

In some experiments, very little of the 38K
polypeptide was made. This was particularly
noticeable when RNA from cytosine arabino-
side-treated cells was used and might be corre-
lated with a slight difference in the size of the
putative message for the 38K polypeptide, de-
termined by nuclease S1 digestion of DNA hy-
brids formed with RNA from cycloheximide-
and cytosine arabinoside-treated cells. Clearly,
further work will be required to sort out the
multiple, apparently overlapping, RNAs from
this region of the genome and to determine
whether the proteins share amino acid se-
quences.

It is interesting to note that a pattern of
polypeptides, apparently identical to those made
with vaccinia virus mRNA’s, were made with
rabbitpox virus immediate early RNA purified
by hybridization to A34 recombinant DNA
(Cooper, unpublished data). By contrast, a sim-
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ilar comparison of vaccinia virus and rabbitpox
virus polypeptides made with RNA that hybrid-
ized to the 9-kbp terminal EcoRI fragment of
vaccinia virus DNA revealed some differences
(6). Thus, the genes present in the A34 recom-
binant appear to have been highly conserved.

The few late mRNA’s encoded within the
terminal 21 kbp is consistent with a survey re-
cently made of the left half of the genome (Belle
Isle et al., in press). That study, which consisted
of translating RNA that hybridized to 13 cloned
HindlIII fragments, indicated that the major late
mRNA'’s are encoded within the central portion
of the genome. Attempts to prepare detailed
transcriptional and translational maps within
the predominantly late regions are now in prog-
ress.
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