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Early polypeptides encoded within the 10,000-base pair terminally repeated
region of the vaccinia virus genome were mapped by cell-free translation of
mRNA that was selected by hybridization to restriction fragments and to sepa-
rated strands of a recombinant A phage. The results, which were confirmed by
hybrid arrest of translation, indicated that polypeptides of 7,500 (7.5K), 19,000
(19K), and 42,000 (42K) daltons mapped at approximately 3.2 to 4.3, 6.5 to 7.2,
and 7.2 to 8.3 kilobase pairs from the end of the genome, respectively. mRNA's
for the 42K and 7.5K polypeptides were transcribed towards the end of the
genome, whereas mRNA for the 19K polypeptide was transcribed in the opposite
direction. Including polyadenylic acid tails, the lengths of the mRNA's for the
7.5K, 19K, and 42K polypeptides, determined by gel electrophoresis of denatured
RNA, hybridization selection, and cell-free translation, were approximately 1,200,
680, and 1,280 nucleotides, respectively. mRNA's for the 42K and 19K polypep-
tides were only about 100 nucleotides longer than the minimums required to code
for their respective polypeptides, whereas mRNA for the 7.5K polypeptide
contained 900 nucleotides of untranslated sequence. This long untranslated por-
tion of the latter mRNA was probably located near the 3' end, because this gene
was only inactivated by high doses of UV irradiation. This small target size also
excluded certain models for RNA processing involving formation of the mRNA's
for the 42K and 7.5K polypeptides from a common promoter. Rabbitpox virus,
which has an inverted terminal repetition approximately half that of vaccinia
virus, was also shown to encode mRNA's that hybridized to the cloned terminal
segment of vaccinia virus DNA.

Vaccinia virus has a large double-stranded
DNA genome capable of encoding more than
150 polypeptides (4, 22). The difficulty in map-
ping them by classical genetic methods led us to
undertake an alternative biochemical approach.
First, early and late mRNA's from vaccinia vi-
rus-infected cells were shown to be accurately
translated in a message-dependent reticulocyte
cell-free system (8). Specific mRNA's were then
selected by hybridization to purified restriction
fragments, and their translation products were
analyzed. In this manner, major polypeptides
encoded within three large regions ofthe genome
were determined (9). To facilitate more detailed
analyses necessary for fine-structure mapping
and for studying the mechanisms involved in the
synthesis and processing of mRNA, we cloned
fragments of the vaccinia virus genome in bac-
teriophage A (31). One of the cloned fragments
contains nearly the entire 10-kilobase pair (kbp)
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inverted terminal repetition, which is divided
into a terminal nontranscribed portion contain-
ing tandem repetitions of a 70-bp sequence (35)
and a longer region that encodes three early
polypeptides of 42,000 (42K), 19,000 (19K), and
7,500 (7.5K) daltons (31).

In this communication, we describe further in
vitro translation experiments with mRNA se-
lected by hybridization to restriction fragments
and separated strands of the cloned terminal
repetition. These have enabled us to map the
three genes precisely and to determine their
directions of transcription. Additional experi-
ments providing information on the physical
sizes of the translatable mRNA's and the func-
tional sizes of their genes are also summarized.
Complementary studies involving the direct
analysis of RNA species encoded in this region
have been described elsewhere (32).

MATERIALS AND METHODS
Isolation of RNA from virus-infected cells.

HeLa cells were grown in suspension cultures and
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infected with 1,500 particles (30 PFU) of purified vac-
cinia virus (WR strain) per cell as described previously
(19). Total cytoplasmic RNA from infected cells that
were treated at the time of infection with cyclohexi-
mide (100 ug/ml) or cytosine arabinoside (40 yg/ml)
was isolated at 4 h after infection by sedimentation
through a CsCl cushion as described previously (4, 14).
Efficient synthesis of rabbitpox virus mRNA required
a modified infection procedure (17). HeLa cells were
concentrated to 107 celis per ml of Puck saline con-
taining 1% horse serum, 10 mM MgCl2, and 100 jg of
cycloheximide per ml, and 30 PFU of purified rabbit-
pox virus (strain Utrecht) per cell was added. After 30
min at 37°C, the cells were diluted to 5 x 105 per ml
of Eagle medium containing 5% horse serum and 100
Lg of cycloheximide per ml, and RNA was extracted
after 3.5 h.
DNA preparation. The construction, isolation, pu-

rification, and characterization under P1 conditions of
a recombinant AgtWESAXB bacteriophage designated
XA7/1 containing the terminal EcoRI fragment of
vaccinia virus (WR) DNA and methods for the extrac-
tion of DNA have been described previously (31, 35).
Strands were separated by equilibrium centrifugation
of denatured DNA in the presence of polyuridylic
acid-polyguanylic (1:1, P-L Biochemicals) as described
previously (29). The strands were harvested, incubated
in 0.25 M NaOH for 2 h at 37°C to hydrolyze the
polyuridylic acid-polyguanylic acid and dialyzed ex-
haustively.

Hybridization selection of RNA for transla-
tion. Approximately 40 ,tg of recombinant DNA was
denatured in alkali. The solution was then neutralized,
made 6x SSC (0.90 M NaCl-0.090 M sodium citrate),
and immediately filtered through a 2.5-cm-diameter
nitrocellulose membrane and then baked at 80°C for
2 h. To prepare filters carrying individual restriction
fragments from the vaccinia virus insert, the recom-
binant DNA was cleaved with EcoRI and then with a
second specified restriction enzyme, and the fragments
were separated by electrophoresis on an agarose gel.
Generally, 0.4 pmol ofDNA (11 to 12 jg) was digested
and loaded on a 5-cm-wide track in a 3-mm-thick 1%
or 1.4% agarose gel. After electrophoresis, the gel was
stained and then blotted onto nitrocellulose sheets by
the procedure of Southern (28) or the modified pro-
cedure of Wahl et al. (30)

Total cytoplasmic RNA (210 ,g) was hybridized to
strips of nitrocellulose filters carrying 0.2 pmol of
recombinant DNA as described previously (31). The
hybridization conditions were 80% formamide-0.4 M
NaCl-0.04 M sodium-PIPES [sodium piperazine-
N,N'-bis(2-ethanesulfonic acid)] (pH 6.4)-0.001 M
EDTA-0.1% sodium dodecyl sulfate at 37°C for 18 h.
At the end of the hybridization, the filters were strin-
gently washed to remove unhybridized RNA (31). This
consisted of three washes at room temperature with 4
ml of 10 mM Tris-hydrochloride (pH 7.5)-i mM
EDTA-0.1% sodium dodecyl sulfate and then three
washes with 10 mM Tris-hydrochloride (pH 7.5)-i
mM EDTA. The filters were then washed twice with
0.4 ml of hybridization solution lacking sodium dodecyl
sulfate at 37°C for 15 min and finally in 0.4 ml of 80%
formamide-40 mM PIPES (pH 6.4)-i mM EDTA at
37°C for 15 min. Hybridized RNA was eluted in 0.2 ml

of water at 100°C for 2 min and then alcohol precipi-
tated with 20 ug of calf liver tRNA (Boehringer Mann-
heim). The precipitate was washed twice with 70%
ethanol and dried in vacuo.

In vitro translation. Translation of RNA in a
message-dependent reticulocyte lysate was as de-
scribed previously (8, 31). RNA was translated in 5- or
10-pJ reactions containing 2 uCi of [3S]methionine per
pl. Control reactions contained tRNA only or tRNA
and 0.5 or 1 Mg of total cytoplasmic RNA (final con-
centration, 100 iLg/ml).

Samples of the in vitro translations were analyzed
by electrophoresis on dodecyl sulfate-20% polyacryl-
amide gels (7). Radioactive proteins were detected by
fluorography, using preexposed Kodak XR-2 film,
after impregnation with PPO (2,5-diphenyloxazole) (3)
or with Enhance, a product of New England Nuclear
Corp.
RNA fractionation on methylmercury gels.

Agarose gels, 1.5% containing 5 mM methylmercuric
hydroxide (Alfa Div., Ventron Corp.), were made ac-
cording to Bailey and Davidson (2). The samples were
prepared as follows: 650 Mg of total cytoplasmic RNA
and 5'-end-labeled [32P]DNA markers was incubated
in 0.28 ml of half-concentration E buffer (2) containing
20% glycerol, 50 ,ug of bromophenol blue per ml, and
10 mM methylmercuric hydroxide at 60°C for 5 min
and loaded on a 13-cm-wide slot in a 3-mm-thick, 16-
cm-long agarose gel which was then run at 30 V for 16
h. After electrophoresis, the gel was detoxified by
washing it three times in 0.5 M ammonium acetate
and then exposed to X-ray film for 2 h at 4°C (using
an intensifying screen) to determine the position of
the internal 3P-labeled DNA size markers. Gel slices
(4 mm thick) were frozen, and the RNA was extracted
with phenol (10, 16) and ethanol precipitated with 20
,ug of carrier tRNA. The RNA was dissolved in 1 ml of
0.2 M NaCl-10 mM Tris-hydrochloride (pH 7.5)-i
mM EDTA, and a 50-p1 sample of each fraction was
reprecipitated and translated in a 10-Ml reaction. Sam-
ples of RNA from each fraction were also used for
hybridization to recombinant DNA immobilized on
filters: 200-p1l samples of each fraction were ethanol
precipitated, dissolved in 100Mul of hybridization buffer,
and hybridized with 0.2 pmol of recombinant DNA as
described above. Thus, each hybridization contained
RNA fractionated from 130 Mg of total cytoplasmic
RNA. The RNA species separated by electrophoresis
on methylmercury gels were also identified by blotting
to diazotized paper (1) and probing-with recombinant
[32P]DNA. The results were similar to those previously
obtained by electrophoresis of glyoxylated vaccinia
virus RNA (32).

Hybridization arrest of translation. The loca-
tions of transcripts coding for certain polypeptides
were confirmed by hybrid arrest of translation, using
specific restriction fragments (23). The procedure was
modified by first purifying RNA that hybridized to
immobilized total recombinant DNA. For each hybrid-
ization arrest experiment, RNA purified from approx-
imately 0.07 pmol of recombinant DNA was ethanol
precipitated with approximately 0.2 pmol of a purified
DNA fragment and 25 Lg of tRNA. The precipitate
was dissolved in 45 pd of 89% formamide-10 mM so-
dium-PIPES (pH 6.4) and heated at 100°C for 2 min
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to denature the DNA. The sample was quenched in
ice-cold water, and 5 pl of 4 M NaCl-0.4 M sodium-
PIPES (pH 6.4)-10 mM EDTA was added. After
hybridization at 37°C for 3 h, 350,l of ice-cold water
was added, and 200 pl of the solution was heated at
100°C for 2 min. Both the hybridized and the melted
solutions were ethanol precipitated and translated in
10-,Il reactions.

RESULTS

Translation of RNA selected by hybridi-
zation to total recombinant DNA. Previous
studies (31) demonstrated that early RNA made
in the presence of cycloheximide (an inhibitor of
protein synthesis) or cytosine arabinoside (an
inhibitor of DNA synthesis) and selected by
hybridization to the cloned terminal 9-kbp
EcoRI fragment of the vaccinia virus genome
directed the synthesis of 42K, 19K, and 7.5K
major polypeptides in the rabbit reticulocyte
cell-free system. Greatly reduced amounts of
these polypeptides and no additional ones were

detected when late mRNA, made in the absence
of inhibitors, was analyzed in this manner. These
three polypeptides, as well as nonspecific prod-
ucts which migrated at 48,000 daltons and at the
hemoglobin front (just above the 7.5K polypep-
tide), are seen in Fig. 1, track 7. Additional minor
bands at 38,000, 24,200, and 22,800 daltons were

seen upon longer exposure of this autoradi-
ograph and in subsequent figures.
The hybridization selection and washing pro-

cedure effectively removed translatable cellular
mRNA's and viral mRNA's encoded within
other parts of the genome. However, significant
amounts of specifically hybridized mRNA's were

also lost. Relatively more of the mRNA's for the
42K and 19K polypeptides than for the 7.5K
polypeptide were eluted during washing. This
may have been due to differences in the stabili-
ties of the DNA-RNA hybrids as was shown by
translating the eluant obtained upon washing
the filter at 370C in 80% formamide with succes-

sively decreasing concentrations of salt (Fig. 1).
The mRNA for the 42K polypeptide also ap-

peared to be more easily degraded during puri-
fication or translation. For these reasons, the
relative amounts ofthe three major polypeptides
did not necessarily reflect the relative starting
quantities of their mRNA's. Nevertheless, we

doubt that any major translatable RNAs en-
coded predominantly within the cloned DNA
segment were lost entirely, since the same poly-
peptide pattern was seen with less stringent
hybridization conditions (50% formamide-0.4 M
NaCl, 420C).
The 42K, 19K, and 7.5K polypeptides were

also detected when selected RNA was translated
in a wheat germ cell-free system (data not
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FIG. 1. Effect of stringent washing on elution of

translatable RNAs from filters containing recombi-
nant DNA. Approximately210pg ofcytoplasmic RNA
from cells infected in the presence of cycloheximide
was hybridized with 0.2 pmol of recombinant DNA
immobilized on a nitrocellulose filter. After brief
washing in 10mM Tris-hydrochloride (pH 7.5)-I mM
EDTA-0.1% sodium dodecyl sulfate at room temper-
ature, the filter was incubated for successive 5-min
periods at 37°C with 40 mM PIPES (pH 6.4)-i mM
EDTA-80%,o formamide plus: 0.4 M NaCl (track 1),
repeat with 0.4M NaCl (track 2), 0.12MNaCl (track
3), 0.08M NaCl (track 4), 0.04M NaCl (track 5), or no
NaCl (track 6). The filter was then incubated for 2
min at 100°C with water (track 7). In each case, the
eluted RNA was translated in the reticulocyte cell-
free system, and the polypeptides were resolved by
electrophoresis on a 20% polyacrylamide gel. E, En-
dogenous translation products without added RNA,
T, translation products of total unselected RNA.

shown). Differences in the minor polypeptides,
however, were noted. Instead of discrete 38K,
24.2K, and 22.8K polypeptides, there were a
larger number of other labeled minor polypep-
tides up to 42K, which probably represented
premature termination products (15).

Sizes of translatable RNAs. To determine
the sizes of the mRNA's coding for the 7.5K,
19K, and 42K polypeptides, total cytoplasmic
RNA from cells infected in the presence of cy-
cloheximide was denatured with methylmer-
curic hydroxide and electrophoresed on agarose
gels. RNA was then eluted from each slice, and
one portion was translated directly, whereas an-
other portion was first selected by hybridization
to the recombinant DNA.
The translation products of total unselected

RNA are shown in Fig. 2A. The relationship
between mRNA size and polypeptide size was
similar to that observed previously on nonde-
naturing sucrose gradients (8). For each size
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class of mRNA, a number of different polypep-
tides were made, the largest of which used most
of the coding capacity of an mRNA of that size
range.
The translation products of RNA selected by

hybridization to recombinant DNA are shown in
Fig. 2B. The results indicated that the RNAs
coding for the 42K and 7.5K polypeptides were
very similar in size, although that coding for the
7.5K polypeptide was slightly smaller. We esti-
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mated the sizes of the RNAs for the 42K and
7.5K polypeptides as 1,280 and 1,200 nucleotides,
respectively. The synthesis of minor amounts of
7.5K polypeptide by smaller RNAs down to the
size of approximately 350 nucleotides could have
resulted from translation of degraded RNA,
since the coding sequence necessary for this
polypeptide was so small. RNA coding for the
19K polypeptide had an average size of about
680 nucleotides.
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FIG. 2. Translation ofRNAs separated by gel electrophoresis. Total cytoplasmic RNA from cycloheximide-
treated infected cells was fractionated by electrophoresis on an agarose gel containing methylmercuric
hydroxide. Radioactive DNA restriction fragments were included as internal length standards. RNA from
each gel slice was either translated directly (A) or first hybridized to recombinant DNA (B). Translation
products were analyzed by electrophoresis on a 20% polyacrylamide gel. E, Endogeneous products of the cell-
free system; U, products of unfractionated, unhybridized RNA; C, products of unfractionated, hybridized
RNA. For (A), RNA sizes (in bases) are indicated at the top and polypeptide sizes (in kilodaltons) are on the
left, Hb indicates the position ofglobin. For (B), RNA sizes correspond to those ofpart A except that the gel
tracks are displaced by one to the right.
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The synthesis of additional minor polypep-
tides was also detected: a 22.8K polypeptide was
made from RNA the same size as that coding
for the 42K polypeptide; 24.2K to 38K polypep-
tides were made from RNA the same size as that
coding for the 19K polypeptide. An additional
diffuse radioactive band migrating with globin
also appeared when RNAs of about 500 to 600
nucleotides were translated.
The minimum coding lengths and the ob-

served lengths of the mRNA's for the 7.5K, 19K,
and 42K polypeptides are summarized in Table
1. The observed lengths include a nontran-
scribed 3'-polyadenylic acid tract which averages
100 residues for early vaccinia virus mRNA's
(20). Whereas the lengths of the mRNA's for the
42K and 19K polypeptides provided for slightly
less than 100 bases of untranslated sequence, the
situation was quite different for the mRNA for
the 7.5K polypeptide. The latter appeared to
contain about 900 bases of untranslated RNA.
Evidence that the coding region of this RNA lies
near its 5' end is presented below.
Translation of RNA selected by hybridi-

zation to separated recombinant strands.
The facility in separating phage X DNA strands
by centrifugation in density gradients in the

presence of polyuridylic acid-polyguanylic acid
(29) was a significant factor in our selection of
this cloning vehicle. We found that the recom-
binant DNA strands also separated under these
conditions. Moreover, hybridization of the sep-
arated strands of wild-type A DNA to 32P-labeled
strands of the recombinant demonstrated that
they had the same polarity (data not shown).

Early viral RNA that hybridized to the heavy
recombinantDNA strand programed the in vitro
synthesis of the 19K and faint 24.2K polypep-
tides (Fig. 3, track H). The 7.5K and 42K poly-
peptides, as well as other minor polypeptides,

TABLE 1. Sizes ofmRNA's determined by
denaturing gel electrophoresis and translation

mRNA size (nucleotides)
Polypeptide
product Minimum Observed'

possible'

7.5K 195 1,200
19.0K 495 680
42.0K 1,095 1,280

a Determined by assuming an average amino acid
molecular weight of 115 with no untranslated se-
quences.

b From Fig. 2 (includes polyadenylic acid tail).
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FIG. 3. Fluorogram of 135S]methionine-labeled in vitro translation products ofRNAs purified by hybridi-
zation selection. Total cytoplasmic RNA from vaccinia virus-infected cells treated with cycloheximide was

hybridized to DNAs immobilized on nitrocellulose membranes and then translated in a reticulocyte cell-free
system. The sizes (in kilodaltons) ofthe polypeptides are shown on the left. Polypeptides translated with RNA
selected by hybridization to total recombinant DNA (T), the heavy strand of the recombinant DNA (H), the
light strand ofthe recombinant DNA (L), purified vaccinia virus DNA insert (I), and indicated HpaII, HincII,
and KpnI restriction fragments which are arranged in correct map order with the following exception. The
HincII E fragment is a mixture of two fragments: one is in the correct sequence, and the other follows the
HincII B fragment at the end of the cloned segment. E, Endogeneous products of the cell-free system.

KpnI
A B C
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were made by using RNA selected by hybridi-
zation to the L strand (Fig. 3, track L). The light
strand was slightly contaminated with heavy
strand, however, accounting for the synthesis of
some 19K polypeptide. Since the light strand of
phage X is the template for leftward-reading
transcripts, DNA encoding the mRNA's for the
42K and 7.5K polypeptides is transcribed to the
left (toward the end of the genome) and DNA
for the 19K polypeptide is transcribed to the
right.
Translation of RNA selected by hybridi-

zation to restriction fragments. Polypeptides
were mapped by translating mRNA selected by
hybridization to restriction fragments immobi-
lized on nitrocellulose (18, 26) or by a solution
hybridization procedure (9). The sites where the
restriction enzymes XhoI, KpnI, HpaII, and
HincIl cut the cloned terminal EcoRI segment
of the vaccinia virus genome were mapped by
conventional procedures (32) and are shown in
Fig. 4. The positions of these sites agreed well

with those determined for DNA obtained di-
rectly from virus particles and enabled us to
determine that the left end of the map corre-

sponded to the terminus of the vaccinia virus
genome (31).
RNA coding for the 7.5K polypeptide was

initially selected with the XhoI A fragment, us-
ing solution hybridization procedures (not
shown). Synthesis of the same polypeptide was
also programed by RNA hybridizing to HpaII
D, HincII D, and KpnI A fragments (Fig. 3).
Reduced but significant synthesis was detected
with mRNA hybridizing to the HincIl A frag-
ment but not to the HpaII A fragment, placing
its 3' end approximately 3.2 kbp from the end of

Xho I L

Kpn I L

Hpa 11 L

Hinc 11 L

A

A

A

A

the genome. Since this RNA was about 1,100

nucleotides long exclusive of polyadenylic acid,
its 5' end should have mapped at about 4.3 kbp
(Fig. 4). In agreement with this, the RNA did
not hybridize to the HincII E fragment. Hybrid-
ization to the HpaII E and HincII F fragments,
however, was not tested for technical reasons.

RNA coding for the 19K major polypeptide,
as well as some minor ones, including 24.2K and
38K polypeptides, was selected by hybridization
to the HpaII B, HincIL B, and KpnI B fragments
(Fig. 3). Since this RNA did not hybridize to the
HincII C fragment, the 5' end of the message
must lie to the right of 6.5 kbp. A faint 19K band
was detected with RNA selected by hybridiza-
tion to the HpaII C fragment, suggesting that
the 3' end was at approximately 7.2 kbp. The
distance between these points was just long
enough to accommodate a single RNA of the
measured size. Since the region was not long
enough to code separately for the 19K major
polypeptide and the minor polypeptides, it is
possible that all were products of in vitro trans-
lation of the same message.
RNA coding for the 42K polypeptide appeared

to be particularly susceptible to degradation as

well as most easily lost during stringent washing,
and in this experiment, only small amounts of
this polypeptide were made (Fig. 3, track I).
Nevertheless, it can be seen that RNA encoding
the 42K polypeptide, as well as the RNA for the
22.8K polypeptide, hybridized to the HpaII C
and HincII B fragments. Its failure to hybridize
to the HpaII B fragment indicated that its 3'
end must start near 7.2 kbp (Fig. 4). The failure
of the RNA to hybridize to HincII E fragment
and its size place the 5' end at about 8.3 kbp.
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0 1 2 3 4 5 6 7 8 9

KILOBASE PAIRS
FIG. 4. Restriction maps of the terminal EcoRI fragment of vaccinia virus DNA cloned in bacteriophage

A. Cleavage sites of XhoI, KpnI, HpaII, and HincII are shown in the upper portion of the figure. The map
positions and directions of transcription of the mRNA's coding for the 7.5K, 19K, and 42K polypeptides are
superimposed on a representation of the terminal 9 kbp of vaccinia virus DNA, the end of which is cross-
linked.
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Since this region is just long enough for a single
RNA, we cannot rule out the possibility that the
22.8K polypeptide, which was always made in
minor amounts, was an artifact of in vitro trans-
lation.
Mapping ofmRNA's by hybridization ar-

rest. The map positions of the RNAs coding for
the 19K, 42K, and 7.5K polypeptides were also
established by the hybridization arrest proce-
dure of Paterson et al. (23). The procedure was
modified by first selecting RNA by hybridization
to immobilized total recombinant DNA. The
eluted RNA was then hybridized in solution to
purified restriction fragments. The mixture was
then split into two portions: one was translated
directly, and the other was first denatured. The
translation products are shown in Fig. 5. In
agreement with results obtained above, synthe-
sis of the 19K polypeptide was arrested by the
HpaII B and HinclI B fragments, synthesis of
the 42K polypeptide was arrested by the HpaII
C and HinclI B fragments, and synthesis of the
7.5K polypeptide was arrested by HpaII D and
HinclI D fragments. Note that the failure of the
HincII C fragment to arrest the synthesis of any
polypeptide is also consistent with previous ex-
periments.
Functional UV target sizes. Thymine di-

mers, produced by UV irradiation ofDNA, cause
premature termination of transcription. There-
fore, the inhibition ofsynthesis of a givenmRNA
is proportional to the distance between its pro-

moter and the 3' end of the cistron, providing of
course that all DNA is equally susceptible to
UV damage. The relative functional UV target
sizes of the three polypeptides encoded within
the inverted terminal repetition were investi-
gated for several reasons. Most importantly,
high-molecular-weight RNAs were found to be
transcribed from the same DNA strand as the
mRNA for the 42K and 7.5K polypeptides (32).
Moreover, these RNAs appeared to map be-
tween the 42K and 7.5K mRNA's, raising the
possibility of a large common precursor. We
considered that if mRNA is processed from the
3' end of the higher-molecular-weight RNAs,
then the target size for the 7.5K polypeptide
should be several times larger than that of the
42K polypeptide.

Vaccinia virus particles were irradiated with
UV light for various amounts of time. The effec-
tiveness of the irradiation was tested by incu-
bating the virus particles in a coupled transcrip-
tion-translation system (7). The translation
products are shown in Fig. 6A. It is evident that
with increasing times of irradiation, the synthe-
sis of smaller and smaller polypeptides was pro-
gressively inhibited. The relative rates of syn-
thesis of representative polypeptides were deter-
mined from densitometer scans, and we con-
firmed previous in vitro findings that the rate
constant for inactivation was directly propor-
tional to the size of the polypeptide (5, 24).
The same preparations of UV-irradiated virus

Hpall Hincil
B C D B C D

Ec hm hm hm hm hm hm

42-

24.2-
2 2.8-
19.0-

7.5-

FIG. 5. Hybridization arrest of translation. RNA encoded within the inverted terminal repetition was
purified by hybridization to the total recombinant DNA. The selected RNA was then hybridized with excess
amounts ofisolated HpaII B, C, orD or HincII B, C, orD restriction fragments. Oneportion ofthe hybridized
RNA was translated directly (h), and the other was heated to melt the hybrids (m). A fluorograph of a 20%
polyacrylamide gel of the products is shown. The sizes (in kilodaltons) of the polypeptides are shown on the
left. E, Endogeneous products of the reticulocyte lysate; c, control translation with selected RNA.
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FIG. 6. Effect of UV irradiation on transcription offunctional mRNA by vaccinia virus. Purified vaccinia

virus was UV irradiated for 0, 1, 2, 4, 8, 16, and 32 min as previously described (13) except that the lamp was
75 cm from the sample. (A) Virus was added to an in vitro coupled transcription-translation system, and the
I5S]methionine-labeled polypeptides were resolved on a dodecyl sulfate-polyacrylamide gel and fluoro-
graphed for 1 day. (B) Samples of the same irradiated virus stocks were used to infect cells in the presence of
cycloheximide, and RNAs were purified 2 h after infection and translated in vitro at a final concentration of
50 pg/ml; a 3-day fluorograph of the translation products is shown. (C) Samples ofRNA (70 g) used in (B)
were hybridized to 0.2pmol of recombinant DNA immobilized on a filter, and one-third of the selected RNA
was translated in 5-LI fractions; an 8-day fluorograph of the translation products is shown. (D) In a separate
experiment, 210 pg ofRNA used in (B) was similarly hybridized to recombinant DNA and the selected RNA
was translated; a 10-day fluorograph of translation products is shown. Polypeptides are indicated on the left
in (C) and (D).

were then used to infect cells that had been
treated with cycloheximide. After 2 h, the cells
were harvested and the cytoplasmic RNA was
purified. The in vitro translation products are
shown in Fig. 6B. As expected, syntheses ofsome
polypeptides, presumably of cellular origin, were
not affected by the amount of irradiation of the
virus particles. However, a progressive inhibition
of viral polypeptide synthesis with increasing
UV dose was evident, and rate constants for UV
inactivation were directly proportional to poly-

peptide sizes, suggesting that the organizations
of transcription units were similar in vivo and in
vitro.
To determine the relative target sizes for the

7.5K, 19K, and 42K polypeptides, the mRNA's
synthesized in vivo were selected by hybridiza-
tion to recombinant DNA before translation.
Two concentrations ofRNA were used to ensure
that it was not saturating for either hybridization
or translation. Autoradiographs of the transla-
tion products are shown in Fig. 6C and D. It was

A

C

42K-

19K-

7.5K-
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evident that the target size of the 7.5K polypep-
tide was smaller than that of the 42K polypep-
tide. Approximate values of 16, 10, and 2 to 3
min, respectively, were obtained for the times of
irradiation necessary to reduce incorporation to
36.8% of control for the 7.5K, 19K, and 42K
polypeptides, respectively. The calculated inac-
tivation rates were 1.0 x 10-3, 1.7 x 10-3, and 5.6
X 10-3 to 8.3 x 10-3 s-1. Although the number of
experimental manipulations involved makes us
hesitate to use these values in a strictly quanti-
tative sense, there seems to be little doubt that
the large difference in target sizes of the 7.5K
and 42K polypeptides effectively rules out the
specific RNA processing models considered at
the start of this section.
Some additional information can also be de-

duced from the UV target size experiments.
Since the lengths of the mRNA's coding for the
7.5K and 42K polypeptides were similar, their
difference in target sizes suggests that the coding
region for the former lies close to the 5' end of
its message.

Cell-free translation of selected rabbit-
pox virus mRNA's. Rabbitpox virus is closely
related to vaccinia virus, and the two share
considerable sequence homology, particularly
within the central region of the genome (27, 34).
However, the inverted terminal repetition in
rabbitpox DNA is only 3.4 x 106 to 3.6 x 106
daltons (33), a size approximately half that of
the repetition in vaccinia (11, 33). Accordingly,
it was of interest to learn whether the rabbitpox
virus genome encoded mRNA's for the 7.5K,
19K, and 42K polypeptides. Our strategy con-
sisted of using the cloned terminal repetition of
vaccinia virus to select RNA made in rabbitpox
virus-infected cells. Cell-free translation (Fig. 7)
indicated that rabbitpox did indeed synthesize
mRNA's that shared sequence homology with
vaccinia virus DNA and which encoded polypep-
tides similar in size to the 7.5K, 19K, and 42K
polypeptides of vaccinia virus. Slight differences
in the electrophoretic mobilities of the polypep-
tides, however, suggested some genetic varia-
tion.

DISCUSSION
We have used in vitro translation as an assay

to map and size specific mRNA's encoded within
the inverted terminal repetition of the vaccinia
virus genome. mRNA's for polypeptides of 7.5,
19, and 42 kilodaltons were determined to be
approximately 1,200, 680, and 1,280 nucleotides
long, including the polyadenylic acid segments,
and to map between 3.2 and 4.3, 6.5 and 7.2, and
7.2 and 8.3 kbp, respectively. Both strands of the
genome are used; the leftward-reading one en-
codes the 7.5K and 42K polypeptides, and the

V R

42-

19-

7.5-

FIG. 7. Translation ofrabbitpox virus mRNA's se-
lected by hybridization to cloned vaccinia virus DNA.
Cytoplasmic RNA from cycloheximide-treated cells
infected with rabbitpox virus was selected by hybrid-
ization to the cloned terminal fragment of the vacci-
nia virus genome. Cell-free translation products were
analyzed by electrophoresis on a 20%polyacrylamide
gel. A fluorograph is shown. V, Translation products
of selected vaccinia RNA; R, translation products of
selected rabbitpox virus RNA. The sizes (in kilodal-
tons) of the vaccinia virus polypeptides are shown on
the left.

rightward-reading one encodes the 19K polypep-
tide. A slight overlap of the 3' ends of the
mRNA's for the 19K and 42K polypeptides has
not been ruled out. These results are summa-
rized at the bottom of Fig. 4, and the sizes and
map positions agree with a direct analysis of
RNAs transcribed from this region of the ge-
nome (32).
Perhaps the most striking feature of the tran-

scription map (Fig. 4) is the presence of long
stretches of DNA that do not appear to encode
translatable mRNA's. Indeed, the terminal 3
kbp of the genome is not transcribed at all (31,
32) and contains unusual structural features,
including 30 repetitions of a 70-bp sequence (35).
However, the region on the leftward-reading
strand between the coding regions for the two
mRNA's is transcribed into high-molecular-
weight RNA species containing little or no poly-
adenylic acid (32). Whether our inability to de-
tect translatable RNAs from this region reflects
the small amounts of these transcripts, the con-
ditions of in vitro translation, or a true lack of
messenger function is not possible to determine
at this time.

Paoletti (21) has suggested that vaccinia virus
mRNA's are formed from high-molecular-
weight precursors. We considered the possibility
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that the high-molecular-weight RNA's tran-
scribed from the inverted repetition represent
excised fragments of a large precursor that con-
tains coding sequences for both the 42K and the
7.5K polypeptides. According to this model, the
UV target size of the 7.5K polypeptide should
be several times larger than that of the 42K
polypeptide. The results of such a determina-
tion, however, ruled out the possibility that the
7.5K mRNA is formed from the 3' ends of a large
precursor. This is consistent with the results of
Pelham (24) and Bossart et al. (5), who studied
the effects of UV inactivation on in vitro tran-
scription of major unselected mRNA's from the
entire genome. Our mapping of the cap sites of
the mRNA's for the 7.5K, 19K, and 42K poly-
peptides and our finding that they do not appear
to be spliced (32) are also consistent with initi-
ation at the 5' ends of the mature transcripts.
None of the experiments, however, exclude the
possibility that processing removes the 3' end of
some precursor RNA (12). Thus, the message
for the 42K polypeptide may represent the 5'
end of a larger precursor, and the high-molecu-
lar-weight RNAs may represent nonpolyade-
nylated 3' fragments of the latter.
The mRNA's for the 19K and 42K polypep-

tides are only about 100 nucleotides longer than
absolutely necessary to code for their respective
polypeptides. By contrast, the mRNA for the
7.5K polypeptide is about 900 nucleotides longer.
The small UV target size of the 7.5K gene sug-
gests that the coding sequences are located near
the 5' end of the message and that a long intron
is not present within the coding region. These
results also imply that UV damage within the
noncoding 3' portion of the gene has no effect on
the synthesis of functional mRNA. Such a result
agrees with previous studies which demon-
strated that UV irradiation of vaccinia virus
causes premature termination and that the
shortened transcripts are capped and polyade-
nylylated (13).

In addition to the 42K, 19K, and 7.5K poly-
peptides, minor ones of 38, 24.2, and 22.8 kilo-
daltons were also detected. We are cautious re-
garding their significance, since the sizes and
map positions of the 24.2K and 22.8K polypep-
tides are consistent with their synthesis from the
same mRNA's that encode the 19K and 42K
polypeptides, respectively. This might occur by
suppression of termination in the case of the
24.2K polypeptide and premature termination
in the case of the 22.8K polypeptide. In this
regard, preliminary experiments indicated that
at supraoptimal Mg2e concentrations, the rela-
tive amounts of the 24.2K polypeptide increased
and the 22.8K polypeptide decreased (not
shown). These conditions suppress translation

termination in both procaryotic and eucaryotic
systems (6, 25). It is also possible that the 38K
protein is an aggregate of the 19K polypeptide.
As already mentioned, these minor polypeptides
were not so evident when wheat germ extracts
were used, but other minor translation products
attributed to premature termination were seen.
When unfractionated RNAs were translated

in vitro, a polypeptide of about 7.5 kilodaltons
was detected, but the 42K and 19K polypeptides
were not readily distinguished from the multi-
tude of other labeled polypeptides. Similar prob-
lems were encountered when attempts were
made to identify these polypeptides after in vivo
labeling. Two-dimensional gel electrophoresis
may be useful in resolving the polypeptides and
in estimating their relative abundance in vivo.
At this time, we have no information regarding
the biological function of these polypeptides or
the significance, if any, of their genome location
within the inverted repetition.
The ability to use cloned segments of vaccinia

virus DNA to select other poxvirus mRNA's
may be useful in studying genetic variation. We
found that mRNA's made in rabbitpox virus-
infected cells hybridized to the cloned terminal
segment of vaccinia virus DNA. Furthermore,
polypeptides similar in size to the vaccinia virus
7.5K, 19K, and 42K polypeptides were synthe-
sized in vitro by using selected rabbitpox
mRNA's. These studies do not, however, indi-
cate whether the coding sequences for these
mRNA's are repeated at both ends of the rab-
bitpox virus genome. This is an interesting ques-
tion, since the inverted terminal repetition of
rabbitpox is approximately half that of vaccinia
(27, 33).
We have cloned additional DNA segments

representing nearly the entire vaccinia virus ge-
nome and are continuing hybridization selection
and cell-free translation experiments to map ad-
ditional early and late proteins.
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