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The proximal part of the 10,000-base pair (bp) inverted terminal repetition of
vaccinia virus DNA encodes at least three early mRNAs. A 2,236-bp segment of
the repetition was sequenced to characterize two of the genes. This task was
facilitated by constructing a series of recombinants containing overlapping
deletions; oligonucleotide linkers with synthetic restriction sites provided points
for radioactive labeling before sequencing by the chemical degradation method of
Maxam and Gilbert (Methods Enzymol. 65:499-560, 1980). The ends of the
transcripts were mapped by hybridizing labeled DNA fragments to early viral
RNA and resolving nuclease Sl-protected fragments in sequencing gels, by
sequencing cDNA clones, and from the lengths of the RNAs. The nucleotide
sequences for at least 60 bp upstream of both transcriptional initiation sites are
more than 80% adenine - thymine rich and contain long runs of adenines and
thymines with some homology to procaryotic and eucaryotic consensus se-
quences. The gene transcribed in the rightward direction encodes an RNA of
approximately 530 nucleotides with a single open reading frame of 420 nucleo-
tides. Preceding the first AUG, there is a heptanucleotide that can hybridize to the
3’ end of 18S rRNA with only one mismatch. The derived amino acid sequence of
the protein indicated a molecular weight of 15,500. The gene transcribed in the
leftward direction encodes an RNA 1,000 to 1,100 nucleotides long with an open
reading frame of 996 nucleotides and a leader sequence of only 5 to 6 nucleotides.
The derived amino acid sequence of this protein indicated a molecular weight of
38,500. The 3’ ends of the two transcripts were located within 100 bp of each
other. Although there are adenine - thymine-rich clusters near the putative
transcriptional termination sites, specific AATAAA polyadenylic acid signal

sequences are absent.

Poxviruses are large DNA viruses that repli-
cate within the cytoplasm of infected cells. This
extraordinary feat is accomplished partly by
incorporating a complete viral transcriptional
system within the infectious particle (19, 23).
Although apparently not spliced (12, 43, 45), the
mRNAs generated have typical eucaryotic fea-
tures including 5’ terminal cap structures (39)
and 3’ polyadenylic acid [poly(A)] tails (18, 24)
enabling them to use the host translational appa-
ratus. Studies with vaccinia virus, the prototype
for this group, revealed that half of the genome
is transcribed early in infection (8, 14, 20, 26).
Since 100 or more early genes are scattered
throughout the length of the DNA (3, 10), they
must have common structural features leading to
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their selection by the viral multisubunit RNA
polymerase (1, 25, 32) or associated factors. To
identify such structural elements, we have un-
dertaken the sequencing of several early genes.

Only recently have technical advances made it
possible to characterize individual vaccinia virus
transcripts. Thus far, about a dozen early
mRNAs mapping within and proximal to the
inverted terminal repetition have been examined
(12, 43, 45). The inverted terminal repetition of
vaccinia virus is about 10,000 base pairs (bp)
long (13, 42) and contains a novel flip-flop loop
at its distal end (2), followed by two sets of
tandem 70-bp repeats (44) and then coding re-
gions for polypeptides of approximately 7,500
daltons (7.5K), 19K, and 42K. The correspond-
ing mRNAs are about 1,000, 600, and 1,050
nucleotides long, respectively, and are synthe-
sized in vitro by detergent-treated virus particles
(36) as well as in vivo under conditions in which
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viral protein or DNA synthesis is prevented (11,
43). Furthermore, all three transcripts have mul-
tiple 5’ ends as judged by the isolation of cap
structures containing adenine (A) and guanine
(G) as the penultimate nucleotide (36); the reten-
tion of the B-phosphate of GTP in mature mRNA
is evidence against nucleolytic processing of 5’
ends (36).

Limited nucleotide sequence analysis of the
7.5K polypeptide gene revealed an extremely
adenine - thymine (A - T)-rich cluster of nucleo-
tides immediatley upstream of the cap site and a
tandemly repeated hexanucleotide near the 3’
end (35). In the present communication, we
provide the sequence for a 2,236-bp segment of
the inverted terminal repetition that includes the
entire 19K and 42K polypeptide genes as well as
locations of putative transcriptional initiation
and termination sites.

MATERIALS AND METHODS

Construction of recombinant plasmids. Recombinant
pVG3, a pBR322 derivative containing a 3.4-kilobase
pair (kbp) Sall-EcoRI fragment from the left end of the
vaccinia virus genome, was derived from a previously
described recombinant, pAG1 (36). A set of in vitro
deletion mutants was constructed by cleaving pVG3 at
the unique Kpnl site (see Fig. 1). After phenol extrac-
tion and ethanol precipitation, 10 ng of linearized
plasmid was digested with 1.25 U of Bal 31 (15).
Samples were removed at 1, 2, and 3 min, at which
time the reactions were stopped by heating at 65°C in
the presence of 0.25% sodium dodecyl sulfate-0.012 M
ethylene glycol-bis(B-aminoethyl ether)-N,N-tetraace-
tic acid (EGTA)-0.02 M EDTA. After phenol-chloro-
form extraction and ethanol precipitation, the extent
of exonucleolytic cleavage was monitored by agarose
gel electrophoresis. Frayed ends remaining after this
step were filled in with reverse transcriptase (2.5 U per
ng of DNA) and 0.25 mM deoxynucleoside triphos-
phate (ANTP) (each type) at 37°C for 30 min. HindIII
oligonucleotide linkers were labeled at their 5’ ends
with [y->?P]ATP by an exchange reaction catalyzed by
polynucleotide kinase (5). Linkers, at a molar ratio of
100:1, were ligated to the plasmid DNA at 4°C for 4 h,
and the ligated mix was recovered by ethanol precipi-
tation after phenol extraction. The DNA was then
digested with Hindlll, phenol-chloroform extracted,
and rendered free of linkers by gel filtration through a
Sepharose 4B column. The plasmid DNA was then
incubated at a concentration of 10 ug/ml with 7.5 U of
T4 DNA ligase at 4°C for 4 h. Approximately 0.2 pg of
DNA was used to transform competent Escherichia
coli K-12 HB101 cells, and colonies were selected by
growth on ampicillin plates (7). The number of trans-
formants obtained varied from 5,000 for limited Bal 31
digestions to 500 for extensive digestions. Recombi-
nant plasmids were purified by a small-scale isolation
procedure (6) and screened by restriction endonucle-
ase digestions and agarose gel electrophoresis. At least
75% of the tested recombinants had a HindIII site, and
the majority of them had deletions that varied from 100
to 1,300 bp. Five recombinants with overlapping dele-
tions (D1, D3, D4, DS, and D6) were selected for DNA
sequencing.
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End labeling DNA. Restriction fragments were treat-
ed with alkaline phosphatase and labeled at the 5’ end
with [y-32P]JATP and T4 polynucleotide kinase (22).
Avian myeloblastosis reverse transcriptase or the
Klenow fragment of DNA polymerase was used to add
a single complementary [a-32P]JdNTP to the recessed
3’ end of restriction fragments (47). When the 3’ end
was protruding, labeling was accomplished with [a-
32p]cordycepin triphosphate and terminal deoxynu-
cleotidyltransferase (34).

DNA sequence analysis. End-labeled DNA fragments
were cleaved with appropriate restriction endonucle-
ases, purified by agarose gel electrophoresis, and
recovered with glass powder (37) or by electrophoresis
onto DEAE paper (41). The limited chemical degrada-
tion procedure of Maxam and Gilbert (22) was used for
sequencing. Reaction products were resolved on 0.4-
mm-thick gels with either 4, 6, 8, or 20% polyacryl-
amide (30 by 160 or 40 by 80 cm) in 8 M urea (31).

cDNA sequencing. A library of cDNA recombinants
was generously provided by B. Roberts (Harvard
University School of Medicine). cDNA was prepared
using early RNA from cells infected with vaccinia
virus (strain WR). Oligodeoxythymidylic acid [oli-
go(dT)] served as a primer; hairpin 5’ ends were
removed with nuclease S1, and the double-stranded
cDNAs were cloned in pBR322 by deoxycytidylate
and deoxyguanylate tailing (B. Roberts, personal com-
munication). We screened the library by colony hy-
bridization (33) with a 3-kbp BamHI-EcoRI fragment
(see Fig. 1) labeled with 32P by nick translation (29). A
total of 35 colonies were selected for further restriction
endonuclease analyses, and 8 were sequenced after
labeling the 3’ ends with [a-32P]cordycepin triphos-
phate (34).

Mapping 5’ and 3’ ends by nuclease S1 protection.
poly(A)-containing RNA was purified from the cyto-
plasm of cells 4 h after infection with vaccinia virus (15
PFU per cell) in the presence of cycloheximide or was
made in vitro by vaccinia virus particles (36). The
RNA was hybridized to DNA fragments containing a
label at the 5’ or 3’ end on the coding strand (35). After
nuclease S1 digestion (35), hybrids were analyzed by
electrophoresis on sequencing polyacrylamide gels.

Materials. Restriction endonucleases were pur-
chased from New England Biolabs (Beverly, Mass.) or
Bethesda Research Laboratories (Gaithersburg, Md.).
Nucleases Bal 31 and S1 were supplied by New
England Biolabs and Miles Laboratories, Inc., Elk-
hart, Ind., respectively. Both terminal deoxynucleoti-
dyltransferase and T4 polynucleotide kinase came
from P-L Biochemicals, Milwaukee, Wis., whereas
DNA polymerase holoenzyme and the Klenow frag-
ment came from Boehringer Mannheim Corp. India-
napolis, Ind. T4 DNA ligase was purchased from
Bethesda Research Laboratories, and avian myelo-
blastosis virus reverse transcriptase was supplied by
J. W. Beard of Life Sciences, Coral Gables, Fla.
Oligodeoxynucleotides were obtained from Collabora-
tive Research, Inc., Waltham, Mass., [a->2P]dNTP
and [y-3?P]ATP from Amersham Searle, Chicago, Ill.,
and [o-3?P]cordycepin triphosphate from New En-
gland Nuclear Corp., Boston, Mass.

RESULTS

Sequencing strategy. Three mRNAs encoding
polypeptides of approximately 7.5K, 19K, and
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42K were mapped within the inverted terminal
repetition of the vaccinia virus genome (11, 42,
43) (Fig. 1). A strategy, avoiding either exten-
sive restriction endonuclease mapping or shot-
gun methods, was used to determine the geno-
mic sequence of the 19K and 42K polypeptides.
This deletion linker approach required the clon-
ing in pBR322 of the 3.4-kbp Sall-EcoRI frag-
ment located 5.6 to 9.0 kbp from the end of the
viral DNA (Fig. 1). The recombinant is referred
to as pVG3. A unique Kpnl site, located within
the viral DNA segment, was cleaved, and the
ends of the linearized plasmid were subjected to
exonuclease digestion with Bal 31 (15). After the
addition of synthetic oligonucleotide linkers
containing a HindIIl site, the plasmids were
recircularized and used to transform E. coli.
Recombinant plasmids were screened, and a set
with overlapping deletions was selected (Fig. 1).
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Sequencing of each recombinant was facilitated
by use of the mobile HindIII site for 5' and 3’
labeling. Additional sequencing was carried out
using the restriction sites and conventional strat-
egy indicated at the bottom of Fig. 1.

A sequence of 2,236 nucleotides encompass-
ing genes for the 19K and 42K polypeptides is
shown in Fig. 2. As will be discussed later, both
genes have long open translational reading
frames of opposite polarity.

Location of the 5’ ends of transcripts. The
mRNAs for the 19K and 42K polypeptides are
transcribed from opposite strands of the invert-
ed terminal repetition (Fig. 1). Approximate map
positions of these mRNAs were determined by
use of restriction fragments for hybridization
selection and cell-free translation and for prob-
ing blots of electrophoretically separated RNAs.
To more precisely locate their 5’ ends, a modifi-
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FIG. 1. Construction of recombinants and sequencing strategy. (A) Part of the 10-kbp inverted terminal
repetition of vaccinia virus is shown. The dark blocks labeled TR represent the two sets of 70-bp tandem repeats.
Arrows represent the approximate lengths, map positions, and directions of transcription of three early mRNAs
encoding polypeptides of approximately 7.5K, 19K, and 42K. The BamHI-EcoRI segment of the recombinant
plasmid pVG3 is expanded. Additional recombinants were constructed from pVG3 using Bal 31 to make
deletions at the Kpnl site. The extent of the deletions in recombinants D1, D4, D3, DS, and D6 is shown by gaps
in the heavy bar. (B) The BamHI-EcoRI segment of the inverted terminal repetition with the mRNA s for the 19K
and 42K polypeptides is shown. Symbols for relevant restriction endonuclease sites are: Avall, Q; BamHI, ®;
EcoRl, ®; Hincll, (9; Hinfl, |; Hpall, 4O; Kpnl, ¥; Taql, T"; Xbal, ¥. Filled and unfilled circles represent sites of
3’ and §' labeling, respectively. Solid arrows indicate the extent of sequence determination; interrupted parts of
the arrow indicate regions where the sequence was not determined. The designations D1 to D6 refer to the use of
deletion recombinants; otherwise, pVG3 or a related recombinant pVG1 was used.
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10 20 30 40 50 60 70 80 90 100
TTTTTAACAG CAAACACATT CAATATTGTA TTGTTATTTT TATGTATTAT TTACACAATT AACAATATAT TATTAGTTTA TATTACTGAA TTAATAATAT
AAAAATTGTC GTTTGTGTAA GTTATAACAT AACAATAAAA ATACATAATA AATGTGTTAA TTGTTATATA ATAATCAAAT ATAATGACTT AATTATTATA

!
S 120 0 0 !

— 130 14 150 16 — 170 180 190 200
AAAATTCCCA ATCTTGTCAT AAACACACAC TGAGAAACAG CATAAACACA AAATCCATCA AAAATGTCGA TGAAATATCT GATGTTGTTG TTCGCTGCTA
TTTTAAGGGT TAGAACAGTA TTTGTGTGTG ACTCTTTGTC GTATTTGTGT TTTAGGTAGT TTTTACAGCT ACTTTATAGA CTACAACAAC AAGCGACGAT

210 220 230 240 250 260 270 280 290 300
TGATAATCAG ATCATTCGCC GATAGTGGTA ACGCTATCGA AACGACATCG CCAGAAATTA CAAACGCTAC AACAGATATT CCAGCTATCA GATTATGCGG
ACTATTAGTC TAGTAAGCGG CTATCACCAT TGCGATAGCT TTGCTGTAGC GGTCTTYAAT GTTTGCGATG TTGTCTATAA GGTCGATAGT CTAATACGCC

310 320 330 340 350 360 370 380 390 400
TCCAGAGGGA GATGGATATT GTTTACACGG TGACTGTATC CACGCTAGAG ATATTGACGG TATGTATTGT AGATGCTCTC ATGGTTATAC AGGCATTAGA
AGGTCTCCCT CTACCTATAA CAAATGTGCC ACTGACATAG GTGCGATCTC TATAACTGCC ATACATAACA TCTACGAGAG TACCAATATG TCCGTAATCT

410 420 430 440 450 460 470 480 490 500
TGTCAGCATG TAGTATTAGT AGACTATCAA CGTTCAGAAA ACCCAAACAC TACAACGTCA TATATCCCAT CTCCCGGTAT TATGCTTGTA TTAGTAGGCA
ACAGTCGTAC ATCATAATCA TCTGATAGTT GCAAGTCTTT TGGGTTTGTG ATGTTGCAGT ATATAGGGTA GAGGGCCATA ATACGAACAT AATCATCCGT

510 520 530 540 550 560 570 sao T 590 600
TTATTATTAT TACGTGTTGT CTATTATCTG TTTATAGGTT CACTCGACGA ACTAAACTAC CTATACAAGA TATGGTTGTG CCATAATTTT TATAAATTTT
AATAATAATA ATGCACAACA GATAATAGAC AAATATCCAA GTGAGCTGCT TGATTTGATG GATATGTTCT ATACCAACAC GGTATTAAAA ATATTTAAAA

.

610 620 63! LL. 650 660 670 680 690 700
TTTATGAGTA TTTTTACAAA AAAAATGTAT AAAGTGTATG TCTTATGTAT ATTTATAAAA ATGCTAAGTA TGCGATGTAT CTATGTTATT TGTATTTATC
AAATACTCAT AAAAATGTTT TTTTTACATA TTTCACATAC AGAATACATA TAAATATTTT TACGATTCAT ACGCTACATA GATACAATAA ACATAAATAG

710 720 730 700 L 750 760 770 780 790 800
TAAACAATAC CTCTACCTCT AGATATTATA CAAAAATITT TTATTTCGGC ATATTAAAGT AAAATCTAGT TACCTTGAAA ATGAATACAG TGGGTGGTTC
ATTTGTTATG GAGATGGAGA TCTATAATAT GTTTTTAAAA AATAAAGCCG TATAATTTCA TTTTAGATCA ATGGAACTTT TACTTATGTC ACCCACCAAG

810 820 330 840 850 860 870 880 890 900
CGTATCACCA GTAAGAACAT AATAGTCGAA TACAGTATCC GATTGAGATT TYGCATACAA TACTAGTCTA GAAAGAAATT TGTAATCATC TTCTGTGACG
GCATAGTGGT CATTCTTGTA TTATCAGCTT ATGTCATAGG CTAACTCTAA AACGTATGTT ATGATCAGAT CTTTCTTTAA ACATTAGTAG AAGACACTGC

910 . 920 30 940 950 960 970 980 990 1000
GGAGTCCATA TATCTGTATC ATCGTCTAGT TTATCAGTGT CCCATGCTAT ATTCCTGTTA TCATCATTAG TTAATGAAAA TAACTCTCGT GCTTCAGAAA
CCTCAGGTAT ATAGACATAG TAGCAGATCA AATAGTCACA GGGTACGATA TAAGGACAAT AGVTAGTAATC AATTACTTTT ATTGAGAGCA CGAAGTCTTT

1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
AGTCAAATAT TGTATCCATA CATACATCTC CAAAACTATC GCTTATACGT TTATCTTTAA CGATACCTAT ACCTAGATGG TTATTTACTA ACAGACATTT
TCAGTVYTATA ACATAGGTAT GTATGTAGAG GTTTTGATAG CGAATATGCA AATAGAAATY GCTATGGATA TGGATCTACC AATAAATGAT TGTCTGTAAA

1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
TCCAGATCTA TTGACTATAA CTCCTATAGT TTCCACATCA ACCAAGTAAT GATCATCTAT TGTTATATAA CAATAACATA ACTCTTTTCC ATTTTTATCA
AGGTCTAGAT AACTGATATT GAGGATATCA AAGGTGTAGT TGGTTCATTA CTAGTAGATA ACAATATATT GTTATTGTAT TGAGAAAAGG TAAAAATAGY

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300
GYATGTATAT CTATATCAAC GTCGTCGTTG TAGTGAATAG TAGTCATTGA TCTATTATAT GAAACGGATA TGTCTAGAAC GGCAATTGTT TTACGTCCAG
CATACATATA GATATAGTTG CAGCAGCAAC ATCACTTATC ATCAGTAACT AGATAATATA CTTTGCCTAT ACAGATCTTG CCGTTAACAA AATGCAGGTC

1310 132 1330 1340 1350 1360 1370 1380 1390 1400
TTAACACTTT CTTTGATTTA AAGTCTAGAG TCTYTTGCAAA CATAATATCC TTATCCGACT TTATATTTCC TGTAGGGTGG TATAATTTTA TTTTGCCTCC
AATTGTGAAA GAAACTAAAT TTCAGATCTC AGAAACGTTT GTATTATAGG AATAGGCTGA AATATAAAGG ACATCCCACC ATATTAAAAT AAAACGGAGG

1610 1420 1430 1440 1450 1460 1470 1480 1490 1500
ACATATCGGT GTTTCCAAAT ATATTACTAG ACAATATTCC ATATAGTTAT TAGTTAAGGG TACCCAATTA GAACACGTAC GCTTATTATC ATCATTTGGA
TGTATAGCCA CAAAGGTTTA TATAATGATC TGTTATAAGG TATATCAATA ATCAATTCCC ATGGGTTAAT CTTGTGCATG CGAATAATAG TAGTAAACCT

1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
TCGTATTTCA TAAAAGTTAT TGTACTATCG ATGTCAACAC ATTCTACATT TTTTAATCGT CTATATAGTA TTTTTCTGAT ATTTTCTATA ATATCAGAAT
AGCATAAAGT ATTTTCAATA ACATGATAGC TACAGTTGTG TAAGATGTAA AAAATTAGCA GATATATCAT AAAAAGACTA TAAAAGATAT TATAGTCTTA

1610 1620 1630 1640 1650 1660 1670 1680 1690 1700
TGTCTTCCAT CGGAAGTTGT ATACTATCGG AATCAGTTAC ATGTTTAAAT AATTCTCTGA TGTCATTCCT TATACAATCA AATTCATTAT TAAACAGTTT
ACAGAAGGTA GCCTTCAACA TATGATAGCC TTAGTCAATG TACAAATTTA TTAAGAGACT ACAGTAAGGA ATATGTTAGT TTAAGTAATA ATTTGTCAAA

'

1710 1720 173 -1— ..!—. 175 1760 1770 1780 1790 1800
AATAGTCTGT AGACCTTTAT CGTCGTAAAT ATCCATTGTC TTATTAGTTA CGCTTATTTT TATGTGTTTT ACGTTGCTTT ATTATATTTT ATAAGAATGA
TTATCAGACA TCTGGAAATA GCAGCATTTA TAGGTAACAG AATAATCAAT GCGAATAAAA ATACACAAAA TGCAACGAAA TAATATAAAA TATTCTTACT

181 1820 1830 1840 1850 1860 1870 1880 1890 1900
TTGTTTGACG AATCACGAGA ACTATTAAGA CACATTATTA GGTATATATT ATAAAAAAGT TTTTGATTAC GATGTTATAA GAGGAAAGAG GACACATTAA
AACAAACTGC TTAGTGCTCT TGATAATTCT GTGTAATAAT CCATATATAA TATTTTTTCA AAAACTAATG CTACAATATT CTCCTTTCTC CTGTGTAATT

1910 1920 193 1940 1950 1960 1970 1980 1990 2000
CATCATACAT CAATTAACTA CATTCTTATA ACATCGTAAT CAAAAGAATT GCAATTTTGA TGTATAACAA CTGTCAATGG GTTATGAAAT TGTATATTAC
GTAGTATGTA GTTAATTGAT GTAAGAATAT TGTAGCATTA GTTTTCTTAA CGTTAAAACT ACATATTGTT GACAGTTACC CAATACTTTA ACATATAATG

2010

0 2040 2050 2060 2070 2080 2090 2100
ATATTATACG GTATGTTGGT AACGACAAAT ACCGATCGGT AATTGTCTGC CGGTGTACGA GAATTATATA TATCTATCTA TTACACCGGC TGAGTATGCA
TATAATATGC CATACAACCA TTGCTGTTTA TGGCTAGCCA TTAACAGACG GCCACATGCT CTTAATATAT ATAGATAGAT AATGTGGCCG ACTCATACGT

2110 2120 2150 2160

2130 2140 2170 2180 2190 2200
TAATAATAAG TTGTGGTAGT ATGATCTCCA TATTTATAAT TTAGGACTTT GTATTCAGTA TTTTTGGAAT CATAAAAAAT AAAAAAAAGT TTTACTAATT
ATTATTATTC AACACCATCA TACTAGAGGT ATAAATATTA AATCCTGAAA CATAAGTCAT AAAAACCTTA GTATTTTTTA TTTTTTTTCA AAATGATTAA

2210 2220 2230
TAAAATTTAA AAAGTATTTA CATTTTTTTC ACTGTT
ATTTTAAATT TTTCATAAAT GTAAAAAAAG TGACAA
FIG. 2. Nucleotide sequence of a 2,236-bp segment of DNA encompassing the genes for the 19K and 42K
polypeptides. The nucleotide numbered 1 is approximately 6,800 nucleotides from the end of the genome, and
nucleotide 2,236 is a few nucleotides before the first EcoRI site. The upper and lower lines represent the
noncoding strands for mRNAs expressing the 19K and 42K polypeptides, respectively. The putative transcrip-
tional initiation sites for the two mRNAss are indicated by an arrow with 5’ over it. The 3’ end(s) of the mRNA for
the 19K polypeptide is shown by an arrow with 3’ written over it. The 3’ end of the mRNA for the 19K
polypeptide identified by cDNA sequencing is shown by!. I and T refer to the presumptive translational initiation
and termination codons, respectively, of the two mRNAs.

cation introduced by Weaver and Weissman (38) beled strand of this fragment was expected to
of the nuclease S1 procedure of Berk and Sharp contain sequences complementary to the 5’ end
(4) was used. A Hincll-Avall fragment (6.6 to of the 19K polypeptide mRNA. After hybridiza-
7.1 kbp from the end of the genome) with 5’ 2P  tion to early RNA, made in infected cells or in
label at the Avall site was employed. The la- vitro by detergent-treated virus particles, re-



VoL. 44, 1982

maining single-stranded DNA was digested with
nuclease S1. The radioactively' labeled DNA
segment that was protected from nuclease diges-
tion represented the distance from the RNA 5’
terminus to the 5’ end of the DNA probe. The
size of this segment was determined by poly-
acrylamide gel electrophoresis under denaturing
conditions. As shown in Fig. 3, at least six
closely spaced nuclease-resistant bands were
resolved. By coelectrophoresis with the DNA
sequence reaction products of the original
Hincll-Avall fragment, the nuclease-resistant
bands were lined up with a sequence ladder. As
pointed out previously (16), a 1.5-bp downward
displacement of the nuclease S1 bands is neces-
sary for proper alignment. This placed the 5’
ends of the RNA complementary to the se-
quence AGATT in Fig. 3. Since the nuclease-
protected bands were spaced one nucleotide
apart, the heterogeneity could result from a
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FIG. 3. Map locations of the 5' end(s) of mRNA
encoding the 19K polypeptide. Approximately 0.5
pmol of the Avall-Hincll fragment (7.0 to 6.64 kbp
from the end of the DNA) 5’ labeled at the Avall site
was denatured and incubated under conditions favor-
ing RNA-DNA hybridization with 5 to 10 pmol of
poly(A) selected early in vivo RNA or in vitro RNA.
After hybridization, single-stranded DNA was digest-
ed with nuclease S1 (750 U/ml). Resistant products
after incubation with (1) in vivo RNA, (2) in vitro
RNA, or (3) no RNA and sequence reaction products
(C [cytosine]; T is T plus C; A is A plus G; G) were
resolved on an 8% polyacrylamide gel (30 by 160 cm)
in 8 M urea.
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FIG. 4. Map locations of the 5' ends of mRNA
encoding the 42K polypeptide. Approximately 0.5
pmol of (A) an Xbal-EcoRI fragment (8.1 to 9.0 kbp
from the end of the DNA) and (B) a Taql-EcoRI
fragment (8.3 to 9.0 kbp from the end of the DNA) 5’
labeled at the Xbal and Tagql sites, respectively, was
hybridized to approximately 25 pmol of poly(A) select-
ed early cytoplasmic RNA. Nuclease Sl-resistant
products obtained with (1) in vivo RNA, (2) no RNA,
or (3) in vitro RN A and sequence reaction products (C;
T is T plus C; A is A plus G; G) were resolved on an
8% polyacrylamide gel (30 by 160 cm) in 8 M urea.

tendency of nuclease S1 to leave overhanging
ends or to nibble into a base-paired region.
Analysis of the capped 5’ ends of this message
indicated that 80% ended in A and 20% in G,
suggesting that the major ends are complemen-
tary to one or both of the adjacent deoxythymi-
dylate residues (positions 110 and 111 in Fig. 2.).
The map position of the 5’ end was confirmed by
using as a probe the HinclI-Hpall fragment (6.6
to 7.2 kbp from the end of the DNA) labeled at
the 5’ end at the Hpall site (not shown).

The 5’ ends of the message encoding the 42K
polypeptide were mapped in an analogous man-
ner. Two DNA fragments, Xbal-EcoRI (8.1 to
9.0 kbp from the end of the DNA) and Tagql-
EcoRI (8.3 t0 9.0 kbp from the end of the DNA),
labeled at the Xbal and Tagl site, respectively,
were employed. The major nuclease-resistant
bands lined up within a sequence TCTT (Fig. 4).
Previous cap analysis indicated approximately
equal amounts of G and A ends suggesting that
they are complementary to the CT residues of
the above sequence (numbered 1,740 and 1,741
in Fig. 2).

Location of the 3’ ends of transcripts. Previous
studies indicated that the mRNAs for the 19K
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FIG. 5. Map locations of the 3’ ends of mRNA
encoding the 19K polypeptide by cDNA sequencing
and nuclease S1 protection. (A) A recombinant plas-
mid (pVBR12) was selected from a vaccinia cDNA
library by its ability to hybridize specifically to a
vaccinia DNA fragment encoding mRNA for the 19K
polypeptide. The recombinant DNA was cleaved at
the Pstl site and 3’ labeled with [a->?P]cordycepin
triphosphate and terminal deoxynucleotidyltransfer-
ase. After cleavage with Hpall, the smaller of the
labeled DNA fragments was purified, sequenced by
the chemical degradation method, and analyzed by
electrophoresis on 8% polyacrylamide gel. The se-
quence of the noncoding (i.e., RNA) strand is indicat-
ed. The 15 adenylate residues represent the proximal
portion of the poly(A) tail of the mRNA. (B) Approxi-
mately 0.5 pmol of an Hpall-Hinfl fragment (7.2 to 7.6
kbp from the end of the DNA) labeled at the 3’ end was
hybridized to 10 pmol of poly(A) selected early cyto-
plasmic RNA in 80% formamide at 38°C. Nuclease S1-
resistant products obtained with (1) or without (2)
RNA and sequence reaction products (G; A is A plus
G; T is T plus C; C) were resolved on an 8% polyacryl-
amide gel (30 by 160 cm) in 8 M urea. The coding
strand DNA sequence is indicated.

and 42K polypeptides are approximately 580 and
1,050 nucleotides long, respectively (36, 43).
Using the map locations determined above for
the 5’ ends, this would place the 3’ ends of the
oppositely oriented 19K and 42K polypeptide
messages close to each other near positions 690
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and 740, respectively, of the genomic sequence
in Fig. 2.

Attempts were made to map the 3’ ends of
both mRNAs more precisely. The first approach

‘involved a procedure analogous to that used for

mapping 5’ termini. A Hpall-Hinfl fragment (7.2
to 7.6 kbp from the end of the DNA) labeled at
the 3’ end at the Hpall site was used as a probe
for the 19K polypeptide message. After hybrid-
ization to early RNA, the nuclease-protected
DNA segment represented the distance from the
3’ end of the RNA to the labeled restriction site.
The size of this segment was determined by
polyacrylamide gel electrophoresis, again using
a sequence ladder prepared from the original
hybridization probe for comparison. Two major
and several minor bands were detected (Fig.
5B). After making the appropriate correction,
they appeared to line up with the complemen-
tary AA residues of the sequence GAAT. This
corresponds to the two thymine (T) residues
located at positions 643 and 644 of Fig. 2 and
places the 3’ end within 50 bp of the site predict-
ed from the length of the RNA using northern
blot analysis. This slight deviation from its orig-
inally reported size might reflect the length of
the poly(A) tail.

Similar attempts to map the 3’ end of the 42K
polypeptide mRNA were unsatisfactory, possi-
bly because of the low abundance of the mes-
sage, the existence of transcripts with overlap-
ping 3’ ends that might compete for
hybridization, and possible heterogeneity of the
3’ ends (36, 43).

An alternative procedure was investigated to
confirm the map positions of the 3’ ends of the
19K and 42K polypeptide mRNAs. For this
approach we needed recombinants containing
cDNAs prepared using an oligo(dT) primer hy-
bridized to the poly(A) tails of early vaccinia
virus mRNAs. By sequencing the recombinant
cDNAs we hoped to identify the nucleotides
adjacent to the oligo(dT) primer or complemen-
tary oligodeoxyadenylate [oligo(dA)]. Such a
cDNA recombinant library, generously provid-
ed by B. Roberts (Harvard Medical School), was
screened by colony hybridization. Selected re-
combinants were further characterized by re-
striction endonuclease analyses, and eight were
sequenced from their PstI sites. The sequence of
one is shown in Fig. 5A. After a cluster of
deoxycytidylate residues, derived from the
deoxyguanylate and deoxycytidylate tailing
used for construction of the recombinants, there
were 15 deoxyadenylate (dA) residues and then
a sequence corresponding to the genome near
the 3’ end of the 19K polypeptide. The deoxyth-
ymidylate residue adjacent to the oligo(dA) is at
position 639 of Fig. 2, four nucleotides down-
stream from the 3’ end deduced by nuclease S1
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protection experiments. Further comparison of
the cDNA sequence with the genomic sequence
(position 678 to 638, Fig. 2) revealed two minor
discrepancies. There were seven dAs in cDNA
in contrast to eight dAs in genomic DNA (posi-
tion 618, Fig. 2) and six dAs in cDNA corre-
sponding to seven dAs in the genome (position
603, Fig. 2). These differences might represent
slippage during reverse transcription or minor
variations in the vaccinia virus WR isolates used
for genome sequencing and cDNA cloning.
Since these differences occur in the nontranslat-
ed region of the gene, there might be no biologi-
cal consequences of such variations.
Unfortunately, the other seven cDNA recom-
binants from this region of the genome as well as
most from a second region lacked the oligo(dA)
sequence and therefore could not be used to
identify the precise 3’ end of the message.

DISCUSSION

The majority of DNA viruses engage cellular
RNA polymerases for gene transcription within
the nucleus of the infected cell. Thus it is not
surprising that their regulatory signals resemble
those of the host (9). By contrast, poxviruses are
cytoplasmic and possess a unique transcription-
al system making it likely that distinctive DNA
sequences interact with the viral RNA polymer-
ase. To elucidate structural features related to
the organization and expression of the vaccinia
virus genome, several regions have been se-
quenced. These include the terminal loops that
link the two DNA strands together and adjacent
DNA (2) and portions of the most distal gene
coding for a 7.5K polypeptide (35). To these is
now added a 2,236-bp segment that encodes two
early polypeptides. Sequencing was achieved by
the chemical degradation method of Maxam and
Gilbert (22) using a strategy that involved the
preparation of a series of recombinants with
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overlapping deletions and inserted restriction
site linkers. This deletion linker approach elimi-
nated the need for extensive restriction site
mapping or shotgun sequencing.

A procedure of Weaver and Weissman (38)
was used to map the 5’ ends of both mRNAs.
After hybridization of a DNA fragment labeled
at the 5’ end to RNA, the nuclease S1-protected
segment and the nucleotide sequence reaction
products of the original fragment were compared
by electrophoresis on the same pol7yacrylamide
gel. These data and our finding of m’G(5')pppA™
and m’G(5')pppG™ caps on both the 19K and
42K polypeptide mRNAs (36) placed two major
5’ ends at or near nucleotides 110 and 111 and
1,740 and 1,741 of Fig. 2, respectively. A previ-
ous analysis of the 5’ ends of the 7.5K polypep-
tide mRNA also suggested the presence of multi-
ple closely spaced purine ends (35).

Since the cap structures of both the 19K and
42K mRNAs retain the B-phosphate of GTP
(36), the 5’ ends of their messages correspond to
sites of transcriptional initiation. Accordingly,
the adjacent DNA may contain promoter recog-
nition sequences. In Fig. 6, regions upstream of
the 5’ ends of the mRNAs coding for polypep-
tides estimated to be 7.5K, 19K, and 42K are
shown. For each, the 60 bp preceding the start
site are at least 80% A - T rich with many runs of
A’s and T’s including some 14 to 18 nucleotides
long. Embedded within the A - T-rich region are
possible equivalents of the Pribnow and Hog-
ness-Goldberg boxes of procaryotes and eucary-
otes, respectively (9, 30). Nevertheless, the sim-
ilarity to the eucaryotic TATA sequence is not
exact. Interestingly, the sequence CGTAAAA is
found starting at —28 and —29 of the 7.5K and
42K polypeptide genes, respectively (Fig. 6). In
addition, each of the genes contains other ho-
mologous A - T-rich clusters including CAAT 40
to 60 bp upstream of the cap sites.

-50 -40 =30 -20 -10

0
(1) AACTGATCACTAATTCCAAACCCACCCGCTTTTTATAGTAAGTTTTTCACCCATAAATAATAAATACAATAATTAATTTCTCGTAAAAGTAGAAAATATATTCTAATTTA

(11)

(1v)

TTTTTAACAGCAAACACATTCAATATTGTATTGTTATTTTTATGTATTATTTACACAATTAACAATATATTATTAGTTTATATTACTGAATTAATAATATAAAATTCCCA

TTGACA TATAATG

A A

) aebeaaTCT TATARAS

FIG. 6. Sequences upstream of three early transcriptional sites of vaccinia virus. I, II, and III refer
respectively to the upstream sequences of mRNAs encoding 7.5K, 19K, and 42K polypeptides. The most
proximal initiation site is indicated by O. Lines IV and V represent the near upstream and far upstream
sequences in procaryotes and eucaryotes, respectively.
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Examination of more genes will be necessary
to know whether to designate any of the se-
quences referred to above as specific ‘‘pox-
boxes.”” To assess the functional significance of
DNA structures, genetic experiments are re-
quired. With this in mind, we have recently
mapped the selectable thymidine kinase gene of
vaccinia virus (40). Our plans are to mutate the
putative promoter of the thymidine kinase gene
within plasmid or phage recombinants and then
to introduce the mutated DNA into infectious
virus by transfection procedures. In this man-
ner, structure/function relationships can be ex-
plored.

A sequence of four or more nucleotides pre-
ceding the translational initiation codon in pro-
caryotic mRNA is complementary to the 3’
terminal segment of 16S rRNA. This comple-
mentarity is thought to facilitate the binding of
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FIG. 7. Derived amino acid sequences of the two early polypeptides.

their predicted molecular weights.
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mRNA to ribosomes. The situation in eucary-
otes is less certain since the presence of a
sequence complementary to 18S rRNA is vari-
able (17, 46). For this reason, it was of interest
to examine the leader sequences of early vac-
cinia virus mRNAs. Before the first ATG of
the 19K polypeptide gene, there is a heptanucle-
otide ATCCATC that has close sequence
complementarity to the 3’ end of 185 rRNA
(3’AUUACUAGGAAGGGCG, indicated in ital-
ics; 17). Similarly, a complementary tetranu-
cleotide TCCT was noted (35) a few nucleotides
before the second ATG of the 7.5K polypeptide
gene. However, less homology to the 3’ end of
18S rRNA is present in the 42K polypeptide
gene which appears to have a leader of only five
to six nucleotides. Whether these differences in
leader sequences are responsible for the greater
in vitro synthesis of 19K and 7.5K polypeptides
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relative to the 42K polypeptide (11) is not under-
stood.

Nuclease S1 protection experiments were also
used to map the major 3’ ends of the 19K
polypeptide mRNA at or near nucleotides 643
and 644 (Fig. 2). We considered that a more
precise identification of the sequence adjacent to
the poly(A) tail of the message could be obtained
by sequencing cDNA recombinants. Indeed, a T
residue at position 639 was found adjacent to a
nongenomic oligo(dA) cluster. The sequence of
additional cDNA recombinants is necessary to
determine the extent of 3’ heterogeneity. How-
ever, as mentioned above, most of the cDNA
recombinants did not have the oligo(dA) - oli-
go(dT) terminus because the second polymerase
reaction did not go to completion or this struc-
ture was nibbled away during the nuclease S1
step used to remove the 5’ hairpin. An alterna-
tive method of cDNA cloning that avoids this
step would seem preferable (21). For a variety of
possible reasons, we could not precisely locate
the 3’ end of the 42K polypeptide message.
However, from the location of the 5’ end and the
length of the RNA, it must occur between nucle-
otides 640 and 740. Thus, the 3’ ends of the two
oppositely oriented mRNAs must be very close
to each other.

Examination of the genomic sequence near
the 3’ ends of the two mRNAs does not reveal
the tandem CTATTC that was found with the
7.5K polypeptide message (35). Evidently, this
repeated structure is not a general termination
sequence. Just before the end of the 19K poly-
peptide mRNA there is a possibly related se-
quence CTTATG. The significance of the tan-
demly repeated sequence TAGAGGTAGAGG
beyond the coding regions of the 42K polypep-
tide mRNA is questionable (Fig. 2). Although
A - T-rich sequences are present, a precise
AATAAA poly(A) signal sequence (27) was not
found. It is not known whether the 3’ ends of
vaccinia virus mRNAs represent termination
sites or sites of RNA processing.

The genomic sequence in Fig. 2 was analyzed
with the aid of a computer program (28) for
amino acid and stop codons in both directions
and all three reading frames. The first ATG
occurs at position 164, about 50 nucleotides
downstream from the start site for the 19K
polypeptide mRNA. A second ATG occurs in-
phase, six nucleotides further downstream. Be-
tween the first ATG and the TAA stop codon at
position 584, there is a 420-nucleotide open
reading frame sufficient to code for 140 amino
acids (Fig. 2). Additional inphase stop codons
occur before the RNA terminates. In both other
reading frames, there are many stop codons
throughout the gene.

On the opposite DNA strand, an ATG occurs
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at position 1,736, only five to six nucleotides
downstream from the 5’ end of the 42K polypep-
tide mRNA. A 993-nucleotide open reading
frame continues until the TAA at position 743
near the end of the message. This region would
code for a polypeptide of 331 amino acids (Fig.
2). Both of the other reading frames have stop
codons throughout.

Based on the predicted amino acid sequence
(Fig. 7), the molecular weights of the two poly-
peptides would be 15.5K and 38.5K. These
numbers are somewhat lower than the 19K and
42K values determined by polyacrylamide gel
electrophoresis (11). It seems likely that the
latter values were overestimated since in that
study the endogenous reticulocyte 43K polypep-
tide appeared to be 48K.

The amino acid sequences of the two polypep-
tides are unremarkable. Neither has a cluster of
hydrophobic amino acids indicative of a mem-
brane transport function. A - T-rich codons are
used primarily, reflecting the 60% A - T content
of the genes. As yet, there is no information
regarding the functions of these two early pro-
teins.
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