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Analysis of the 5' ends of six apparently full-length cloned cDNA copies of the vaccinia virus growth factor
gene suggested precise transcriptional initiation at the first purine following a run of five pyrimidines in the
noncoding strand. By contrast, the 3' ends exhibited heterogeneity and were distributed over a 46-base-pair
region. In each of the six cDNAs, the nucleotide immediately preceding the retained copy of the poly(A) tail
corresponded to the first or second T of a TATGT repeat. Clusters of Ts occurred upstream of the 3' ends, but
the AATAAA polyadenylation consensus sequence of higher eucaryotes was absent. Determination of the
complete sequence of one cDNA revealed exact correspondence with the vaccinia virus growth factor gene,
indicating the absence of internal RNA processing.

Vaccinia virus, the prototypal member of the poxvirus
family, has a 185-kilobase-pair double-stranded DNA
genome (for a review, see reference 18). A transcription
system, packaged within the virus particle, is responsible for
the formation, capping, and polyadenylation of early
mRNAs. Recent studies demonstrated that the RNA poly-
merase has virus-encoded subunits (7, 17; E. V. Jones, C.
Puckett, and B. Moss, manuscript in preparation) and rec-
ognizes virus-specific DNA signals for transcription of early
genes (8, 11, 16, 19, 21). Nevertheless, at least one (7) and
probably additional subunits have significant sequence ho-
mology with eucaryotic RNA polymerase polypeptides.
There are about 100 early genes dispersed through the

vaccinia virus genome, several of which have been' transcrip-
tionally mapped and sequenced (7, 10, 12, 26, 27). Attention
has been directed primarily to the RNA start sites and the
promoter sequences present upstream. By contrast, there is
less information available regarding the precise location of
the 3' ends of mRNAs, their degree of heterogeneity, and
their mechanism of formation. The diversity of vaccinia
virus early transcripts precludes direct isolation and bio-
chemical characterization. cDNA cloning, however, pro-
vides a unique way of obtaining information concerning
individual mRNAs within a population.
The primary purpose of the present study was to prepare

a cDNA library of full-length early transcripts and charac-
terize several that correspond to a single gene. We chose to
analyze cDNA copies of mRNA that encodes the vaccinia
virus growth factor (VGF). This gene is located within the
inverted terminal repetition and was transcriptionally
mapped and sequenced several years ago (26). Recently, it
was found to be structurally (3, 6, 20) and functionally (14,
23, 24) related to epidermal and transforming growth factors
of higher eucaryotes. The physical properties of the secreted
protein suggest that VGF undergoes processing steps, in-
cluding proteolytic cleavage and glycosylation (23). In this
study, we analyzed the 5' and 3' ends of six full-length VGF
cDNA clones and determined the complete sequence of one.
A cDNA library was prepared by oligo(dT)-primed re-

verse transcription of polyadenylated RNA from the cyto-
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plasm of HeLa cells that had been infected with 30 PFU of
vaccinia virus (strain WR). Cycloheximide, a protein syn-
thesis inhibitor, was added at 100 V.g/ml to amplify early
transcripts and prevent progression to the late phase of the
replicative cycle. Cytoplasmic RNA was isolated at 4 h
postinfection, as described previously (9). Polyadenylated
RNA was purified by oligo(dT)-cellulose column chromatog-
raphy, and 30 pLg was used as a template for oligo(dT)-
primed reverse transcription and cDNA cloning (15).

If there is equal efficiency of cDNA cloning, the relative
abundance of mRNA species can be estimated by screening
the library with appropriate hybridization probes. When
total vaccinia virus DNA was used as the probe, approxi-
mately 50% of the colonies were scored as positive. Al-
though seemingly high, this ratio of viral to cellular mRNA is
consistent with previous estimates made with saturation
hybridization techniques (5). The library was also screened
with probes for some previously sequenced early vaccinia
virus genes. Of 2,500 colonies, 16 were positive when probed
with a 250-base-pair (bp) AccI-DdeI DNA segment contain-
ing the 3' terminus of the VGF gene (26), whereas only 1 was
positive when probed with the thymidine kinase gene. The
low number of thymidine kinase cDNAs is in agreement with
data suggesting that this gene has a relatively weak promoter
(1, 16).

Eight of the sixteen VGF cDNA clones were chosen for
further analysis. Agarose gel electrophoresis of the PstI-
digested plasmids indicated that six of them (clones 2-1, 2-3,
2-7, 2-8, 3-1, and 3-9) contained possible full-length inserts
longer than 600 bp (Fig. 1). Previous nuclease S1 analysis
indicated that the VGF transcript is about 530 nucleotides
long. The additional lengths of the cDNAs were attributed to
the poly(A) and synthetic homopolymer tails.
The inserts from the six potentially full-length cDNAs

were excised from the plasmids and recloned in bacterio-
phage M13 to facilitate dideoxynucleotide sequencing. We
initially thought that the sequence of the ends could be
readily determined by using a universal M13 oligonucleotide
primer. Reliable data were not obtained, however, because
of the inefficiency with which DNA polymerase traversed
the homopolymeric tails. To circumvent this problem, we
sequenced the opposite strand of DNA. A synthetic 18-mer
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FIG. 1. Analysis of sizes of cloned VGF cDNAs. Plasmid
minipreparations of eight cDNA clones (2-1, 2-2, 2-3, 2-7, 2-8, 3-1,
3-2, and 3-9) were digested with Pstl and analyzed by electropho-
resis in a 1% agarose gel. HaieIII-digested 4XX174 replicative form
DNA was used as length markers. The size of marker (M) DNA
fragments are given in base pairs.

oligonucleotide complementary to a region just upstream of
the termination codon of the VGF gene was used as a primer
for sequencing the six cDNAs. Each cDNA has a poly(A)
tail which serves to mark the location of the 3' ends of the
transcripts (Fig. 2). Three of the cDNAs, 2-3, 2-7, and 3-9,
have the same 3' terminal sequence, with a T residue
adjacent to the poly(A). That T is indicated by the first 3'
mark in Fig. 3. Since the next nucleotide in the viral DNA is
an A, it is impossible to determine whether the RNA
terminated with T or A. The T residue just 2 nucleotides
downstream is adjacent to the poly(A) tract of cDNA 3-1. In
that case there is no ambiguity since the next nucleotide in
the viral DNA is a G (Fig. 3). The remaining two cDNAs, 2-8

a b

and 2-1, also have T residues adjacent to the poly(A) (Fig. 3),
and again there is an adjacent A residue in the viral DNA.
Inspection of the 3' noncoding sequence in Fig. 3 reveals
multiple TGTAT and TATGT repeats. Remarkably, the final
nucleotide of each cDNA corresponds to the first or second
T of a TATGT repeat.

Analysis of the 5' ends of the cDNAs indicated a high
degree of specificity. In each case, the same A nucleotide
abutted the poly(G) tail added during the cDNA cloning
(data not shown). The absence of secondary structure or an
unusual sequence upstream of this A suggests that it repre-
sents the 5' end of the mRNA rather than a block to reverse
transcription. Furthermore, the 5' end of the VGF mRNA
was located at this position by nuclease Si analysis, and
examination of the capped end has indicated that the 5'
terminal nucleotide is predominantly A (26). Since vaccinia
virus mRNAs initiate exclusively with purines (4, 13), the
presence of five consecutive pyrimidines upsteam of the 5'
end nucleotide ofVGF mRNA (Fig. 3) may have contributed
to the precision of transcription initiation. By contrast,
previous analysis of the capped 5' ends of another early
mRNA, encoding a 7,500-dalton polypeptide, indicated
microheterogeneity (25).
Although no previous studies of vaccinia virus mRNAs

indicated the occurrence of splicing, the availability of
cDNAs permitted a more rigorous analysis in this case. Most
(six of eight) cDNA clones examined had inserts that corre-
sponded to the predicted full-length VGF transcript. (We
presume that the smaller inserts resulted from cDNAs with
missing 5' or 3' sequences, but we have not checked this.) In
addition, cDNA 2-8 was sequenced completely with syn-
thetic oligonucleotide primers. The sequence extending from
the 5' end to the third 3' end in Fig. 3 was identical to that
previously obtained by analysis of cloned genomic DNA
(26). The absence of splicing indicates that the loss of
predicted N-terminal and C-terminal sequences in mature
VGF (23) results from processing at the protein level.
The primary reason for performing this study was to

determine the exact 3' ends of a vaccinia virus early mRNA.
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FIG. 2. Sequences of the 3' ends of VGF cDNAs. cDNA inserts were excised from the plasmids and recloned into the PstI site of
M13mpl9. The 3' terminal nucleotides of six apparently full-length VGF cDNA clones were determined by dideoxynucleotide sequencing (22)
with the oligonucleotide CAAGATATGGTTGTGCCATA as primer. The seven nucleotides adjacent to the poly(A) tails are shown. (a)
Identical results obtained with clones 2-3, 2-7, and 3-9; (b) clone 3-1; (c) clone 2-8; (d) clone 2-1.
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TTTTTAACAGCAAACACATTCAATATTGTATTGTTATTTTTATGTATTATTTACACAATT

S'
AACAATATATTATTAGTTTATATTACTGAATTAATAATATAAAATTCCCAATCTTGTCAT

AAACACACACTGAGAAACAGCATAAACACAAAATCCATCAAAA T TCGATGAAATATCT

GATGTTGTTGTTCGCTGCTATGATAATCAGATCATTCGCCGATAGTGGTAACGCTATCGA

AACGACATCGCCAGAAATTACAAACGCTACAACAGATATTCCAGCTATCAGATTATGCGG

TCCAGAGGGAGATGGATATTGTTTACACGGTGACTGTATCCACGCTAGAGATATTGACGG

TATGTATTGTAGATGCTCTCATGGTTATACAGGCATTAGATGTCAGCATGTAGTATTAGT

AGACTATCAACGTTCAGAAAACCCAAACACTACAACGTCATATATCCCATCTCCCGGTAT

TATGCTTGTATTAGTAGGCATTATTATTATTACGTGTTGTCTATTATCTGTTTATAGGTT

CACTCGACGAACTAAACTACCTATACAAGATATGGTTGTGCCAOARTTTTTATAAATTTT
3'3' 3'

TTTATGAGTATTTTTACAAAAAAAATGTATAAAGTGTATGTCTTATGTATATTTATAAAA

3,

ATGCTAAGTATGCGATGTATCTATQTTATTTGTATTTATCTAAACAATACCTCTACCTCT

FIG. 3. Sequence of VGF gene and location of the 5' and 3' ends
of the mRNAs. The previously determined (26) sequence of the
VGF gene is shown. The position of the 5' terminal nucleotide of six
cDNA clones was determined by dideoxynucleotide sequencing
with the oligonucleotide AGCGAACAACATCAG. The 3' ends
were positioned from data shown in Fig. 2. The translation initiation
and termination codons are boxed. Runs of T residues downstream
of the stop codon are in italics. TGTAT repeats are underlined, and
TATGT repeats are underscored by dots.

Although nuclease Si analysis provides useful information,
it is difficult to distinguish between true heterogeneity and
technical artifacts resulting from incomplete digestion or

nibbling of DNA in RNA-DNA hybrids. By contrast, se-

quencing of individual cDNA clones can yield a less ambig-
uous result provided the poly(A) tail is reverse transcribed
and retained. Previously (26), we attempted to perform an

analysis of this type; however, very few of the clones had
poly(A) tails. Since then, improvements in cDNA cloning
methods have made it possible to obtain a high percentage of
full-length inserts. The data presented here indicate that the
3' ends of VGF mRNA occur 50 to 100 bp downstream of the
translational stop codon of the six cDNAs examined. The
nucleotide adjacent to the copy of the poly(A) tail was

identical in three cDNAs. In each case, however, the nucle-
otide preceding the poly(A) corresponded to the first or
second T within one of three TATGT repeats. Analysis of
the results for five of the six cDNAs indicated that the
genomic DNA nucleotide following the final T is an A.
Therefore, it was not possible to deduce whether the first A
of the poly(A) tail is transcribed or is terminally added by
poly(A) polymerase. In one case, however, the first A must
have resulted from terminal addition since the last T is
followed by a G residue in the genomic DNA.

If TATGT represents a unique termination or processing
signal, it should be present at sites corresponding to the 3'
ends of other vaccinia virus mRNAs. However, a different
repeated sequence, CTATTC, has been noted at the 3' end
of an mRNA specifying a polypeptide of 7,500 daltons (25),
and the TATGT is not present at the ends of some other
early genes examined. A potential hairpin loop with 15
paired bases that encompasses the translation termination
codon was noted upstream of the putative transcription
termination site but is also not a constant feature of vaccinia
virus early genes. Most significantly, the AATAAA eucary-
otic consensus polyadenylation sequence (2) does not pre-
cede the 3' end of VGF mRNA. Instead, about 50 bp
upstream are three clusters of T residues. Similar T clusters
were found in the 3' noncoding regions of several other early

genes, and evidence that these clusters are the essential
elements of the termination signal will be presented else-
where.

We thank J. Baldick for preparation of oligonucleotides, P. Earl
for assistance in computer analysis, and G. Rohrmann and N.
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