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ABSTRACT

The sequence of 200 nucleotides at the 3'-terminus of the
genome RNA of vesicular stomatitis virus, Indiana serotype, was
determined by adding a poly(A) tract to the 3'-terminus of genome
RNA, then using the poly(A) as a binding site for a primer to
initiate reverse transcription of the RNA, and analysing the
complementary DNA sequence by the dideoxynucleoside triphosphate
chain termination method. Proceeding 3' to 5', the genome RNA
sequence consisted of a sequence complementary to the leader RNA,
followed by the sequence AAA, followed by a sequence complemen-
tary to the 5'-extremity of N protein mRNA. These results are
discussed in terms of leader RNA function, mechanism of trans-
cript processing at the junction between leader RNA and N mRNA,
and N mRNA structure. ’

INTRODUCTION

The genome of vesicular stomatitis virus (VSV; ref. 1)
consists of a single-stranded RNA molecule about 11,000 nucleo-
tides long (2,3). In the infected cell the mRNA species coded
by the virus are transcribed from this "negative" sense genome
RNA (virion RNA; vVRNA) by a virus-specified RNA-dependent RNA
polymerase (see refs. 4 and 5 for reviews). Studies on the
sensitivity to ultraviolet irradiation of synthesis of individual
gene products indicate that the polymerase initiates transcrip-
tion at the 3'-terminus of VRNA and sequentially synthesizes the
transcript RNA species (6,7). The first transcribed RNA is a
species, called the leader RNA, which is 47 or 48 nucleotides
long and is complementary to the 3'-terminus of vRNA (8-10), and
this is thought to be followed by the first messenger species,

N protein mRNA (6,7). Unlike the mRNA species, the leader RNA
is neither capped nor polyadenylated (8,9). Thus, the 3'-
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terminal region of the VRNA must contain a polymerase initiation
site, sequences complementary to the leader RNA, sequences
representing the junction between the leader RNA and N mRNA, and
sequences complementary to the 5'-terminus of N mRNA. The
junction between the transcripts is the site of processing events
during transcription:- termination of leader RNA synthesis and
the start of N mRNA synthesis, plus capping and methylation of
N mRNA (5,11).

This paper describes the determination of the sequence of
200 nucleotides at the 3'-terminus of VvRNA, and interprets the
events of transcription in terms of the sequence. The RNA
sequence was determined by adding a poly(A) tract to the 3'-
terminus of vRNA, and using the poly(A) to initiate reverse
transcription of the VRNA with an oligo (dT) primer; the
resulting complementary DNA was sequenced by the dideoxynucleo-
side triphosphate (ddNTP) chain termination method (12,13).
Recognition and interpretation of the sequence obtained was
facilitated by published sequencing studies on the 3'-terminal
17 nucleotides of VRNA (14-16), on the leader RNA (10), on the
5'-terminal 31 nucleotides of N mRNA (17) and on the 5'-terminus
of VRNA (18).

MATERIALS AND METHODS

1. Materials

dNTPs and ddNTPs, p(dT)B-dA and p(dT)ll-rA were purchased
from PL Biochemicals Inc. p(dT)B-dA-dC was purchased from
Collaborative Research Inc. Radiochemicals were from the
Radiochemical Centre, Amersham.

AMV reverse transcriptase was a gift of Dr. J. W. Beard.
Rat liver RNase inhibitor was a gift of G. D. Searle Company.
Poly(A) polymerase was purified from Escherichia coli B/r by the
method of Sippel (19). Peak activity fractions from the phos-
phocellulose column were dialysed against 700 mM NaCl, 25 mM Tris-
HC1 pH 7.9, 1 mM EDTA, 50% glycerol and stored at -20°.
2. Addition of a poly(A) tract to VSV vRNA

VRNA of VSV Indiana was prepared as before (11). A
reaction mix was set up containing, in a total volume of 250 yul,
50 ug vVRNA, 50 mM Tris-HCl pH 7.9, 10 mM MgClz, 2.5 mM MnCl
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0.1 mM ATP, 200 ug/ml bovine serum albumin, 200 units of poly(A)
polymerase and NaCl to a final concentration of 250 mM, including
the contribution from the enzyme stock. The albumin was
previously heated for 10 min at 90-100° at 10 mg/ml. The mix-
ture was incubated for 5 min at 25°, and the RNA then recovered
by extraction with phenol and ethanol precipitation. The
ethanol precipitate was dissolved in 100 ul of 100 mM sodium
acetate, and the RNA was then precipitated with 50 ul 1% cetyl-
trimethylammonium bromide (to remove ATP). The precipitate was
washed twice with cold 70% ethanol containing 100 mM sodium
acetate and once with cold 70% ethanol, then dried. The RNA
was finally dissolved in 50 ul water and stored at -20°.

3. RNA sequence determination

Sequence determination was performed with reverse trans-
criptase and dANTPs, with 1 pg of poly(A)-containing vRNA in
each 5 pl reverse transcription reaction, as previously described
(13), but with the following changes. For determination of the
first 15 to 20 residues adjacent to the 3'-terminus, reverse
transcripts were labelled using («32P)-dCTP at 2 uyM and 300
Ci/mmol, with the other dNTPs at 40 uM and ddNTPs at 10X the
corresponding ANTP concentration. Incubations were terminated
by addition of formamide and the products fractionated by
electrophoresis in a 16% acrylamide gel (13). For determin-
ation of sequences further from the terminus, reactions contained
(=32P)-dATP at 20 ¥M and 100 Ci/mmol, with other ANTPs at 40 uM
and ddNTPs at 0.5X or 0.25X the corresponding dANTP concentration.
After incubation, reaction volumes were made up to 100 ul,
containing 5 ug tRNA and 5 mM EDTA, and the nucleic acids pre-
cipitated by addition of 7 ul of 15% perchloric acid. The
precipitates were washed, as described above for cetyltrimethyl-
ammonium bromide precipitation, and dissolved in 10 pl formamide
containing 0.025% each of xylene cyanol and bromophenol blue.
This procedure conveniently removed unincorporated (=32P)-dATP,
which otherwise gave a troublesome uniform background on gel
electrophoresis. Aliquots were then fractionated in acrylamide
slab gels as before (11,13).

3201



Nucleic Acids Research

.
X

‘ v

. e
- c
AT A

AI
g A :C
A

N NN

Figure 1 Sequence adjacent to 3'-terminus of VRNA.

Poly (A)-vRNA was reverse transcribed in the presence, one at a
time, of high concentrations of each ddANTP, and the products
fractionated on a 16% acrylamide gel, then detected by auto-
radiography. The dANTP species added is shown at the head of
each track. "O" indicates a reaction lacking d4dNTP. X and B
indicate the positions of dye markers.

RESULTS

We wished to determine nucleotide sequences by reverse
transcribing the RNA from a defined starting position in the
presence, one at a time, of partially inhibiting concentrations
of each of the four ddNTPs. In order to generate a specific
start site at the 3'-terminus of VRNA, a poly(A) tract was added
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to the 3'-terminus, as described by Devos et al. for phage MS2
RNA (20). We found that lowering the incubation temperature
for poly(A) addition from 37° to 25° and including bovine serum
albumin to 200 ug/ml gave a greatly improved poly(A)-containing
VRNA product, as judged by template activity for reverse trans-
criptive sequencing. No characterization of the size of the
poly (A)-vRNA was performed for the material used in these experi-
ments. Since the nucleotide sequence of the 3'-terminus of
VRNA is known (14-16), sequence results should demonstrate
directly whether poly(A) has been added specifically to the
authentic 3'-terminus of VRNA. The 3'-terminal sequence of VSV
VRNA is 5'-G-U (14,15) and so compounds of the type p(dT),-dA or
p(dT) ,~dA-dC should constitute suitable "phasing" primers for
reverse transcriptive sequencing (13,21). In early experiments
p(dT)S-dA, p(dT)S-dA-dC and p(dT)ll-rA preparations were tested.
All gave sequence specific reverse transcription with poly(A)-
VvRNA, but not with untreated vRNA. The cleanest results were
obtained with p(dT)ll-rA, and this was used, without further
purification, in the experiments described here.

The sequence determined is numbered 3' to 5' with the 3'-
terminal U as number 1 (14,15). The standard protocol does not
give clear results for residues 1 to around 12, due to low incor-
poration of label and loss of short DNA species during acid
precipitation. This region was therefore determined by using
high dANTP levels, labelling with (¢32P)-dCTP, and omitting acid
precipitation. Difficulties and artefacts encountered in
determining sequence adjacent to poly(A) were discussed pre-
viously (13). The results obtained are shown in Figure 1. The
first dAdANTP-specific band is in the ddGTP track at a position
corresponding to p(dT)ll-rA plus two additional residues. Thus,
the starting DNA sequence is 5'-ACG. This, and the further
sequence, is listed in Figure 3.

The sequence from residue 12 to residue 175 was obtained
with the standard protocol, with various times of gel electro-
phoresis in 6%, 8% and 10% acrylamide gels (11,13). Each part
of the sequence was obtained from overlapping results in at least
two experiments. The results obtained are illustrated in
Figure 2, and the deduced complementary DNA and vRNA sequences
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Figure 2 Autoradiographs of sequencing gels.

Reaction mixtures processed according to the standard protocol
were fractionated on acrylamide gels. Left panel: portion of
a 10% gel, electrophoresis time 4h at 1300-1600 V. Regions of
sequence corresponding to leader RNA and N mRNA are indicated.
Right panel: portion of a 8% gel, electrophoresis time 5h at
1300-1700 V. In both panels the ddNTP species is shown at the
top of each track, and the identity and number (Figure 3) of
every tenth residue of the DNA is indicated.

are listed in Figure 3.
Beyond residue 175 the sequencing gels exhibited an
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1 25 50
DNA 5"  ACGAAGACAAACAAACCATTATTATCATTAAAAGGCTCAGGAGAAACTTT

VRNA 3" 1oUGCUUCUGUUUGUUUGGUAAUAAUAGUAAUUUUCCGAGUCCUCUUUGAAA

51 75 100
DNA AACAGTAATCAAAATGTCTGTTACAGTCAAGAGAAT CATTGACAACACAG
VRNA UUGUCAUUAGUUUUACAGACAAUGUCAGUUCUCUUAGUAACUGUUGUGUC
101 125 150
DNA TCATAGTTCCAAAACTTCCTGCAAATGAGGATCCAGTGGAATACCCGGCA
VRNA AGUAUCAAGGUUUUGAAGGACGUUUACUCCUAGGUCACCUUAUGGGCCGU
151 175 200
~ DNA GATTACTTCAGAAAATCAAAGGAGAT-CTCTTTACATCAATACTACAARA---3"
VRNA CUAAUGAAGUCUUUUAGUUUCCUCUA-GAGARAUGUAGUUAUGAUGUUUU ---5°

Figure 3 Sequence of DNA and vRNA

The DNA sequence obtained, and the deduced vRNA sequence, are
listed. Beyond residue 175, there is an uncertainty, as
explained in the text, and the subsequent numbering is an
estimate lacking certainty.

ambiguity: a strong band was present in all tracks, and also
occurred in a sample incubated without any ddNTP. Thus, an
unambiguous sequence could not be determined in this region.
Further clear sequence beyond this point was obtained to
residue 200, but this could not be assigned a definitive
continuity with the sequence of residues 1-175. Additional
sequence data, with several ambiguities, were obtained to about
residue 240, but are not shown here.

DISCUSSION
1. Assessment of sequencing results
Residues 1-17 of the VRNA sequence listed in Figure 3 are
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identical to the 3'-terminal sequence determined directly with
VvRNA (16), confirming that the sequencing system is functioning
as intended. Further, residues 1-47 are complementary to the
leader RNA sequence of Colonno and Banerjee (10). However,
they considered the 3'-terminus of the leader to be either 5'-
GAAAAC or 5'-GAAAC. Our data indicate the latter and so we
consider the leader as being 47 nucleotides in length. The
leader complementary sequence is followed in the VRNA strand by
AAA and this is followed by 31 nucleotides which are exactly
complementary to the 5'-terminal sequence of N mRNA determined
by Rose (17). The ambiguity near residue 175 is presumably a
result of the reverse transcriptase pausing or terminating at a
region of unusual template structure. This type of phenomenon
constitutes a general limitation in sequencing systems which
combine the operations of synthesis and of generation of base
specific fragments of the nucleic acid under study (for instance,
see refs. 22 and 23).

2. The leader RNA: N mRNA junction

As noted above, the sequences complementary to leader RNA
and N mRNA are separated only by three A residues in the VRNA
strand. It is not known whether transcription of this region
to yield the leader RNA and the 5'-terminus of N mRNA is accom-
plished by terminating RNA polymerization and then restarting at
the N mRNA sequence, or by transcribing through the region then
generating the final transcripts by cleavage of the precursor
chain. The sequence UUU, complementary to AAA (residues 48-50)
in the VRNA, is not represented in the mature transcripts, so is
either not synthesized or is subsequently removed. Interest-
ingly, the leader RNA is found in two forms, one of which lacks
the terminal C residue (10), so the operation of the processing
mechanism may not be exact.

We have previously determined the nucleotide sequence, at
the other end of the N gene, of the junction between the N and NS
genes (1l1), and in Figure 4 this is compared with the leader/N
junction, in such a way as to maximise similarities between the
two sequences. The N/NS junction differs in that during trans-
cription of this region, the virus transcriptase adds a 3'-
terminal poly(A) tract to the newly synthesized N mRNA sequence,
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Figure 4 Comparison of the leader/N and N/NS junctions

The VRNA sequence, residues 1-60 of Figure 4, is compared with
the VRNA sequence around the N/NS junction (11). The two
sequences are spaced to maximise apparent homology, and homo-
logous regions are marked by double lines between the sequences.
The regions represented in the mature transcripts are indicated
by lines above and below the sequences. The boxed sequence
3'-ACU-5' represents the position of translation termination in
N mRNA (ref. 13; D.J. McGeoch, A. Dolan and C.R. Pringle, in
preparation).

and it was postulated that synthesis of this tract was achieved
by reiterative copying of a U, sequence in the vRNA at the
junction (ref. 11, and see Figure 4). The absence of a U7 tract
at the leader/N junction is consistent with the hypothesis. In
other ways the sequences are similar, most notably at VvRNA
residues 15-30: as written in Figure 4, 14 out of 16 residues
of the leader complementary sequence are identical to residues
complementary to the 3'-terminus of N mRNA. This region
contains the sequence 3'-UAAUXA6AXUAAU—5' (in the leader/N
sequence X is a purine, in the N/NS sequence X represents a gap).
This structure is symmetrical around the residue marked with an
asterisk; such sequences have been observed previously in the
3'-untranslated regions of eukaryote mRNAs (for instance, ref.
24). Outside this region, the two sequences contain further
significant homologous regions corresponding to the 3'-terminal
part of the leader RNA and the 5'-termini of N and NS mRNAs.
Although the leader/N junction has no U7 sequence, it does
contain a tract of eight pyrimidine residues (numbers 39-46).

As written in Figure 4 the 3'-terminus of the leader, 5'-AAAC,
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51 75
GpppAACAGUAAUCAAA AUG UCU GUU ACA GUC AAG AGA AUC AUU GAC

Met Ser Val Thr Val Lys Arg Ile Ile Asp

100 125
] [l
AAC ACA GUC AUA GUU CCA AAA CUU CCU GCA AAU GAG GAU CCA

Asn Thr Val Ile Val Pro Lys Leu Pro Ala Asn Glu Asp Pro

150 175
GUG GAA UAC CCG GCA GAU UAC UUC AGA AAA UCA AAG GAG A---

Val Glu Tyr Pro Ala Asp Tyr Phe Arg Lys Ser Lys Glu ----

Figure 5 5'=terminal sequence of N mRNA

The 31-nucleotide 5'-terminal sequence of N mRNA obtained by
Rose (17) is extended, using the VvRNA data, to 125 nucleotides.
Numbering is as in Figure 3. The deduced amino acid sequence
of the amino-terminal region of N polypeptide is listed.

is formally homologous to part of the poly(A) tract of N mRNA.
This similarity may suggest that the 3'-terminal tract of N mRNA
could also be terminated with a C, at least transiently, although
this has not been observed (25). In both junctions the
sequences complementary to adjoining mature transcripts are
closely contiguous, being separated in the leader/N case by

Table 1 Nucleotide compositions of regions of VSV (+) strand

RNA
length in

RNA nucleotides %A %U %G %C Source of data
leader 47 49 17 15 19 Sequence (this paper)
S5'-region of
N mRNA 125 40 22 18 20 Sequence (this paper)
3'-region of
N mRNA 205 35 24 22 18 Sequence (ref. 13)
total RNA Digestion of VRNA
(+) strand 11,000 34 25 18 22 (ref. 3)
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3'-(G)AAA-5' and in the other by 3'-GA-5'. These common
features suggest that the two junctions are the site of action
of mechanistically similar processing events (with the obvious
distinction that only one involves poly(A) synthesis) and that
the common sequences contain sites signalling or controlling
the processing mechanisms.
3. Possible function of the leader RNA

The above discussion indicates that the region of the

leader RNA comprising, approximately, residues 15 through to 47
may contain sites involved in transcript processing and so may
be regarded as functionally part of the leader/N junction. The
remainder of the leader complementary sequence, residues 1 to 14,
has only very limited homology with the corresponding region in
the N gene (as written in Figure 4, any similarity is probably
over-emphasized). These residues, at the extreme 3'~-terminus
of VRNA, presumably contain a virus polymerase binding and
initiation site. Semler et al (18) have indirectly determined
the sequence of 46 residues at the 5'-terminus of vRNA, and this
is complementary to our 3'-terminal sequence at 15 out of the 18
terminal residues, but thereafter the sequences diverge. For
purposes of replication we expect the 5'-terminus to contain the
complement of a polymerase initiation site, so this comparison
indicates that an initiation site could comprise up to 18 of the
terminal nucleotides. Thus, the leader complementary sequence
may be totally accounted for by a site for polymerase initiation
(residues 1 to about 18), and sites concerned with processing

at the leader/N junction (residues 15 to 47). The use of a
leader RNA to start transcription can therefore be viewed as a
tactic directed to synthesizing sequences around an intertrans-
cript junction, presumably with a view to obtaining a properly
modified (capped and methylated) 5'-terminus to the first mess-
enger RNA species through operation of the transcript processing
mechanisms. That is, transcript capping and methylation are
seen as part of the transcript processing mechanism rather than
of the transcipt initiation mechanism.

4. Sequences at the start of the N gene

The VRNA sequence, residues 51-81, is exactly complementary
to the sequence determined by Rose (17) for the ribosome binding
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site of N mRNA, which includes the 5'-terminus of the RNA. Thus
our present data definitively place the N gene as the gene
nearest the 3'-terminus of VRNA. Since gene splicing is
considered not to occur with VSV (26), we can use the VRNA
sequence to extend the known N mRNA sequence, and this is shown
in Figure 5 for VvRNA residues 51-175. Rose (17) proposed that
the 5'-AUG-3' at residues 64-66 is the polypeptide initiating
codon. We now see that the next candidate AUG is at residues
125-127, well outside the ribosome binding site, and so the
original assignment is very probably correct. Further, the
selected translation reading frame then contains no termination
codons to ‘residue 175. The deduced sequence of 37 amino acids
is also shown in Figure 5.

One of the first observed features of the leader RNA was
that it has a notably high A content (ref. 8 and Table 1). The
5'-region of N mRNA also has a high A content, lower than the
leader value but clearly greater than the values for the 3'-
region of N mRNA or the total (+) strand RNA. Possibly this is
a consequence of a requirement for the 3'-terminal region of
VvRNA to have a high U content, rather than a reflection of mRNA
function.
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