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Using 3'-end-labeled genome probes, cells infected with vesicular stomatitis
virus Chandipura, Cocal, and Piry serotypes were shown to contain (+) leader
RNAs of approximately 50 nucleotides in length. The nucleotide sequence of the
leader RNA regions of these genomes was determined and compared with the
previously reported sequences of both the (+) and (-) leader RNA regions of
other vesicular stomatitis virus serotypes. Regions of strong conservation of
nucleotide sequence among the various vesicular stomatitis virus serotypes
suggest those nucleotides thought to be involved in control functions during
vesicular stomatitis virus replication.

Vesicular stomatitis virus (VSV), a rhabdo-
virus, contains all of its genetic information (11
to 12 kilobases) in a single RNA chain of nega-
tive polarity (-). The VSV (-) genome codes
for five viral proteins which are expressed via
five monocistronic mRNAs. These mRNAs are
transcribed in the order 3' N, NS, M, G, and L
5' both in vivo and in vitro, and the relative
molar abundance of each mRNA is determined
by its proximity to the 3' end of the genome,
which is thought to be the only site at which the
viral polymerase can enter the genofpe temnplate
(1, 21). The first RNA transcribed from the (-)
genome template is not the first mRNA but a
short, 47-base (+) leader RNA, which is comple-
mentary to the precise 3' end of the (-) genome
(4). This leader RNA has recently been shown to
contain the nucleation site for the initiation of
nucleocapsid (NC) assembly (la-3). One possi-
ble function of the (+) leader RNA is thus to
detach this nucleation site from the body of the
first mRNA so that this mRNA would not also
be encapsidated.
A model for VSV replication has recently

been advanced in which the binding ofN protein
to the nascent leader RNA chain modulates
mRNA transcription and genome replication (3,
11). In this model, the termination site for the
leader RNA is analogous to the attenuator of the
tryptophan operon of bacteria and the binding of
N protein to the nascent leader chain would both
promote readthrough of the leader termination
signal and simultaneously begin the encapsida-
tion of the nascent antigenome strand. Thus,
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many of the features which control VSV replica-
tion are thought to be encoded in the relatively
short leader RNA region. In an effort to better
understand how these control processes might
operate, we have sequenced the leader regions
of the Piry (Pi), Chandipura (Ch), and Cocal (Co)
serotypes of VSV.

MATERIALS AND METHODS
Viruses and their growth. VSV Indiana (In; Mudd-

Summers strain) was obtained from Donald F. Surn-
mers, University of Utah School of Medicine, Salt
Lake City. VSV Ch and Co were obtained from Craig
Pringle, Institute of Virology, Glasgow, Scotland, and
VSV Pi was obtained from Danielle Teninges, Labora-
toire Genetique des Virus, Gif-sur-Yvette, France.
Each serotype was plaque purified twice in succes-
sion, and a single plaque was then used to generate
virus stocks on five 10-cm dishes of BHK cells. Virus
was grown on either BHK or LLCMK2 cells (10 PFU/
cell) and harvested at 18 h postinfection for all sero-
types except Co (36 h postinfection). Radioactive virus
was grown in the presence of 20 ,iCi of [3H]uridine per
ml and 0.5 "ag of actinomycin D per ml. The virus was
then pelleted through 30%o glycerol, suspended in TNE
buffer, banded on a glycerol-tartrate gradient (16), and
then recovered by pelleting. A sodium dodecyl sulfate-
polyacrylamide gel electrophoresis pattern of the viral
proteins of each serotype is shown in Fig. 1.
Preparation of 3'-end-labeled virion RNA (genome

probe). Purified virus (1 to 3 mg/ml) was incubated for
20 min at 37°C with 0.5% sodium dodecyl sulfate and
500 ,ug of proteinase K per ml and then directly
centrifuged on 5 to 23% sucrose gradients (15). The
42S RNA was localized by counting samples of the
gradient for 13H]RNA and recovered by two ethanol
precipitations. Virion 42S RNA (5 to 10 Rg) was then
3' end labeled with 32P-labeled pCp and RNA ligase in
a 20-j, reaction as previously described (15) and
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chromatographed on Sephadex G-50, and the excluded
RNA was ethanol precipitated. The precipitate was
dissolved in 25 ,ul of 10 mM Na2PO4, denatured with
40 mM CH3HgOH, and then diluted to 100 ,ul with
TNE containing 100 mM BME and recentrifuged on a
sodium dodecyl sulfate sucrose gradient. RNA which
sedimented at 42S was again selected and recovered
by ethanol precipitation.

Sequence determination. (i) Purine reactions. Partial
digestion with ribonucleases T1 and U2 was carried out
in buffer containing 20 mM sodium citrate (pH 5.0 for
T1, pH 3.5 for U2), 7 M urea, 1 mM EDTA, 0.25 mg of
tRNA per ml, 0.25% xylene cyanol, and bromphenol
blue (5, 12). The end-labeled RNA was added to this
buffer, and the reaction mixture was distributed into
three 20-,ul portions in siliconized Eppendorf tubes.
The tubes were heated at 50°C for 5 min and quick
chilled in ice. A 1-,ul portion of ribonuclease T1 (10-1
U/ml) or U2 (10-2 U/ml) was added to the first of the
three tubes, and a single 10-fold serial dilution was
carried out into the second tube. The third tube was
incubated without enzyme. The tubes were incubated
for 15 min at 50°C, chilled, and loaded onto 12 or 20%
sequencing gels.
For the ladder, 1.5 ,ul of end-labeled RNA plus 2 ,ul

of tRNA (2 ,ug/ml) was mixed with 15 ,ul offormamide.
The reaction was incubated at 100°C for 10 to 25 min.

(ii) Pyrimidine reactions. For the U reaction, the 3'
labeled RNA was lyophilized in the presence oftRNA
carrier, dissolved in 50%o hydrazine-50%o water (vol/
vol), and incubated on ice for 10 to 15 min (17).
The C > U reaction was carried out in 3 M NaCl-

hydrazine incubated on ice for 20 to 30 min (17). The
chemically modified RNA was precipitated twice with
ethanol in the presence of 0.3 M sodium acetate. It was
then dissolved in 20 ,ul of 1.0 M aniline-acetate buffer,
pH 4.5, and incubated in the dark at 60°C for 20 min.
The reaction was terminated by freezing at -70°C.
The samples were lyophilized, dissolved in water,
chilled at -70°C, and lyophilized again. Finally, the
samples were dissolved in 3 to 5 ,ul of 8 M urea-20 mM
Tris-hydrochloride (pH 7.4)-i mM EDTA-0.05% xy-
lene cyanol and bromphenol blue, heated 2 min at
90°C, and loaded onto the sequencing gel.

Co Pi Ch In
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FIG. 1. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis of the various VSV serotypes. Be-
tween 10 to 20 p.g of the various VSV serotypes were
electrophoresed on a 10o acrylamide-0.8% bis(acryl-
amide) protein gel (13) which was then stained with
Coomassie brilliant blue. The serotypes are noted at
the top of the gel. The positions of the L, G, N, and M
proteins of VSV In are indicated on the right.

RESULTS
VSV Ch, Co, and Pi also contain (+) leader

RNAs. To date, only the In and New Jersey
serotypes of VSV have been shown to initiate
transcription with a (+) leader RNA. To investi-
gate whether the Ch, Co, and Pi serotypes
similarly contained leader RNAs, we prepared
42S (-) RNA from each of the various purified
virions (Fig. 1), and these (-) genomes were
radiolabeled at their 3' OH ends with 32P-labeled
pCp and RNA ligase (see above). The presence
of (+) leader RNA in virus-infected cells was
examined by annealing CsCl pellet RNA (total
cytoplasmic RNA from which viral NCs have
been removed by CsCl density gradient centrifu-
gation [15]) against the end-labeled genome
probes, followed by ribonuclease digestion to
degrade single-stranded regions of the RNA. As
a control, a similar optical density amount of

CsCl pellet RNA from uninfected cells was
annealed in parallel. The polyacrylamide gel of
the remaining RNase-resistant double-stranded
RNAs from this experiment is shown in Fig. 2.
Note that when uninfected CsCl pellet RNA is
annealed against the various 3' genome probes,
only in the case of the Co genome is any of the
labeled genome RNA resistant to RNase diges-
tion. This short double-stranded RNA probably
represents the complementary ends of the Co
genome itself, similar to that seen in VSV New
Jersey (7). However, when CsCl pellet RNAs
from the various virus-infected cells were an-
nealed against their homologous genome probes,
several double-stranded RNAs resulted in each
case. The results with VSV Ch and In appeared
identical; three bands of decreasing intensity
which migrated just in advance of the 75-base
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FIG. 2. Demonstration of ()leader RNAs in the

various VSV serotype-infected cells. CsCl pellet
RNAs from the various VSV-infected BHK cells or

from uninfected cells were annealed against their

homologous 3'-end-labeled genome probes. The reac-

tions were then digested with 20 p.g of RNase A per ml

in 0.375 M NaCi as previously described (15), and the

remaining RNA was recovered by ethanol precipita-
tion and electrophoresed on a acrylamide-0.5%

bis(acrylamide) gel (0.4 mm by 20 cm by 40 cm). Lane

A, Hinf digest of pBr322; lanes B to D, 0.5 and 1.5

optical density units (ODU) of VSV In-infected and

0.5 ODU of uninfected CsCl pellet RNA annealed

against the VSV In genome probe; lanes E to G, 0.5

and 1.5 ODU of VSV Co-infected and 0.5 ODU of

uninfected CsCl pellet RNA annealed against the VSV

Co genome probe; lanes H to I, 1.25 ODU of VSV Pi-

infected and 1.5 ODU of uninfected CsCl pellet RNA

annealed against the VSV Pi genome probe; lanes J to

K, 1.5 ODU of VSV Ch-infected and 1.5 ODU of

uninfected CsCl pellet RNA annealed against the VSV

Ch genome probe. XC, Xylene cyanol; BPB, brom-

phenol blue.

pair DNA marker resulted from the annealing.
These bands were in the expected position of
leader double-stranded RNA on these gels (10).
However, the presence of three double-stranded
RNA bands instead of a single band is probably
due to the higher resolution of the long and thin
gels used in this study. To more accurately
determine the chain length of the 3' genome
RNA protected against RNase digestion by
these leader RNAs, the RNA was recovered
from each of the three In and Ch bands, and a
sample of these RNAs was partially digested
with RNase T1. The partial digests were then
electrophoresed along with untreated band ma-
terial and a formamide ladder of the homologous
end-labeled genome probes on a 7 M urea se-
quencing gel (data not shown). From the posi-
tion of the guanine nucleotides in the sequence
relative to the ladder, we estimate that the
lengths of the 3'-end-labeled genome RNAs
were 42 + 43 bases for the bottom band, 44 + 45
bases for the middle band, and 47 + 51 bases for
the top band (bases 48 to 51 in each sequence are
purines and cannot be cut by RNase A; see
below). The remarkably similar pattern between
VSV In and Ch shown in Fig. 2 parallels a very
similar sequence at the 3' end of their genomes;
only 2 out of the first 51 nucleotides are different
between these two serotypes (see below). A
similar length heterogeneity of the In (+) leader
RNA has recently been demonstrated directly
by Schubert et al. (19) by directly labeling in
vitro transcripts with [3- 2P]ATP. Thus, VSV
Ch-infected cells, like VSV In-infected cells,
contain (+) leader RNAs which are 42 to 47
bases in length.
The annealing of both Pi and Co CsCl pellet

RNA against their homologous genome probes
also resulted in multiple double-stranded RNA
bands. In the case of VSV Co, two major
double-stranded RNA bands are seen in addition
to the putative complementary ends of the Co
genome itself; the top band migrates just slightly
slower than the top band of the In and Ch series,
and the faster band in a separate experiment was
estimated to be approximately 26 base pairs
long. The reason why the shortest band in-
creases in intensity on annealing with infected
cell RNA is not clear, but it may be due to a third
leader RNA of this size. In the case of VSV Pi,
at least nine bands could routinely be detected,
of which the top band migrated similarly to the
top band of the In and Ch series. VSV Co- and
VSV Pi-infected cells therefore also contain
leader RNAs, but these leader RNAs are appar-
ently heterogeneous over a wider length than
their In and Ch counterparts. It should be noted,
however, that although the infecting stocks used
in these experiments were prepared from
plaque-purified virus, the presence of small
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FIG. 3. Sequence determination of 3'-end-labeled
VSV Pi genome. The conditions for partial digestion at
specific bases are described in the text. Lane A,
formamide ladder (10 min at 100°C); lane B, chemical
reaction for U; lane C, chemical reaction for C > U;
lane D, formamide ladder (25 min at 100°C); lane E,
10- U ofRNase U2; lane F, 10-2 U ofRNase U2; lane
G, formamide ladder (10 min at 100°C), lane H, 10' U
of RNase T1; lane I, 10-2 U of RNase Tj; lane J, no
enzyme added. BPB and XC on the right-hand margin
show the positions of the bromphenol blue and xylene
cyanol dye markers, respectively. Dots on the right-
hand side of given bands indicate those bands which
determine the sequence. The positions of the chemical
cleavage products containing 5' phosphates relative to
the ladder bands containing 5' OH groups were deter-
mined by sequencing VSV In on a separate gel. The
dots show the sequence from the G at position 2
(lowest band, lanes H and I) to the AAAA sequence at
positions 46 to 49, except for the U residues at
positions 39, 40, 42, 43, and 44 which are detectable on
the film but not on the photograph of this 20%o

amounts of defective interfering genomes gener-
ated in our infections cannot be excluded. It is
therefore possible that some of the smaller dou-
ble-stranded RNA bands detected in the Pi and
Co experiments were due to incomplete anneal-
ing with (-) leader RNA.
Thus, cells infected with each of various VSV

serotypes examined contained leader RNAs
which were complementary to the precise 3'
ends of their (-) genome templates. The largest
leader RNA in each case was approximately 50
bases long. In addition, results identical to those
shown in Fig. 2 were obtained by annealing the
products of in vitro virion transcription reac-
tions to their homologous genome probes (not
shown).
Sequence determination of the (+) leader re-

gions of VSV Ch, Co, and Pi. To date, only the
(+) leader regions of the In and New Jersey
serotypes of VSV have been sequenced. It was
therefore of interest to determine the nucleotide
sequence at the 3' ends of the Ch, Co, and Pi
genomes, since annealing experiments have pre-
viously shown that there is only limited homolo-
gy between the coding regions of the various
VSV serotypes (18).
The sequence determination was carried out

on the 3'-end-labeled (-) genomes, using
RNases T1 and U2 to determine the position ofG
and A respectively, chemical cleavage to deter-
mine C and U, and formamide ladders to deter-
mine chain length (see above). To position the
chemical cleavage products which contain a 5'
phosphate relative to the ladder bands which
have a 5' OH, the known VSV In genome was
sequenced in parallel. The 3' terminal base,
which was difficult to read from the sequence
gel, was determined by nearest neighbor transfer
after alkaline hydrolysis and found to be U in all
cases. An example of the sequencing gels, that
for VSV Pi, is shown in Fig. 3. The sequence of
the 3' ends of VSV Co, Ch, and Pi are shown in
Fig. 4 along with previously reported sequences
of VSV In and VSV New Jersey, and also the
(-) leader regions of three In variants [which
represent the 3' region of the (+) antigenome
strand].

DISCUSSION
The nucleotide sequences at the 3' end of the

(-) genome of five VSV serotypes and of the 3'
end of the (+) antigenome of three variants of
the In serotype have several interesting features.
Of the eight sequences shown, all of which differ
from each other, there is remarkable homology

acrylamide sequencing gel. The various VSV genome
sequences were also determined on 12% acrylamide
gels to better resolve the bands above 40 nucleotides in
length.
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VSV GENOME RNA SEQUENCES

3' HO-UGCUICGUlUGUUUAAUMAAUAGUAAUUUUCCGAGUCCUCUUUGAAA

3' HO CUGUUUUGAAUGU UAUAACCGGAUCUCCCUUGAAA

3' HO-UGCUUCUUIUGUW UAAUUUGUC MUAUAUCAUCAUGUGC

3' HO-UGiCUCWIJUUGUUUGGUUAUCGUAAGAAUAUUCUGUAUUCUUUGMAAM

3' HO-UGCUUGU1UGUUAUAUAUUUUUCCGAGUCCUCUUUGAAA

3' HO-UlUUCUGGUGUUUlGUCUAUUUUUUAUUVY,GYGUUCUCCCAG
3' HO-U UUCUGGUGUUUUGMCUGUUUUUUAUUUVV,V,GUUCUCCCAG
3' HO-UfGC UGUUGUUUUGGUCGAUUUUUUGUUUUUGGUGUCUUCCCAG

.....$les

129.

IN MS -

NJ -

COCAL -

PIRY -

CHANDIPURA -

IN MS +

IN TSG 31 +

IN CAR4 +

FIG. 4. Nucleotide sequences at the 3' ends of various VSV genomes and antigenomes. The various
serotypes are noted at the right-hand side, where (-) and (+) denote genomes and antigenomes, respectively.
The In(-), NJ(-), In(+), In tsG 31(+), and In CAR4(+) sequences are from references (14, 20). The regions of
sequence conservation at both ends of the leader regions are underlined. The repetition of the hexanucleotide
UUUGGU is dotted underneath.

within the first 18 nucleotides and then the
sequences diverge widely. The regions of abso-
lute homology within the first 18 nucleotides are
underlined in Fig. 4 and give rise to the consen-
sus sequence 3'OH-UGCUUNUNNUNN
UUUGGU, where N represents either G, U, or
C, but never A.
From our present knowledge of VSV replica-

tion, two functions are thought to be coded for,
at least in part, in this region. The first function
is the initiation ofRNA synthesis, including both
genome transcription and replication, and the
second function is the nucleation site for the
initiation of NC assembly, which has recently
been localized within the first 14 nucleotides
from the 5' end of the leader RNA (la). On the
basis of less complete information, we suggested
that the NC assembly signal was a five times
repeated A residue in every third position at the
5' end of the leader RNA (the complementary U
residues in the genome are underlined above).
The addition of the (+) leader regions of VSV
Ch, Co, Pi to our catalog has not contradicted
this hypothesis, but rather added further sup-
port. The eighth base from the 5' end of the
leader strand, previously an invariant C, has
now become an N in the above consensus se-
quence, since this base has changed in both the
Pi and Co serotypes. In addition, A residues are
not found in the first 18 nucleotides from the 3'
end of any of the genomes sequenced to date.
Thus, the absence of U, the complement to the
signal base A in the NC assembly site of the
leader strand, has also been confirmed by the
sequences of the Ch, Co, and Pi serotypes.

It is difficult to decipher the nucleotides in-
volved in the initiation of RNA synthesis simply

by comparing sequences. Within the first 18
bases of all the genomes and antigenomes stud-
ied, two blocks of nucleotides are invariant: 3'-
UGCUU (bases 1 to 5) and 3'-UUUGGU (bases
13 to 18). Interestingly, the sequence 3'-
UUUGGU is repeated at position 31 to 36 of the
three In (-) leader regions but not in any of the
(+) leader regions. Recently, Isaac and Keene
(6) and Keene et al. (9) have shown that the NS
protein, which is thought to play a role in the
initiation of RNA synthesis, selectively perturbs
the methylation of certain nucleotides when
present on the NC. These footprint experiments
have suggested that the NS protein interacts
with bases 16 to 30 at the 3' end of the (-)

genome and with bases 17 to 38 at the 3' end of
the (+) antigenome or the copy-back defective
interfering genome. These NS interaction re-
gions abut the 5' end of the first 3'-UUUGGU
sequence on both genomes and antigenomes and
completely cover the second 3'-UUUGGU on
the (+) antigenome. In addition, all of the strong
perturbations on the antigenome were at the
ends of the interaction region (bases 17 to 38),
either within the repeated hexamer sequences or
directly adjacent to them. Since previous work
has suggested that (-) leader RNAs are synthe-
sized more frequently per mole of genome tem-
plate than (+) leader RNAs (14), the hexamer 3'-
UUUGGU may be involved in the initiation of
RNA synthesis, and its doubling at the 3' end of
the (+) antigenome may explain this enhanced
rate of (-) leader synthesis. The 3' proximal
pentanucleotide UGCUU is probably involved
in both the initiation of RNA synthesis and the
initiation of NC assembly.
To determine those nucleotides involved in
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terminating the (+) leader RNA chains, we
similarly examined these regions of the (-)
genomes for nucleotide conservation. From the
data presented in Fig. 2, we have established
that the largest (+) leader RNAs of VSV Ch and
Pi are 47 base pairs long, and the Co (+) leader
RNA is one or two nucleotides longer. The
nucleotide sequences which appear to have been
conserved near the termination sites are also
underlined in Fig. 4 and lead to the consensus
sequence 3'-Y3_6NU I GAAA, where Y repre-
sents pyrimidines and N is either a U or a G. The
arrow shows the presumed point of chain termi-
nation. Keene et al. (8) have previously pointed
out that (-) leader RNAs appear to be terminat-
ed by the sequences 3'-CCC I AGAA. Thus (+)
and (-) leader RNA termination sequences are
related but somewhat different, and this differ-
ence may reflect the relative ease with which the
viral polymerase reads through these termina-
tion signals during genome replication.

In conclusion, extensive conservation of the
nucleotide sequence in the leader RNA (noncod-
ing) regions of five different VSV serotypes
provides suggestive evidence for the involve-
ment of these sequences in control functions. In
addition, the lengths of the (+) leader RNAs
appear to have been highly conserved, suggest-
ing that the distances between the concerned
regions may also play a role in the control of
VSV transcription and replication.
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