
JOURNAL OF VIROLOGY,
0022-538X/97/$04.0010

Feb. 1997, p. 1466–1475 Vol. 71, No. 2

Copyright q 1997, American Society for Microbiology

Initiation of Vesicular Stomatitis Virus Mutant polR1
Transcription Internally at the N Gene In Vitro

J. L. CHUANG AND J. PERRAULT*

Molecular Biology Institute and Department of Biology, San Diego
State University, San Diego, California 92182

Received 5 July 1996/Accepted 4 November 1996

The vesicular stomatitis virus (VSV) polymerase is thought to initiate transcription of its genome by first
copying a small leader RNA complementary to the 3* end of the template. The polR VSV mutants, in contrast
to wild-type virus, frequently read through the leader termination site during transcription in vitro. To shed
light on polymerase termination and reinitiation events at the crucial leader-N gene junction, we employed
RNase protection assays to precisely measure molar ratios of leader, N, and readthrough transcript accumu-
lation in vitro. Wild-type virus synthesized essentially equimolar amounts of leader and N transcripts, but,
unexpectedly, the polR1 mutant yielded about twice as much N mRNA as leader (ratio of 1.9 6 0.1). Primer
extension assays ruled out an increase in abortive N transcript synthesis for polR1. Transcription entailed
multiple rounds of synthesis, with transcript ratios remaining the same after 0.5 or 2 h of synthesis, ruling out
a significant contribution from polymerases “pre-positioned” at the N gene. No significant degradation of
either leader or N transcripts was observed after incubating purified products with virions. Our data lead us
to conclude that transcription can initiate internally at the N gene, at least in the case of polR1 VSV. We
propose, however, that productive internal initiation of transcription is a fundamental property of the VSV
polymerase and that of related viruses. A model postulating two distinct polymerase complexes, one for leader
synthesis and one for internal initiation, is presented.

Our understanding of viral genome transcription and repli-
cation in the order Mononegavirales (nonsegmented negative-
strand RNA viruses) draws extensively from earlier studies
with vesicular stomatitis virus (VSV), the prototype of the
Rhabdoviridae family (for reviews, see references 1, 10, 22, and
38). The current model of VSV genome transcription postu-
lates that the viral polymerase complex (P and L proteins)
transcribes the viral genome in a sequential stop-start fashion,
beginning at the 39 end of the template (N-RNA complex).
The first transcript synthesized is a nonpolyadenylated leader
RNA (47 nucleotides [nt]), followed by synthesis of mRNAs
encoding N, P/C, M, G, and L proteins. Conserved sequences
at the starts and ends of genes provide the signals for termi-
nation, polyadenylation, and reinitiation (30). Transcript accu-
mulation also decreases as a function of distance from the 39
end promoter, apparently due to an inherent tendency for the
polymerase to dissociate from the template while pausing at
gene junctions (19). In contrast to transcription, replication
requires concurrent encapsidation of nascent chains by the P-N
assembly complex. The assembly process somehow causes the
polymerase to ignore gene junctions. The full-size encapsi-
dated antigenome, in turn, serves as template for the coupled
replication and assembly of progeny genomes.
Sequential synthesis of VSV mRNAs is firmly established

from UV inactivation and kinetic data, but evidence that
leader is synthesized first is more indirect and rests, for the
most part, on in vitro transcription reconstitution studies
under partial-reaction conditions (9). Concomitant synthe-
sis of leader and mRNA start sequences was observed with
detergent-disrupted virions, in agreement with previous obser-
vations (35), but only leader starts were produced by the ad-

dition of soluble polymerase to purified templates. Both types
of oligonucleotides appeared, however, if reconstituted com-
plexes were first preincubated under complete-reaction condi-
tions. Emerson (9) thus proposed that soluble polymerase
complexes always initiate synthesis at the 39 end of the tem-
plate but that active complexes also become trapped at internal
gene junctions during packaging. A subsequent study, how-
ever, also employing reconstituted polymerase complexes,
found that both types of start sequences, as well as oligonucle-
otides of unknown origin, are synthesized under partial-reac-
tion conditions, suggesting that such conditions may not reflect
bona fide transcription (36).
The 39 entry model requires that leader RNA be transcribed

at least as frequently as N mRNA. Reliable quantitation of
leader synthesis has so far been obtained solely from in vitro
studies because this small transcript is apparently unstable in
infected cells (5, 17, 37). For VSV, a leader-to-N-transcript
molar ratio of ;7.0 was obtained by using transcription recon-
stitution conditions with optimal amounts of L and P proteins
(8) and a ratio of ;2.9 was obtained by using detergent-dis-
rupted virions (11). For Sendai virus, roughly equimolar syn-
thesis was found in one case (37) and a large excess of leader
over N transcript (ratio, $64) was found in the other (23). The
wide range in measured ratios is perhaps not surprising in light
of several studies showing preferential inhibition of mRNA
synthesis relative to leader synthesis under a variety of reaction
conditions, including low ATP concentration (2), replacement
of ATP with the nonhydrolyzable analog b,g-imido ATP (13, 26),
suboptimal amounts of P protein (8), and addition of a monoclo-
nal antibody reactive with both P and N proteins (39). The pres-
ence of aurintricarboxylic acid or vanadyl ribonucleoside com-
plexes, on the other hand, reportedly inhibited all VSV RNA
synthesis in vitro, except for synthesis of a capped 68-nt-long N
gene transcript (34). This peculiar phenomenon led the authors to
suggest the existence of two polymerase complexes, one for leader
synthesis and one for mRNA synthesis.
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We reported some years ago that the VSV polR mutants
read through the leader-N gene junction at high frequency in
vitro, despite the absence of an assembly complex (24). Al-
though mutant readthrough transcripts terminate heteroge-
neously within the N gene, polR viruses also synthesize prop-
erly terminated leader and mRNAs, the latter containing
slightly longer poly(A) tails (25). Curiously, high ATP concen-
trations are not required for mRNA synthesis by polR virus, in
contrast to synthesis by wild-type virus (2), and the mutants
also tolerate replacement of ATP with b,g-imido ATP (26).
The unusual polR phenotype has been traced to a single amino
acid substitution in the template-associated N protein (6, 15,
24). A similar assembly-independent readthrough of the lead-
er-N gene junction has also been described for Sendai virus. In
this case, the Z virus strain appears to behave like polR VSV
and the H strain appears to behave like wild-type VSV (20, 37).
To clarify the changes in polR mutant transcription in vitro,

we measured in this study rates of synthesis of leader, N, and
readthrough transcripts by wild-type and mutant viruses under
optimal conditions in vitro. Wild-type virus synthesized equi-
molar amounts of these transcripts, but, unexpectedly, polR1
produced a nearly twofold molar excess of N transcripts. Our
findings indicate that N mRNA synthesis can initiate indepen-
dently of leader synthesis in polR and lead us to question the
current stop-start model of transcription in nonsegmented neg-
ative-strand RNA viruses.
(The findings documented here were presented in part at the

9th International Conference on Negative Strand Viruses, Es-
toril, Portugal, 2 to 7 October 1994; at the 14th Annual Meet-
ing of the American Society for Virology, University of Texas
at Austin, Austin, Tex., 8 to 12 July 1995; and at the Sympo-
sium Honoring John J. Holland, Laguna Beach, Calif., 2 to 4
November 1995.)

MATERIALS AND METHODS

Growth and purification of viruses. Wild-type and polR1 mutant VSVs (In-
diana serotype, Mudd-Summers strain) were grown on BHK-21 cell monolayers
and were purified by sucrose and tartrate gradients as previously described (24).
Transcription-competent VSV cores were prepared as described before (16).
In vitro polymerase assays and purification of RNA products. Standard reac-

tion mixtures (300 ml) contained the following: 50 mM Tris-acetate (pH 8.2); 8
mM Mg-acetate; 0.3 M K-acetate; 0.1% Nonidet P-40; 2 mM dithioerythritol or
dithiothreitol; 16 U of RNasin (Promega); 30 mg of purified virions; ATP, GTP,
and UTP (1 mM each); and 0.1 mM [3H]CTP (ICN Pharmaceuticals; ;15 mCi
per reaction). The effect of reaction pH was evaluated by changing the 50 mM
Tris-acetate buffer component. The pH values indicated in all experiments refer
to the pHs of the 50 mM buffers, not the final pHs of the reaction mixtures.
Reaction mixtures were incubated for 2 h unless otherwise stated, and [3H]CTP
incorporation was determined as described before (24). The fractions of total
products corresponding to N gene transcripts are ;40 and ;30% for wild-type
and polR1 viruses, respectively (24). Each microgram of product synthesized
under these conditions therefore contained an estimated eight copies of N
mRNA for the wild-type virus and six copies for the polR1 mutant (30 mg of
virions contains ;50 ng of N gene template).
RNA transcripts were purified by proteinase K digestion, phenol-chloroform

extraction, and centrifugation through a Sephadex G-50 spin column as de-
scribed previously (24). The latter step removes any transcript #20 nt long. To
ensure complete recovery of all other transcripts, including leader, by ethanol
precipitation, centrifugation was carried out in a Beckman TLA 100.3 rotor at
50,000 rpm for 30 min in the presence of 20 mg of glycogen carrier. Under such
conditions, the 46-nt VSV defective interfering particle (DI) leader was fully
recovered (33).
Preparation of T7 riboprobe and 3*-end-labeled VSV genome RNA. The T7

riboprobe was synthesized from plasmid pVSV39(2) containing an insert corre-
sponding to the first 109 bases from the 39 end of the VSV genome. The insert
sequence was amplified by PCR from the pTZ-JS77(1) plasmid (a gift from Tim
Wong, University of Washington). The latter plasmid was constructed by insert-
ing the PstI fragment of plasmid pJS77 (32) into pTZ18R (Pharmacia). Primers
for PCR amplification contained the first 17 nt of the VSV plus sense leader
sequence and nucleotides 59 to 43 of the minus-sense N gene, preceded by a
six-base EcoRI site and one 59 terminal G residue. After being cut with EcoRI,
the PCR product was cloned into the EcoRI site of pGEM1 (Promega) to yield
pVSV39(2).

pVSV39(2) was linearized with BamHI, which cuts 19 bases beyond the VSV
insert. T7 transcripts from this template were 143 bases long and included 15 and
23 nt of vector sequence flanking the 59 and 39 ends, respectively, of the minus-
sense VSV sequence (see Fig. 2A). The transcripts were synthesized in 50-ml
reaction mixtures containing 15 mMMgCl2; 40 mM Tris-Cl (pH 8.0); ATP, GTP,
and CTP (1 mM each); 200 mM [a-32P]UTP (NEN; ;200 mCi per reaction
mixture); 5 mM dithioerythritol; 2 mg of linearized DNA template; 20 U of
RNasin (Promega); and 50 U of T7 RNA polymerase (U.S. Biochemicals). After
incubation at 378C for 2 h, the DNA template and unincorporated label were
removed by digestion with RNase-free DNase, phenol-chloroform extraction,
centrifugation through a Sephadex G-50 spin column, and ethanol precipitation
with 20 mg of glycogen carrier. The riboprobe was further purified on 7 M
urea–8% polyacrylamide gels. End labeling of VSV genome RNA with cytidine
39,59-bis-[32P]phosphate and T4 RNA ligase was carried out as described before
(27), except for an additional purification of VSV genome RNA through a
Sepharose CL-6B (Sigma) column prior to ligation.
Ribonuclease protection assays. Approximately 100 ng of purified VSV poly-

merase products was mixed with ;68 ng of the riboprobe in 9 ml of 10 mM
Tris-Cl (pH 7.7)–1 mM EDTA. Extrapolating from our earlier findings (24),
leader probe sequences in this mixture were present in a 30- to 60-fold molar
excess over VSV leader and/or readthrough transcripts. The mixture was im-
mersed in a boiling water bath for 1 min, after which 1 ml of 3 M NaCl was
immediately added and the sample was incubated at 708C for 30 min. It was then
cooled slowly to room temperature by being placed on the bench top for 30 min.
Digestion with 3.2 mg of RNase A (Sigma) and 1.2 U of RNase T1 (Promega) was
then carried out in a mixture with a total volume of 50 ml containing 0.1% SDS,
22.5 mM Tris-Cl (pH 7.7), 2.25 mM EDTA, and 1.22 M NaCl. After 2 h of
incubation at room temperature (;228C), the volume was adjusted to 200 ml with
10 mM Tris-Cl (pH 7.7)–1 mMEDTA buffer and Sarkosyl and proteinase K were
added at 1% and 1 mg/ml final concentrations, respectively. After incubation at
558C for 10 min and addition of 20 mg of glycogen carrier, the products were
extracted with phenol-chloroform and precipitated overnight with ethanol. Cen-
trifugation was carried out again as described above for 30 min at 50,000 rpm
prior to electrophoresis on 7 M urea–8% polyacrylamide gels. The gels were fixed,
dried, and exposed to film, and the bands were quantified by PhosphorImager
analysis (Molecular Dynamics).
For the experiment testing the possible effects of virion-associated nucleases

on transcript ratios, 100 ng of purified VSV products was incubated with virions
under transcription conditions exactly as described above (except for omitting
CTP and UTP) and was repurified as described above.
Primer extension assays. Chemically synthesized oligonucleotides (San Diego

State University Microchemical Core Facility) mapping to positions 79 to 65, 154
to 140, 248 to 234, 444 to 430, and 950 to 935 of the N gene were labeled at their
59 ends with polynucleotide kinase and [g-32P]ATP as described by Sambrook et
al. (29) and were used one at a time for a parallel primer extension assay on
wild-type and polR1 products purified as described above. Standard reaction
mixtures (50-ml volume) contained 100 to 300 ng of VSV products, 15 ng of
labeled oligonucleotides, 0.5 mM deoxynucleoside triphosphate, 80 mM NaCl, 8
mM MgCl2, 50 mM Tris-Cl (pH 8.7 at 1 M), and 16 U of avian myeloblastosis
virus reverse transcriptase (Promega). After incubation for 2 h at 428C, the
reaction mixture was adjusted to 0.3 M NaCl, 20 mg of glycogen was added, and
the mixture was ethanol precipitated. Recovered products were analyzed on 7 M
urea–4% polyacrylamide gels, and the bands were quantified by PhosphorImager
analysis.

RESULTS

Assay of leader, N, and readthrough transcript synthesis by
RNase protection. Our earlier studies established that polR
viruses synthesize a normal complement of mRNAs in vitro in
addition to readthrough transcripts of the leader-N gene junc-
tion. These studies, as well as those of others, suggested that
polR products also contain a smaller proportion of leader
molecules than do wild-type products (12, 24, 25). A possible
change in the ratio of leader to N gene transcription as a result
of the polR mutation might bear important implications for the
current 39 end entry model of transcription in nonsegmented
negative-strand viruses. We therefore set out to confirm these
preliminary observations and to determine the precise molar
ratios of transcripts synthesized by wild-type and polR1 mutant
viruses in vitro by using an RNase protection assay (RPA) and
an [a-32P]UTP-labeled riboprobe containing the first 109 nt of
the VSV genome template.
Figure 1 compares sequencing gel patterns of nuclease-re-

sistant fragments obtained with wild-type and polR1 virus
products after 0.5 h and 2 h of transcription in vitro. Four
major groups of bands were generated, clustering at 45 and 46,
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49 and 50, 58 and 59, and 109 nt (see below for precise size
determinations). Two distinct groups of bands were antici-
pated for leader because of heterogeneous termination be-
tween positions 46 and 50 of the VSV genome (21). The 45-
and 46-nt fragments were expected for leaders terminating at
position 46, while fragments four nt larger (the three intergenic
A residues are resistant to RNases A and T1) were anticipated
for leaders terminating anywhere between positions 47 and 50
(Fig. 2A shows the predicted cleavage sites). The spread of
bands differing by one nucleotide in each fragment group was
also expected and is a consequence of duplex “breathing”
during nuclease digestion. A:U base pairs at the very ends of
duplexes are particularly susceptible to nibbling by nuclease, as
reflected in the pattern seen here.
In all RPAs reported here, we used an estimated minimum

30-fold molar excess of probe relative to leader RNA to ensure
that the ratio of protected fragments accurately reflected the
accumulation of transcripts. We verified that this was in fact
the case by using higher probe-to-product ratios, which gave
the same pattern (data not shown). Nuclease digestion of the
riboprobe in the absence of VSV products yielded only trace
amounts of resistant bands (Fig. 1, lane f), none of which
interfered with the quantitation of VSV transcripts. The pro-
tection pattern was highly reproducible, the only significant

variation being a change in the sizes of the major leader bands
(46 versus 45 nt and 50 versus 49 nt) which likely reflected
slight variations in the extent of nuclease digestion (see Fig. 3
below). We took special precautions to ensure that the small
leader RNAs were quantitatively recovered from transcription
reaction mixtures (see Materials and Methods). This was ver-
ified by performing RPAs on crude transcription reaction mix-
tures without product purification by using the guanidine iso-
thiocyanate methodology of Haines and Gillespie (14). The
latter approach produced similar results (data not shown),
excluding the possibility that shorter leader RNAs of sufficient
length to yield stable hybrids (12 to 15 nt) were excluded from
our analysis. Our earlier analysis of CsCl-purified polR1 tran-
scripts by high-resolution polyacrylamide gel electrophoresis
analysis (25) or by RPA with a 39-end-labeled genome probe
(24) also showed no evidence of short leader transcripts.
Protected fragments obtained with polR1 virus transcripts

differed from those obtained with wild-type transcripts in
several important respects. The most obvious and expected
change was the large increase in readthrough bands at;109 nt
(Fig. 1, lanes b and d). The second difference was a significant
decrease in the amount of leader as a proportion of total
products, confirming our earlier and more indirect evidence
based on RPAs using a 39-end-labeled genome probe (24).
Unexpectedly, this decrease was far more pronounced for the
shorter leader RNA terminating at base 46. The polR muta-
tion therefore affects leader termination site preference at the
junction, in addition to promoting antitermination. Read-
through bands smaller than 109 nt but larger than fragments
derived from N mRNA were also present in small amounts
in the polR1 products (Fig. 1, lanes b and d). This was also
expected from our previous studies using the end-labeled
probe, which showed heterogeneous termination of read-
through transcripts within the N gene. Most readthroughs,
however, extend beyond 200 bases from the 39 end (24; also see
below), as reflected here by the far more intense bands at;109
nt.
The relative amounts of leader, N, and readthrough in prod-

ucts from wild-type and mutant viruses remained exactly the
same after 0.5 or 2 h of transcription in vitro (Fig. 1; compare
lanes a and b to lanes c and d). This result is significant in
regard to an earlier proposal that transcription complexes “fro-
zen” at internal gene starts during virus packaging are capable
of initiating transcription (9). Note that all of our RPAs were
carried out with the same amount of products regardless of
how much RNA accumulated in each reaction mixture (see
Materials and Methods). No increase in band intensities was
therefore seen after 2 h versus after 0.5 h of reaction. [3H]CTP
incorporation values, however, indicated that 0.55 and 0.63 mg
of RNA accumulated after 0.5 h for wild-type and polR1 vi-
ruses, respectively. After 2 h, the corresponding values were
3.4 and 1.7 mg, respectively. From these amounts, we estimate
that polR1 virus synthesized at least 10 copies of N mRNA in
2 h, in agreement with our previous studies (16, 25). Since
multiple rounds of synthesis took place, a significant contribu-
tion from preloaded polymerase was very unlikely. Moreover,
had there been such a contribution, a higher ratio of N to
leader would have been expected at early versus late times of
transcription.
Identification of RNase-protected fragments originating

from leader and readthrough by using a 3*-end-labeled ge-
nome probe. The above results showed that leader transcript
amounts relative to N mRNA were reduced in polR1 products.
A cursory look at relative amounts of N and leader in Fig. 1
suggested roughly equimolar amounts for wild-type products
but an excess of N over leader in the case of polR1 products

FIG. 1. Autoradiograph of RPA of wild-type (WT) and polR1 VSV products
synthesized in vitro. 32P-labeled protected fragments were analyzed on sequenc-
ing gels (see Materials and Methods). Groups of fragments originating from
leader RNA, N mRNA, and readthrough (RD) are indicated. Equal amounts of
transcripts were analyzed in all lanes (for amounts synthesized, see text). Prod-
ucts were obtained after either 0.5 h (lanes a and b) or 2 h (lanes c and d) of in
vitro synthesis. Also shown are the results obtained in the absence of virus
products, either without (lane e) or with (lane f) RNases A and T1.
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(the number of uridine residues in both classes of protected
fragments is roughly the same; see below). The latter, if true,
put into question the validity of the 39 end entry model which
stipulates that leader must be synthesized prior to N mRNA.
We therefore wanted to confirm the origin of each protected
band before attempting to determine precise ratios of the
transcripts by their radiolabel content. Accordingly, we com-
pared the pattern of protected fragments using a 39-end-la-
beled VSV genome probe alongside the uniformly labeled T7
riboprobe. All bands obtained with the end-labeled probe
should thus clearly identify fragments generated by leaders.
Figure 3 shows this comparison. The T7 riboprobe pattern
(Fig. 3, lane a) was very similar to that seen in Fig. 1. The 55-
to 60-nt group of bands, however, was essentially absent in the
end-labeled probe pattern (Fig. 3, lane c). Leader bands were
also shifted up 1 nt in the latter case. This was entirely expected
because cleavage internal to base 1 due to duplex breathing
should remove the end label (see Fig. 2B for predicted cleav-
ages).
The results shown in Fig. 3 also provided the exact sizing of

protected bands. The size marker lanes (b, e, and f) contained
in vitro-labeled transcripts from a crude preparation of VSV
copy-back DIs. The minus-strand leaders synthesized by these
DIs are precisely 46 and 55 nt in length (31, 40) but migrate
here as 47- and 56-nt bands because of their 59-phosphorylated
ends. The major leader-derived protected fragments in the
RPA were therefore exactly 46 and 50 nt in length as deter-
mined by the end-labeled probe (Fig. 3, lane c) and 45 or 46 nt
and 49 or 50 nt in length as determined by the T7 riboprobe
(Fig. 3, lane a).
Protected fragments obtained with the end-labeled genome

probe annealed to polR1 products confirmed the results of the
previous T7 riboprobe analysis showing a lower proportion of

leader II relative to leader I (Fig. 3, lane d). Short polR1
readthrough transcripts larger than leader I were also evident,
as expected. One such readthrough band was 56 nt in length,
indicating that the protected band of this size obtained with the
T7 riboprobe likely originated partially from readthrough and
partially from N mRNA (see below). Further confirmation of
band assignments was also obtained by using two additional
probes for RPA: a 39-end-labeled riboprobe containing nt 11 to
109 of the VSV genome and a uniformly labeled riboprobe
containing the first 214 nt of the genome. The end-labeled
probe showed a change in leader bands only (10 nt shorter),
while the uniformly labeled probe yielded an N-derived band
of ;164 nt in place of the 58 or 59 nt band, as predicted (data
not shown). The primer extension analysis described below
also provided independent confirmation of the readthrough-
to-N-mRNA-transcript ratios observed here by RPA.
Note that a nuclease-resistant fragment larger than read-

through was also seen here with wild-type products (Fig. 3,
lane a). This nonspecific band was variably present in some
riboprobe preparations in the absence of added VSV tran-
scripts. Bands ;75 nt in length in the undigested end-labeled
probe sample (Fig. 3, lane h) were likely due to end labeling of
trace amounts of tRNAs packaged in virus particles (18). In
any case, no nuclease-resistant bands were derived from this
probe in the absence of added product (lane g).
pH effect on transcript synthesis and further confirmation

of RNase-protected fragment origins. We previously docu-
mented small but significant differences in pH optimum for
overall transcription of polR1 versus wild-type virus in vitro
(26). Preliminary results obtained by using primer extension
assays to measure N mRNA and readthrough suggested that
higher pH favored readthrough. We therefore explored wheth-
er this parameter might prove useful in further distinguishing
between leader, N, and readthrough transcripts. Figure 4
shows the effects of increasing the pH of the reaction buffer
from 7.0 to 8.2 on the pattern of protected fragments obtained
with the T7 riboprobe. Equal amounts of transcription prod-
ucts were used in the RPA as before. Overall transcription
activity ([3H]CTP incorporation) displayed a relatively broad
optimum at pH 7.5 for both wild-type and polR1 virus and
about threefold higher activity at pH 7.0 for the mutant (data
not shown), in agreement with our previous findings (26). In-

FIG. 2. Origins of protected fragments obtained by RPA with the [a-32P]
UTP-labeled riboprobe (A) and the 39-end-labeled VSV genome probe (B). The
143-nt-long riboprobe, illustrated at the top of panel A, includes the first 109 nt
at the 39 end of the VSV genome flanked by 15 nt of vector sequence at the 59
end and 23 nt at the 39 end. Boxes delineate the 47-nt-long leader gene, the three
intergenic A residues, the 59-nt-long N gene sequence, and flanking probe
sequences. Predicted cleavage sites, due to the combined action of RNases A
(pyrimide specific) and T1 (G specific) on the riboprobe strand of duplexes
originating from readthrough (RD), N gene transcripts, and leaders, are indi-
cated by arrowheads. The sizes of the protected fragments and the proportions
of uridine residues (for the riboprobe) are also indicated. The asterisk designa-
tion for the 55- and 56-nt fragments indicates a dual origin: N mRNA and short
readthrough (see text).
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creasing pH dramatically stimulated polR1 readthrough tran-
script synthesis relative to that of N mRNA (Fig. 4, lanes e to
h). This was also true for the much smaller amounts of read-
through in wild-type products (Fig. 4, lanes a to d). Phosphor-
Imager quantitation showed a 10-fold increase in readthrough
relative to N mRNA (bands 57 to 60 nt) over the pH range
examined. Both leaders taken together showed minimal changes
in their ratio to N mRNA with increasing pH (25% increase for
wild-type virus and 13% decrease for polR1 virus), while the
leader-I-to-leader-II ratio increased 2.9-fold for wild-type virus
and only 1.1-fold for polR1 virus. Taken together with the fact

that total 39-end initiations in polR1 (leader plus readthrough)
increased only 38% between pH 7.0 and 8.5 (adjusted for total
activity per template), these results indicate that the increase in
readthrough was, for the most part, at the expense of leader
and N mRNA. When compared to total 39-end initiations
rather than to N mRNA, polR1 readthrough increased 3.7-fold
(20 to 73%). We also examined products synthesized at pH 8.5
and noted a further slight increase in readthrough/N and
leader I/leader II ratios (data not shown).
Note that the overall pattern of protected fragments in Fig.

4 was very similar to that in Fig. 1, except for a slight increase
in the proportion of the 46- and 50-nt bands to the 45- and
49-nt bands, respectively. More importantly, the pH results
provided helpful information on the origins of the minor 55-nt
and 56-nt bands. For wild-type products, these bands clearly
originated from N mRNA, but as noted above in connection
with the end-labeled probe, polR1 products also contained a
short 56-nt-long readthrough fragment (Fig. 3, lane d). The
56-nt band from polR1 products analyzed with the riboprobe
should have therefore originated from two sources: N mRNA
and the short readthrough. The latter should have also given
rise to a 55-nt band because of duplex breathing, and this
should only be detectable when using the riboprobe (Fig. 2B).
The dual origin of bands 56 and 55 was in fact evident in Fig.
1 and also in Fig. 4, since polR1 products generated larger
amounts of these bands relative to the major N bands (57 to 60
nt) than did the wild-type products. As expected from a dual
origin, the effect of pH on bands 56 and 55 was less dramatic
than on the long readthrough at ;109 nt (2-fold rather than

FIG. 3. Comparison of RPA carried out with an [a-32P]UTP-labeled ribo-
probe (as described in the legend for Fig. 1) and RPA carried out with a
39-end-labeled VSV genome probe. The latter probe identifies protected frag-
ments originating solely from leaders and readthrough. Lane a, wild-type prod-
ucts and labeled riboprobe; lane c, wild-type products and end-labeled genome
probe; lane d, polR1 products and end-labeled genome probe; lanes b, e, and f,
[a-32P]UTP-labeled products synthesized in vitro with a crude preparation of
VSV DIs as size markers (the main bands in these lanes migrate as 47- and 56-nt
bands [see text]); lanes g and h, 39-end-labeled probe in the absence of VSV
products with and without nuclease digestion, respectively. The asterisk indicates
a nonspecific nuclease-resistant fragment occasionally obtained in the absence of
VSV products with some riboprobe preparations.

FIG. 4. Effect of pH on wild-type and polR1 products analyzed by RPA.
Analysis was carried out as described in the legend for Fig. 1 (2-h reactions)
except that the pH of the reaction mixtures was varied. The indicated pH values
refer to the Tris buffer component and thus only approximate those of the total
reaction mixtures. Protected fragment sizes and origins are indicated on the left.
wt, wild type.
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10-fold). Furthermore, RPA of polR1 transcripts using T1
RNase only (cleavage after G residues exclusively) yielded a
major protected fragment of 56 nt (data not shown) which
could have originated only from N mRNA (Fig. 2A). For
determinations of N/leader molar ratios in polR1 products,
we therefore subtracted the contributions of the short read-
throughs from the totals in bands 55 to 60. This could easily be
done since wild-type products gave us the proportion due to N
mRNA only. In Fig. 4, 88.6% of the total radioactivity in bands
55 to 60, at the pH routinely used in our assays (pH 8.2), was
derived from N mRNA. Independent determinations of this
value for two additional polR1 transcript preparations yielded
values of 85.1 and 93.8%.
Molar ratios of leader, N, and readthrough transcripts from

wild-type and polR1 viruses. The above results reassured us of
correct identification of all protected fragments generated with
the T7 riboprobe. We therefore assigned bands 107 to 111 to
readthrough, 43 to 47 and 49 to 52 to leader, and 55 to 60 to
N mRNA. After subtraction of background obtained from the
lane containing digested probe only (negligible in almost all
cases), PhosphorImager values for each individual band (ex-
cept for readthrough, which we determined as a group) were
converted to relative molar amounts on the basis of the band’s
content of labeled uridine residues. Inferred cleavage sites and
the numbers of uridine residues for all bands used in this
quantitation are summarized in Fig. 2A. For polR1 products,
the values in bands 55 to 60 were corrected for the readthrough
component as described above. The results obtained by using
seven different transcription product preparations and two in-
dependent sources of purified wild-type and polR1 viruses are
shown in Table 1. Ratios for experiments 1 to 3 were deter-
mined by summing the contributions of individual bands as
detailed above, while for experiments 4 to 7, bands 43 to 52 nt
(leader) and 55 to 60 nt (N mRNA) were grouped for
PhosphorImager quantitation. Adding band 48 to the leader
group had no significant consequence since it was never
present in more than trace amounts, if at all (Fig. 1, 3, and 4).
For polR1 bands of 55 to 60 nt, the N mRNA contribution in
experiments 4 to 7 was taken as the average of the three
determinations in experiments 1 to 3 (89%).
Table 1 indicates that N/leader molar ratios varied from 0.8

to 1.3 for wild-type virus, with a mean 6 standard deviation
(SD) of 1.0 6 0.1. If the polymerase can only start productive
transcription at the 39 end of the template, these results indi-

cate that reinitiation at the N gene must take place with close
to 100% efficiency. In contrast, N/leader ratios for polR1 virus
ranged from 1.7 to 2.0, with a mean 6 SD of 1.9 6 0.1. This
strongly suggests that synthesis of leader before N mRNA is
not required, at least in the case of polR1. Readthrough/N
ratios varied from 0.03 to 0.07 for wild-type virus and from 1.4
to 2.1 for polR1 virus, with means 6 SDs of 0.05 6 0.01 and
1.7 6 0.2, respectively. The somewhat greater variation of
readthrough/N ratios compared to N/leader ratios could well
be due to small variations in reaction mixture pH, which have
a much larger effect on readthrough than leader (Fig. 4).
We have also confirmed by RPA our earlier finding that low

ATP concentration, 50 mM in lieu of 1 mM, decreases N
mRNA synthesis relative to leader synthesis for wild-type virus
but much less so for polR1 virus (2). Raising ATP concentra-
tion to 3 mM, however, had little or no effect on transcript
ratios (data not shown).
Processivity of wild-type and polR1 virus polymerases copy-

ing the N gene is similar. We showed previously that polR
mRNA transcripts synthesized in vitro are identical in size and
relative amount to those produced by wild-type virus, except
for slightly longer poly(A) tails (25). However, the RPAs de-
scribed above only probed the first 59 nt of the N gene. If a
substantial fraction of polR1 N gene transcripts terminated
prematurely beyond position 59, as readthrough does, these
could conceivably have escaped detection in our earlier study
because of size heterogeneity. To test this possibility, we car-
ried out a series of primer extension analyses using five differ-
ent end-labeled oligonucleotides whose 59 ends mapped to
positions 79, 154, 248, 444, and 950 along the N gene. We
anticipated that gel analysis of products extended by reverse
transcriptase would show band sizes equal to the distance be-
tween the primer and the N gene start for N mRNA and bands
50 nt longer for readthrough. Figure 5 illustrates this expected
outcome for primers mapping to positions 248 and 950 of the
N gene. N mRNA and readthrough bands were well separated
from each other, and their amounts increased in proportion to
the amounts of VSV transcripts. This assay could thus be used
to obtain relative amounts of N and readthrough transcripts of
a given length in wild-type versus polR1 products.
Figure 6 shows a plot of the ratio of polR1 N mRNA to

wild-type N mRNA (PhosphorImager values) as a function of
primer position derived from several independent experi-
ments. As a fraction of total products, polR1 N transcripts
were 50 to 60% as abundant as wild-type N transcripts, in
agreement with RPA results (Fig. 1 and 4). More importantly,
the ratio of polR1 to wild-type N mRNA remained essentially
constant at all primer positions. The length distribution of N
gene transcripts, which is a measure of the processivity of the
polymerase responsible for this synthesis, was therefore essen-
tially identical for both wild-type and polR1 viruses. We con-
clude that the protected bands generated from NmRNA in the
above RPA experiments reflect synthesis of full-size N tran-
scripts and not of prematurely terminated products. Additional
support for this conclusion was also obtained by carrying out
RPA with a riboprobe containing the first 214 nt of the ge-
nome; this yielded N/leader transcript ratios similar to those
reported above (33).
In contrast to N mRNA synthesis, the processivity for read-

through transcript synthesis in polR1 was clearly diminished,
since the ratio of readthrough to wild-type N mRNA approx-
imated 1.0 until position 248 and then decreased to about 0.6
at position 444 (Fig. 6). The behavior of readthrough in this
assay was thus very similar to that revealed in our previous
results obtained with the end-labeled genome probe and show-
ing an abundance of nuclease-protected fragments ;200 to

TABLE 1. Molar ratios of leader, N gene, and readthrough
transcripts synthesized by wild-type and polR1 VSV in vitroa

Expt no.
N/leader Readthrough/N

wtb polR1 wt polR1

1 1.0 2.0 0.03 1.4
2c 0.9 1.8 0.05 2.1
3 1.3 2.0 0.05 1.6
4 1.1 1.7 0.05 1.6
5 0.8 2.0 0.06 1.7
6 1.1 2.0 0.07 1.8
7 1.1 1.9 0.07 1.4

Mean 6 SD 1.0 6 0.1 1.9 6 0.1 0.05 6 0.01 1.7 6 0.2

aMolar ratios were determined by RPAs as described in the legend for Fig. 1
by using PhosphorImager values for protected bands corresponding to leader, N,
and readthrough transcripts, corrected for the number of uridine residues in each
fragment (see text for details).
b wt, wild type.
c Experiment 2 was carried out with purified transcription-competent virus

cores instead of whole virus.
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400 nt in size (24). The polymerase that starts at the leader on
the polR1 template is thus less processive.
Note that the primer extension assays described here would

not detect abortive N gene transcripts smaller than ;75 nt.
The RPAs, on the other hand, covered the range from ;20 nt
(cutoff limit of Sephadex G-50 spin-column purification) to 164
nt. The previously described abortive N gene transcripts 11 to
14 nt long (28) are therefore irrelevant to our estimates of
productive syntheses of leader and N transcripts and the molar
ratios reported in Table 1. However, we cannot rule out the
possibility that a small fraction of the protected fragments
scored as leader by RPA in fact originated from abortive N
transcripts 43 to 49 nt long. This is, however, unlikely since the
pattern of leader fragments obtained with the end-labeled ge-
nome probe was very similar to that obtained with the uni-
formly labeled riboprobe (Fig. 3), and transcripts of this size
were not present in either wild-type or polR1 products ana-
lyzed previously on gels (25). In any case, if a small fraction of
leader-sized fragments did in fact originate from abortive N
transcripts, the values reported in Table 1 may slightly under-
estimate authentic N/leader molar ratios.

Leader deficiency in polR1 virus products is not due to
preferential degradation. The fact that transcription products
obtained after 0.5 h and those obtained after 2 h of reaction in
vitro displayed the same ratio of transcripts (Fig. 1) strongly
argued against the possibility that leader is preferentially de-
graded by virion-associated nucleases. Moreover, identical re-
sults were obtained when using transcription-competent virus
cores purified of their envelope components (Table 1). None-
theless, we addressed this concern directly by determining
N/leader ratios in purified transcription products before and
after incubation with virions. The purified transcripts were
incubated under the same conditions as those used for their
synthesis except for the absence of CTP and UTP.
The results of this nuclease test are shown in Fig. 7. The

control, showing the pattern of protected fragments from pu-
rified polR1 products before incubation with polR1 virions, is
shown in lane d. The N/leader molar ratio of this preparation
was 2.1. The effect of incubating this same preparation at 308C
for 2 h under transcription conditions without virions (lane c),
with virions at 08C (lane b), or with virions at 308C (lane a) was
minimal. After all three conditions of incubation, the N/leader
ratio was 1.8. The small loss of N transcripts observed was
likely due to trace nuclease activity in transcription reaction
components since it occurred in the absence of virions (lane c).
No detectable change in N/leader ratio due to transcription
reaction components was observed in other experiments (data
not shown). Likewise, no significant loss of leader was observed
for wild-type products incubated with wild-type virions. The
N/leader ratio in this case was 1.3 before incubation (data not
shown) and 1.2 following incubation (Fig. 7, lanes d and e). We
therefore conclude that leader RNA is not preferentially de-
graded by virion-associated nuclease(s) for either wild-type or
polR1 virus. The transcript ratios determined by RPA must
therefore closely reflect N mRNA and leader synthesis.

DISCUSSION

The experiments reported here were carried out primarily to
examine the effects of the polR mutation on leader and N gene
transcription. We suspected that other aspects of the transcrip-
tion process aside from readthrough of the leader-N gene

FIG. 5. Primer extension analysis of transcripts complementary to the N gene
sequence synthesized in vitro by wild-type (WT) and polR1 virus. The left panel
shows an autoradiograph of extension products obtained with reverse transcrip-
tase and a 59-end-labeled primer mapping to positions 248 to 234 of the N gene
and analyzed on a 4% sequencing gel (see Materials and Methods). The amount
of products was lowered in threefold increments (;300 to ;30 ng) in lanes a to
c and d to f. The right panel shows the same analysis with ;100 ng of products
and a primer mapping to positions 950 to 935 of the N gene. The positions of
extension products corresponding to N mRNA and readthrough (RD; 50 bases
longer) are indicated. Size marker lanes (ladder) contained end-labeled 100-bp
DNA ladders.

FIG. 6. Relative processivity of N mRNA and readthrough transcript synthe-
sis by wild-type (wt) and polR1 virus in vitro. Products were analyzed by primer
extension as described in the legend for Fig. 5, and the ratio of label
(PhosphorImager values) in the N band derived from polR1 products to that
derived in parallel from wild-type products is plotted as a function of primer
position within the N gene. Each data point represents the average and standard
error of two to five different experiments, depending on the primer. The ratio of
polR1 readthrough to wild-type N mRNA from the same set of experiments is
also shown.
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junction were affected by this mutation. What we found leads
us to question some key aspects of the current model of tran-
scription for VSV and, by implication, for other nonsegmented
negative-strand RNA viruses. The polR mutation caused a
nearly twofold increase in N mRNA synthesis relative to leader
synthesis in vitro. This result confirms and extends earlier and
more indirect evidence for this effect (12, 24, 25). More sur-
prising, however, were the numbers obtained for N/leader mo-
lar ratios, i.e., 1.0 6 0.1 for wild-type virus and 1.9 6 0.1 for
polR1 virus. These ratios not only indicate a lack of attenua-
tion at the leader-N gene junction but also cast serious doubts
on the requirement for the polymerase to synthesize leader
before mRNAs. Remarkably, very similar N/leader molar ra-
tios, also determined by RPAs, were reported for transcripts
from the Sendai virus Z and H strains synthesized in vitro (37).
The H strain, which produces little readthrough synthesis, like
wild-type VSV, generated slightly more leader than N (120 6
13%), while the Z strain, which reads through like VSV polR,
synthesized about half as much leader as N (62 6 4%). Since
much smaller amounts of leader were detected in vivo, pre-
sumably due to high turnover, and since host nucleases could
well be associated with virions, the authors cautiously con-
cluded that roughly equimolar amounts of leader and N tran-
scripts were synthesized by the polR-like Z strain.

Before concluding that N transcripts were in fact synthesized
to a greater extent than leader by polR virus, it was incumbent
upon us to rule out spurious explanations for the ratios. We
took as many precautions as possible to ensure the validity of
our findings. First, all transcripts copied from the 39 end of the
genome, i.e., leader, N, and readthrough, were measured si-
multaneously by RPA. We made certain that all transcription
products, including the small leader molecules, were quantita-
tively recovered from transcription reactions. The origin of
each protected band derived from the riboprobe containing the
first 109 nt of the VSV genome was not only deduced on the
basis of predicted sizes (Fig. 2) but was also confirmed by using
an end-labeled genome probe (Fig. 3) and by probing the
effects of pH on the transcription reaction (Fig. 4). Other
supporting data not shown here included RPAs using RNase
T1 only and RPAs employing a uniformly labeled riboprobe
containing the first 214 nt of the genome or a 39-end-labeled
riboprobe containing nucleotides 11 to 109 of the VSV ge-
nome. The determinations were repeated numerous times with
independent preparations of each virus over the course of
more than a year with fully consistent results.
We next considered whether N transcript amounts assayed

by RPA reflected full-size N mRNA or abortive products ter-
minating beyond the first 164 nt. Iverson and Rose (19) long
ago reported that the processivity of the VSV polymerase
within gene boundaries is very high since essentially equimolar
synthesis of 59 versus 39 proximal regions of N, P, M, and G
transcripts was observed in vitro. The question here was wheth-
er the polR virus mutation imparted a reduced processivity to
the P-L complex synthesizing N gene transcripts. Primer ex-
tension assays using a nested set of oligonucleotides mapping
to different positions along the N gene (59 to 950) clearly
showed that the ratio of polR1 to wild-type N transcripts re-
mained the same for all oligonucleotides (Fig. 6), ruling out
abortive termination. Moreover, no abortive N gene tran-
scripts were evident in wild-type or polR1 products analyzed by
agarose gel analysis, either for this study (data not shown) or
previously (25). The possibility that a substantial fraction of
readthrough-synthesizing polymerases could “back up” to ini-
tiate internally at the N gene also appears very unlikely since
higher readthrough frequency did not correlate with higher
N-to-leader ratios (Table 1; Fig. 4).
We then gave consideration to the possibility that leader was

preferentially degraded by a virion-associated nuclease during
transcription. Two observations argued against this prospect:
N/leader ratios were not affected by varying the duration of
transcription reactions (Fig. 1), and purified virion cores lack-
ing envelope components generated the same ratios (Table 1).
Nonetheless, we tested this directly by incubating purified tran-
scripts with disrupted virions under transcription conditions
(Fig. 7). We found only a minor loss of N mRNA and no loss
of leader upon incubation, suggesting that our RPAs may
slightly underestimate N/leader transcript molar ratios.
Lastly, we entertained the possibility that pre-positioned

polymerase complexes were responsible for the high N/leader
ratios. This was clearly not the case, however, because such
complexes would have been displaced by the several rounds of
synthesis occurring under our transcription conditions. More-
over, if such complexes had, in fact, contributed to excess N,
the N/leader ratio should have decreased with increasing time
of synthesis (Fig. 1).
If the measured ratios do indeed reflect transcript synthesis,

as our data forces us to conclude, what does this tell us about
transcription and replication? First, it should be emphasized
that the polR virus phenotype uncovered here does not imply
that the leader sequence is dispensable for initiation of the

FIG. 7. Effect of incubation of purified wild-type (wt) and polR1 products
with virions. Purified products were incubated at either 30 or 08C or were not
incubated (lane d) with the same virus preparation employed for their synthesis
and under the same transcription conditions, except for the absence of CTP and
UTP. Following incubation, products were repurified and analyzed by RPA as
described before. Lanes g and h show RPA results in the absence of products
with and without nuclease, respectively.
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transcription process, only that prior synthesis of a leader tran-
script for every transcription start at the N gene is unnecessary.
Second, our findings also do not imply that productive synthe-
sis of mRNAs other than N can initiate internally. We have no
reason to doubt that sequential synthesis is the rule once the
polymerase starts at the N gene. Third, it is of course conceiv-
able that only VSV polR shows productive internal initiation at
the N gene, while wild-type virus follows the leader-first rule.
The crucial evidence implicating leader-before-N transcript

synthesis for wild-type VSV transcription rests on the findings
of Emerson (9), who used an in vitro-reconstituted system and
partial-reaction conditions (see the introduction). Although
these studies, carried out under partial-reaction conditions
(absence of UTP and GTP), do provide evidence for the lead-
er-first model, reiterative abortive initiations may not reflect
productive synthesis, as suggested in a later conflicting report
for which a similar reconstitution assay was used (36). In the
case of our present polR VSV studies, we cannot rule out the
possibility that synthesis of very short leader transcripts (#12
nt) is required prior to initiation at the N gene. However, if this
were the case, synthesis of at least half of all polR1 N mRNA
would require the polymerase to translocate to a site at least 38
nt upstream without dissociating from the template and with-
out copying the rest of the leader gene sequence. Apparently,
the VSV polymerase could not do this on a wild-type template
under the partial-reaction conditions used by Emerson (9).
Although equimolar synthesis of leader and N gene tran-

scripts, as seen here with wild-type virus, is compatible with the
leader-first model, there are good reasons for suggesting that
internal initiation could well take place in this case also. What
causes excess N mRNA synthesis in polR1 is a template-asso-
ciated N protein mutation, not a change in the RNA sequence
anywhere near a polymerase entry site (6, 12, 24). The creation
of a new entry site simply as a result of this protein mutation is
highly unlikely. We therefore propose that wild-type VSV also
possesses the same two polymerase entry sites. The polR mu-
tation can then be viewed as causing a shift in the balance
towards internal initiation. This two-site model, which by im-
plication should also apply to other nonsegmented negative-
strand RNA virus polymerases, is illustrated in Fig. 8. A single
P-L polymerase complex could be responsible for both leader
and N gene entry, or alternatively two different complexes
might be involved. The latter possibility has been suggested
before (3, 4, 5, 7, 34) and is consistent with the results of
several studies showing uncoupling of the two types of synthe-
sis in vitro (see the introduction). Polymerase complexes could
conceivably differ in subunit composition and/or P phosphor-
ylation, but this clearly remains speculative.
Assuming that leader synthesis also represents the first step

in replication, it is still unclear how suppression of leader
termination takes place, either in response to the P-N assembly
complex in vivo or as a result of the polR mutation. The earlier
model postulating that the distinction between a replicase and
a transcriptase manifests itself only when a polymerase crosses
the leader-N gene junction (20, 37) is clearly incompatible with
our findings reported here. Internal initiation of transcription
implies that this distinction is made before synthesis begins.
Curiously, we also found here that readthrough synthesis

relative to N or leader synthesis was strongly stimulated by a
modest increase in reaction pH (10-fold increase between pH
7.0 and 8.2). This was true not only for polR1 virus but also for
the very low level of readthrough synthesis in wild-type virus.
Since the polR phenotype is caused by a single charged amino
substitution (Arg179 to His) in the template-associated N pro-
tein (7, 15, 24), the effect of pH suggests that a charge inter-
action between the template-associated N protein and the P-L

polymerase complex may be crucial in determining antitermi-
nation at the leader-N gene junction and in switching to rep-
lication.

ACKNOWLEDGMENTS

We thank Lynn Jackson for expert technical assistance, Mary Taflin
and Trinette Chuang for preliminary observations relevant to this
work, and Katherine Rhodes for critical reading of the manuscript.
This work was supported by Public Health Service grant AI-21572

from the National Institutes of Health (J.P.).

REFERENCES

1. Banerjee, A. K., and S. Barik. 1992. Gene expression of vesicular stomatitis
virus genome RNA. Virology 188:417–428.

2. Beckes, J. D., A. A. Haller, and J. Perrault. 1987. Differential effect of ATP
concentration on synthesis of vesicular stomatitis virus leader RNA and
mRNAs. J. Virol. 61:3470–3478.

3. Blumberg, B., J. Chan, and S. A. Udem. 1991. Function of paramyxovirus 39
and 59 end sequences: in theory and practice, p. 235–247. InD. W. Kingsbury
(ed.), Paramyxoviruses. Plenum Press, New York.

4. Castenada, S. H., and T. C. Wong. 1989. Measles virus synthesizes both
leaderless and leader-containing polyadenylated RNAs in vivo. J. Virol.
63:2977–2986.

5. Chan, J., S. Pifko-Hirst, and S. A. Udem. 1989. Where is the measle (1)
strands leader RNA transcript?, p. 222–231. In B. W. J. Mahy and D.
Kolakofsky (ed.), Genetics and pathogenicity of negative-strand viruses.
Elsevier Biomedical Press, Amsterdam.

6. Chuang, J. L., R. L. Jackson, and J. Perrault. Isolation and characterization
of vesicular stomatitis virus polR revertants: polymerase readthrough of the
leader-N gene junction is linked to an ATP-dependent function. Submitted
for publication.

7. Crowley, J. C., P. C. Dowling, J. Menonna, J. I. Silverman, D. Schuback,
S. D. Cook, and B. M. Blumberg. 1988. Sequence variability and function of
measles virus 39 and 59 ends and intercistronic regions. Virology 164:498–
506.

8. De, B. P., and A. K. Banerjee. 1985. Requirements and functions of vesicular
stomatitis L and NS proteins in the transcription process in vitro. Biochem.
Biophys. Res. Commun. 126:40–49.

9. Emerson, S. 1982. Reconstitution studies detect a single polymerase entry
site on the vesicular stomatitis virus genome. Cell 31:635–642.

10. Emerson, S. U. 1987. Transcription of vesicular stomatitis virus, p. 245–269.

FIG. 8. Two polymerase entry sites model. Sequential transcription of
mRNAs is proposed to initiate internally at the N gene start sequence, while
leader RNA synthesis is initiated independently at the 39 end of the N protein-
encapsidated RNA template. The start site of synthesis, 50 nt apart in the two
cases, is presumed to be positioned near the catalytic center of the P-L poly-
merase complex (illustrated here as a small open circle) when synthesis begins.
The same P-L complex could conceivably be responsible for both types of
synthesis or, alternatively, two different forms of P-L complexes might be in-
volved (see text).

1474 CHUANG AND PERRAULT J. VIROL.



In R. R. Wagner (ed.), Rhabdoviruses. Plenum Press, New York.
11. Fernandez-Larsson, R., K. O’Connell, E. Koumans, and J. L. Patterson.

1989. Molecular analysis of the inhibitory effect of phosphorylated ribavirin
on the vesicular stomatitis virus in vitro polymerase reaction. Antimicrob.
Agents Chemother. 33:1668–1673.

12. Fernandez-Larsson, R., and J. L. Patterson. 1989. Altered ATP function of
a vesicular stomatitis virus mutant detected by kinetic analysis of the tran-
scriptase using phosphorylated ribavirin. J. Gen. Virol. 70:2791–2797.

13. Green, T. L., and S. U. Emerson. 1984. Effect of the b-g phosphate bond of
ATP on synthesis of leader RNA and mRNAs of vesicular stomatitis virus.
J. Virol. 50:255–257.

14. Haines, D. S., and D. H. Gillespie. 1992. RNA abundance measured by a
lysate RNase protection assay. BioTechniques 12:736–741.

15. Helfman, W. B., and J. Perrault. 1988. Altered ATP utilization by the polR
mutants of vesicular stomatitis virus maps to the N-RNA template. Virology
167:311–313.

16. Helfman, W. B., and J. Perrault. 1989. Redistributive properties of the
vesicular stomatitis virus polymerase. Virology 171:319–330.

17. Horikami, S. M., and S. A. Moyer. 1991. Synthesis of leader RNA and editing
of the P mRNA during transcription by purified measles virus. J. Virol.
65:5342–5347.

18. Isaac, C. L., and J. D. Keene. 1981. Transfer RNAs associated with vesicular
stomatitis virus. J. Gen. Virol. 56:141–151.

19. Iverson, L. E., and J. K. Rose. 1981. Localized attenuation and discontinuous
synthesis during vesicular stomatitis virus transcription. Cell 23:477–484.

20. Kolakofsky, D., S. Vidal, and J. Curran. 1991. Paramyxovirus RNA synthesis
and P gene expression, p. 215–233. In D. W. Kingsbury (ed.), Paramyxovi-
ruses. Plenum Press, New York.

21. Kurilla, M. G., and J. D. Keene. 1983. The leader RNA of vesicular stoma-
titis virus is bound by a cellular protein reactive with anti-La lupus antibod-
ies. Cell 34:837–845.

22. Lamb, R. A., and D. Kolakofsky. 1996. Paramyxoviridae: the viruses and their
replication, p. 1177–1204. In B. N. Fields, D. M. Knipe, and P. M. Howley
(ed.), Fields virology, 3rd ed. Lippincott-Raven, Philadelphia.

23. Moyer, S. A., and S. M. Horikami. 1991. The role of viral and host proteins
in paramyxovirus transcription and replication, p. 249–274. In D. W. Kings-
bury (ed.), Paramyxoviruses. Plenum Press, New York.

24. Perrault, J., G. M. Clinton, and M. A. McClure. 1983. RNP template of
vesicular stomatitis virus regulates transcription and replication functions.
Cell 35:175–185.

25. Perrault, J., J. L. Lane, and M. A. McClure. 1981. In vitro transcription
alterations in a vesicular stomatitis virus variant, p. 829–836. In D. H. L.
Bishop and R. W. Compans (ed.), Replication of negative-strand viruses.
Elsevier/North-Holland, Inc., New York.

26. Perrault, J., and P. W. McLear. 1984. ATP dependence of vesicular stoma-
titis virus transcription initiation and modulation by mutation in the nucleo-
capsid protein. J. Virol. 51:635–642.

27. Perrault, J., and B. L. Semler. 1979. Internal genome deletions in two
distinct classes of defective interfering particles of vesicular stomatitis virus.
Proc. Natl. Acad. Sci. USA 76:6191–6195.

28. Pinney, D. F., and S. U. Emerson. 1982. Identification and characterization
of a group of discrete initiated oligonucleotides transcribed in vitro from the
39 terminus of the N-gene of vesicular stomatitis virus. J. Virol. 42:889–896.

29. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

30. Schnell, M. J., L. Buonocore, M. A. Whitt, and J. K. Rose. 1996. The minimal
conserved transcription stop-start signal promotes stable expression of a
foreign gene in vesicular stomatitis virus. J. Virol. 70:2318–2323.

31. Semler, B. L., J. Perrault, J. Abelson, and J. J. Holland. 1978. Sequence of
a RNA templated by the 39-OH RNA terminus of defective interfering
particles of vesicular stomatitis virus. Proc. Natl. Acad. Sci. USA 75:4704–
4708.

32. Sprague, J., J. H. Condra, H. Arnheiter, and R. Lazzarini. 1983. The ex-
pression of a recombinant DNA gene coding for the vesicular stomatitis virus
nucleocapsid protein. J. Virol. 45:773–781.

33. Taflin, M. C., and J. Perrault. Unpublished results.
34. Talib, S., and J. E. Hearst. 1983. Initiation of RNA synthesis in vitro by

vesicular stomatitis virus: single internal initiation in presence of aurintri-
carboxylic acid and vanadyl ribonucleoside complexes. Nucleic Acids Res.
11:7031–7042.

35. Testa, D., P. K. Chanda, and A. K. Banerjee. 1980. Unique mode of tran-
scription in vitro by vesicular stomatitis virus. Cell 21:267–275.

36. Thornton, G. B., P. D. Bishnu, and A. K. Banerjee. 1984. Interaction of L and
NS proteins of vesicular stomatitis virus with its template ribonucleoprotein
during RNA synthesis in vitro. J. Gen. Virol. 65:663–668.

37. Vidal, S., and D. Kolakofsky. 1989. Modified model for the switch from
Sendai virus transcription to replication. J. Virol. 63:1951–1958.

38. Wagner, R. R., and J. K. Rose. 1996. Rhabdoviridae: the viruses and their
replication, p. 1121–1135. In B. N. Fields, D. M. Knipe, and P. M. Howley
(ed.), Fields virology, 3rd ed. Lippincott-Raven, Philadelphia.

39. Williams, P. M., K. A. Williamson, and S. U. Emerson. 1988. Monoclonal
antibodies to the NS protein of vesicular stomatitis virus inhibit initiation of
transcripts in vitro and dissociate leader RNA from mRNA synthesis. Vi-
rology 167:342–348.

40. Wilusz, J., M. G. Kurilla, and J. D. Keene. 1983. A host protein (La) binds
to a unique species of minus-sense leader RNA during replication of vesic-
ular stomatitis virus. Proc. Natl. Acad. Sci. USA 80:5827–5831.

VOL. 71, 1997 INTERNAL INITIATION OF VSV TRANSCRIPTION 1475


