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The nonsegmented negative-strand RNA (NNS) viruses have a single-stranded RNA genome tightly encap-
sidated by the viral nucleocapsid protein. The viral polymerase transcribes the genome responding to specific
gene-start and gene-end sequences to yield a series of discrete monocistronic mRNAs. These mRNAs are not
produced in equimolar amounts; rather, their abundance reflects the position of the gene with respect to the
single 3'-proximal polymerase entry site. Promoter-proximal genes are transcribed in greater abundance than
more distal genes due to a localized transcriptional attenuation at each gene junction. In recent years, the
application of reverse genetics to the NNS viruses has allowed an examination of the role of the gene-start and
gene-end sequences in regulating mRNA synthesis. These studies have defined specific sequences required for
initiation, 5’ modification, termination, and polyadenylation of the viral mRNAs. In the present report, working
with Vesicular stomatitis virus, the prototypic Rhabdovirus, we demonstrate that a gene-end sequence must be
positioned a minimal distance from a gene-start sequence for the polymerase to efficiently terminate tran-
scription. Gene-end sequences were almost completely ignored in transcriptional units less than 51 nucleo-
tides. Transcriptional units of 51 to 64 nucleotides allowed termination at the gene-end sequence, although the
frequency with which polymerase failed to terminate and instead read through the gene-end sequence to
generate a bicistronic transcript was enhanced compared to the observed 1 to 3% for wild-type viral mRNAs.
In all instances, failure to terminate at the gene end prevented initiation at the downstream gene start site. In
contrast to this size requirement, we show that the sequence between the gene-start and gene-end signals, or
its potential to adopt an RNA secondary structure, had only a minor effect on the efficiency with which
polymerase terminated transcription. We suggest three possible explanations for the failure of polymerase to
terminate transcription in response to a gene-end sequence positioned close to a gene-start sequence which
contribute to our emerging picture of the mechanism of transcriptional regulation in this group of viruses.

Vesicular stomatitis virus (VSV), the prototypic Rhabdovirus,
has a nonsegmented negative-sense (NNS) RNA genome of
11,161 nucleotides (nt), tightly encapsidated by the viral nu-
cleocapsid protein (N). The viral genome comprises a 50-nt
leader region, five genes that encode N, phosphoprotein (P),
matrix protein (M), glycoprotein (G), and large polymerase
subunit protein (L), and a 59-nt trailer region, arranged in the
order 3’ leader-N-P-M-G-L-trailer 5. This encapsidated ge-
nome acts as the template for the viral polymerase, a com-
plex of the P and L proteins (14) which is packaged in the
virion (5).

On infection of a cell, the viral genome is first transcribed by
the polymerase to yield a 47-nt leader RNA, which is neither
capped nor polyadenylated (10, 11, 27), and five capped and
polyadenylated mRNAs. These mRNAs are not produced in
equimolar quantities; rather, their relative abundance de-
creases with distance from a single 3’-proximal polymerase
entry site such that N> P > M > G > L (1, 4, 13, 51). This
reflects a localized transcriptional attenuation at each gene
junction where approximately 30% of polymerase molecules
fail to transcribe the downstream gene following termination
of the upstream gene (24). Thus, termination of transcription
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is a critical step in VSV gene expression, as initiation of a
downstream gene is dependent on termination of transcription
of the upstream gene (1, 4, 6, 7, 22).

The cis-acting signals essential for transcription include se-
quences within the leader region, the nontranscribed leader-N
gene junction, and the first gene-start sequence (29, 33, 43, 55).
In addition to the signals that constitute the 3’ promoter,
polymerase activity is further regulated by a 23-nt conserved
sequence 3’ .. . AUACUUUUUUU G/CA UUGUCNNU
AG. .. 5, present at each internal gene junction. Extensive
analysis of this region has shown that termination and polyad-
enylation of the upstream mRNA require the AUACUUUU
UUU and the first nucleotide of the nontranscribed intergenic
dinucleotide (G/CA) (6, 7, 22, 45). Transcription of the down-
stream gene is influenced by the sequence and length of the
intergenic dinucleotide, with discrimination against a U prior
to the gene-start sequence (7, 44). The gene-start sequence
(UUGUCNNUAG ) is also required for initiation, and addi-
tionally it contains signals essential for capping and methyl-
ation of the nascent mRNA strand (45, 46).

In the present investigation we examined whether the spac-
ing between the gene-start (defined as 3’ .. . UUGUCNNU
AG. .. 5") and gene-end (defined as 3’ .. . AUACUUUUUU
UG/CA. .. 5') sequences affected mRNA synthesis. We in-
serted a variety of transcriptional units that ranged in size from
41 to 1,098 nt between the leader region and the N gene.
Results obtained from analysis of subgenomic replicons and
infectious viruses show that a gene-end sequence must be a
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FIG. 1. Structure of VSV subgenomic replicon and predicted mRNA prod-
ucts. The negative-sense VSV genome is represented diagrammatically. mRNA
products are represented by solid lines. The filled arrow represents the oligonu-
cleotide primer used in the primer extension reactions (Fig. 6). This primer
anneals within the L gene to positive-sense RNA at positions 10925 to 10908 of
the complete VSV genome sequence. I tx unit, inserted transcriptional unit; N/L
tx unit, N/L transcriptional unit; Le, leader region; Tr, trailer region.

minimal distance from a gene-start sequence for efficient ter-
mination of transcription to occur.

MATERIALS AND METHODS

Plasmid construction and transfection. Transcription plasmid pWT was de-
signed to generate a VSV subgenomic replicon that contained the wild-type
genomic 3’ leader and 5’ trailer regions surrounding a single transcriptional unit
comprised of a fusion of the 3’ end of the N gene with the 5’ end of the L gene.
This plasmid was identical to that described by Wertz et al. (52) except that the
orientation of the VSV replicon with respect to the T7 promoter was reversed in
order to generate a primary transcript of positive polarity. This was necessary
because additional transcriptional units were cloned between the leader and N
regions of pWT, and we previously demonstrated that bacteriophage T7 RNA
polymerase was unable to efficiently transcribe through the negative-sense VSV
intergenic region (53). The plasmid encoding the WT replicon was modified such
that additional transcriptional units that ranged in size from 41 to 1,089 nt were
inserted between the leader region and N gene (Fig. 1), using standard tech-
niques (39). The inserted sequences are listed in Table 1. In addition, selected
transcriptional units were incorporated into an infectious cDNA clone of VSV,
pVSVI1(+) (53). Plasmids expressing either VSV subgenomic replicons (34, 52)
or the full-length VSV antigenome (53), together with plasmids encoding the
VSV N, P, and L proteins, each under the control of T7 promoters, were
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transfected as described previously into baby hamster kidney (BHK-21) cells that
were infected with a recombinant vaccinia virus, vIF7-3 (17), expressing T7
RNA polymerase.

Analysis of RNA synthesis from subgenomic replicons. RNA synthesis was
examined by direct metabolic labeling of cells 15 h posttransfection. Cells were
exposed for 6 h to [*H]uridine (33 uCi/ml) in the presence of actinomycin D (10
pg/ml). Cells were harvested, and total cytoplasmic RNA was extracted and
analyzed as described previously (34, 52). Where possible, the abundance of the
different mRNAs was determined as follows. Prior to agarose-urea gel electro-
phoresis, RNAs were annealed with oligo(dT) followed by incubation with
RNase H as described elsewhere (6). This allowed the removal of the hetero-
geneous polyadenylate tails and resulted in the resolution of discrete bands that
were quantitated by densitometry. Fluorogrammed gels were exposed to pre-
flashed films that were scanned using a Howtek Scanmaster 3 and analyzed using
DNA Quantity One software on a PDI model 320i densitometer.

Primer extension was used to map the position of the 5" ends of the mRNAs
and positive-sense replication products, using Superscript II reverse transcriptase
(GIBCO/BRL) and an oligonucleotide primer that annealed to positive-sense
RNA in the L gene at positions 10925 to 10908 of the complete VSV genome
sequence (Fig. 1). Primer extensions were carried out as follows. Total cellular
RNA obtained from a 60-mm-diameter dish 23 h posttransfection was isolated as
described above and then incubated with RQ1 DNase (Promega Corporation,
Madison, Wis.) to digest contaminating plasmid DNA. The resultant RNAs were
purified using RNeasy columns (Qiagen Inc., Valencia, Calif.) and incubated a
second time with RQ1 DNase. Following repurification, approximately one-sixth
the total RNA obtained from a 60-mm-diameter dish was incubated with 50 pmol
of oligonucleotide primer. This template-primer mix was heated to 100°C for 1
min and then placed directly on ice. Reverse transcriptions were performed at
50°C, using the buffer and deoxynucleoside triphosphate concentrations recom-
mended by the manufacturer, in the presence of 2.5 wCi [**S]dATP (1,250
Ci/mmol). One-tenth of this reaction was analyzed by electrophoresis on a
denaturing 6% polyacrylamide gel.

Characterization of recombinant viruses. Recombinant VSV was recovered
from cDNA clones that had been engineered to express an additional transcrip-
tional unit, as described below. Recovered viruses were purified and amplified in
BHK-21 cells as described elsewhere (53). Viral RNA synthesis was analyzed
following infection of cells at a multiplicity of 3, by exposure to [*H]uridine in the
presence of actinomycin D (10 wg/ml) 3 h postinfection for 4 h. Cells were
harvested, and total cytoplasmic RNA was extracted and analyzed as described
above.

RESULTS

Construction and characterization of a subgenomic replicon
with two transcriptional units. A wild-type subgenomic repli-
con, WT, consisting of a fusion of the 3’-terminal 210 nt with
the 5'-terminal 265 nt of the VSV genome such that it encoded
one mRNA, was engineered to contain a second transcrip-
tional unit. A 41-nt transcriptional unit composed of the con-
served gene-start and gene-end sequences surrounding an 18-
nt polylinker was inserted at the leader-N gene junction to

TABLE 1. Sequences engineered between the leader region and the N gene

Construct

Inserted sequence”

3’-UUGUCAUUAIEUUAAGAGCUCACCBGBACUUUUUUUGA
...3"-UUGUCAUUAIBUUAAGAUUUGAGCUCACBGBOUUUUUUUGA
...3’-UUGUCAUUVAEUUAAGUGUUAAUUUGAGCUCAGLBGUUUUUUUGA
3’-UUGUCAUUVAEUUAAGAAUAUUGUUAAUUUGAGCUCARIGETIUUUUUGA
3'-UUGUCAUUABJUUCUAAUGACAAAUCUUAAGAGCUCASCSAUIUUUUUGA

3'-UUGUCAUUABUUAAGCCCCCCUUUGGGGGGAGCUCAUEBCGHUUUUUUGA

3'-UUGUCAUUAEUUAAGAAUAUUGUUACCCCCCAAAGGEGEEIWUUUUUGA
3'-UUGUCAUUABUUAAGCCCCCCUUUGAAGAGAGCUCALZEEBWUUUUUGA

3’-UUGUCAUUVARUUAAGCUCUUCUUUGGGGGGAGCUCAUBGGUUUUUUGA

3’-UUGUCAUUABUUAAGAGCUCUACCGUAUGACAUUGGUAURACSGBIUUUUUGA
...3"-UUGUCAUUABUUAAGAUUUGAGCUCUACCGUAUGACAUUGGUABUECGIGUJUUUGA
....3"-UUGUCAUUAB UUAAGUGUUAAUUUGAGCUCUACCGUAUGACAUUGGUAUBCUOGBBUUUUGA
....3"-UUGUCAUUAguffer sequence derived from ¢$X174-AUACUUUUUUUGA

.3'-UUGUCAUUAgGuffer sequence derived from ¢$X174-AUACUUUUUUUGA
.3'-UUGUCAUUAguffer sequence derived from $X174-AUACUUUUUUUGA
...3’-UUGUCAUUAGquence encoding GFP and stuffer from $X174-AUACUUUUUUUGA

“ Presented negative-sense 3'-5'. The gene-start (UUGUCAUUAG) and gene-end (AUACUUUUUUUGA) sequences are indicated in bold. Potential stem-loop
structures are indicated by underlining each half of the stem, taking advantage of potential G-U base pairings; SL4 and SL5 were designed to form in the positive and
negative senses, respectively. $X174, sequences derived from bacteriophage $X174; GFP, green fluorescent protein-coding region derived from pGreen Lantern

(GIBCO/BRL).
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FIG. 2. Identification of the RNAs synthesized by subgenomic replicons.
Cells were infected with vTF7-3, transfected with cDNAs for subgenomic repli-
con WT (lanes 1 to 3) or WT+I-41 (lanes 4 to 6) along with plasmids encoding
the VSV N, P, and L proteins, and exposed to [*H]uridine (33 wCi/ml) in the
presence of actinomycin D (10 pg/ml) as described in Materials and Methods.
Cytoplasmic extracts were prepared, and RNAs were annealed with the indicated
strand- and sequence-specific oligonucleotides prior to exposure to RNase H as
described in Materials and Methods. The resultant RNAs were analyzed by
electrophoresis on agarose-urea gels and visualized by fluorography as described
in Materials and Methods. Lanes 1 and 4, no oligonucleotide; lanes 2 and 5,
oligo(dT); lanes 3 and 6, oligo(dT) and a negative-sense oligonucleotide de-
signed to anneal to the entire I-41 mRNA and the first 10 nt of the N/L mRNA.
Under the conditions used, this latter oligonucleotide, which was designed to
anneal to the entire I-41 mRNA and the first 10 nt of the N/L mRNA, appears
to mediate some cleavage of the N/L mRNA to yield a product of approximately
200 nt (*). This presumably reflects inefficient hybridization of this large oligo-
nucleotide at a suboptimal site within the N/L mRNA which results in its
cleavage by RNase H.

create WT+I1-41 (Fig. 1). RNA synthesis directed by this bi-
cistronic replicon was examined as described in Materials and
Methods. The results of a typical experiment are shown in Fig.
2. The major RNA synthetic event programmed by replicon
WT (Fig. 2, lane 1) was transcription of an mRNA, the N/L
mRNA that was characterized previously (52, 55). This mRNA
migrated as a broad band that resolved to a single discrete
product when exposed to RNase H after annealing to oli-
go(dT), to remove polyadenylate tails, which indicated that it
was polyadenylated (Fig. 2, compare lanes 1 and 2). The minor
slower-migrating product (observed in lane 2) was previously
identified as the genomic and antigenomic replication products
of replicon WT (52, 55).

The major product transcribed by replicon WT+I1-41 mi-
grated as a broad band slightly slower than the N/L mRNA of
replicon WT (Fig. 2, compare lanes 1 and 4). This product was
shown to be polyadenylated by cleavage with RNase H after
annealing to oligo(dT) to yield two faster-migrating species
(Fig. 2, lane 5). The minor faster-migrating product comi-
grated with the deadenylated N/L mRNA of replicon WT (Fig.
2, compare lanes 2 and 5), indicating that a small amount of
the N/L mRNA was transcribed from WT+I1-41. The major
product was larger than the deadenylated N/L mRNA, sug-
gesting that it was a transcript comprising a read-through of
the inserted I-41 mRNA into the N/L mRNA. Consistent with
this, discrete monocistronic I-41 mRNA was not detected. To
examine whether the larger RNA was an [-41-N/L read-
through transcript, RNAs were exposed to RNase H after
annealing to oligo(dT) and an oligonucleotide designed to
anneal to the entire I-41 mRNA and the first 10 nt of the N/L
mRNA (Fig. 2, lanes 3 and 6). A major product that migrated
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slightly faster than the deadenylated N/L mRNA was observed
for WT+1-41 (Fig. 2, lane 6). This product comigrated with the
cleavage product of the N/L mRNA extracted from replicon
WT-transfected cells (Fig. 2, compare lanes 6 and 3). These
data demonstrated that the major product of transcription
from WT+1-41 was a bicistronic read-through transcript of the
I-41 mRNA covalently linked to the N/L mRNA (I-41-N/L
read-through), indicating that the VSV polymerase failed to
efficiently terminate mRNA synthesis at the gene-end se-
quence of I-41. This observation was striking, as previously we
and others demonstrated that the AUACUUUUUUUG/C
found at each intergenic junction was sufficient for termination
of mRNA synthesis and that read-through of a wild-type gene
junction occurred only 1 to 3% of the time (6, 7, 21, 22, 24, 41,
42). We therefore suspected that the inefficient termination
observed at the I-41 gene end was a consequence of the short
distance between the gene-start and gene-end sequences.
Effect on RNA synthesis of altering the spacing between the
gene-start and gene-end sequences. To examine the effect of
the spacing between the gene-start and gene-end sequences on
mRNA synthesis, the distance between these two conserved
elements was increased. Using standard cloning techniques,
the first transcriptional unit of WT+I-41 was gradually en-
larged from 41 up to 1,098 nt (Table 1). The effects of these
insertions on RNA synthesis were examined as described in
Materials and Methods, and the results are shown in Fig. 3.
Levels of replication were indistinguishable from those of rep-
licon WT, as evidenced by the slowest-migrating product ob-
served in each lane (Fig. 3). The nature and abundance of the
mRNA products varied according to the size of the first tran-
scriptional unit. Replicon WT+I-46 behaved similarly to
WT+1-41, predominantly directing the synthesis of an I-46-
N/L read-through transcript, with only a small amount of the
discrete N/L mRNA synthesized (Fig. 3, lane 3). Increasing the

WT 41 46 51 56 60 65 70 Genomic RNA

I-N/L Read-through
transcript

1 2 3 4 5 6 7 8

Ratio of I-N/L read-through
:N/L mRNA

2.6 3.0 1.3 0.6 0.3 0.3 0.2

FIG. 3. RNAs synthesized by genomic analogs with increasingly longer first
transcriptional units. The fluorogram shows an agarose-urea gel of actinomycin
D-resistant RNAs synthesized in cells transfected with the indicated VSV
genomic analog and the VSV N, P, and L support plasmids. RNAs were labeled,
harvested, purified, annealed with oligo(dT), and exposed to RNase H as de-
scribed in Materials and Methods. Replication products, the N/L mRNA, and
the I-N/L read-through transcript are indicated. The I mRNA (which varied in
size) is indicated by a bracket (see text for details). Replicons were named
according to the size of the inserted transcriptional unit (indicated above the
lanes). To indicate the efficiency with which polymerase terminated transcription
at the I gene-end sequence, the molar ratio of the I-N/L read-through transcript
to the N/L mRNA was determined as described in the text. These values are
shown below the lanes.
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spacing between the gene-start and gene-end sequences a fur-
ther 5 nt produced replicon WT+I-51, which directed the
synthesis of an I-51-N/L read-through transcript, but signifi-
cantly more discrete N/L mRNA was synthesized (Fig. 3, lane
4). The discrete I-51 mRNA was difficult to detect owing to its
small size and low uridine content, although on the exposure of
the autoradiograph shown here, a faint product was observed
(Fig. 3, lane 4). When the inserted transcriptional unit was
increased in size a further 5 nt to yield WT+I-56, monocis-
tronic I-56 mRNA was observed and more N/L mRNA was
produced than the I-56-N/L read-through transcript (Fig. 3,
lane 5). Increasing the size of the transcriptional unit to 60 or
65 nt had little discernible effect on the relative levels of tran-
scription of the inserted mRNA, the N/L mRNA, or the I-N/L
read-through (Fig. 3, compare lane 5 with lanes 6 and 7).
However, increasing the transcriptional unit to 70 nt resulted
in a further decrease in the proportion of the I-N/L read-
through transcript synthesized (Fig. 3, lane 8). Increasing the
size of the transcriptional unit up to 1,098 nt had no further
effect on production of the discrete I mRNA, the N/L mRNA,
or the products of polymerase read-through to generate bicis-
tronic transcripts (data not shown). These data thus demon-
strated that the spacing between the gene-start and gene-end
sequences was an important determinant of whether a tran-
script is efficiently terminated at a wild-type gene-end se-
quence.

Owing to the small size and low U content of the I mRNAs,
it was not possible to accurately quantify their abundance di-
rectly. In addition, the pH 3.0 agarose-urea gels separate
RNAs both on the basis of size and charge (28), resulting in
unpredictable mobility, particularly of these small RNAs.
However, the relative proportions of the I-N/L read-through
transcript versus the N/L mRNA act as an indirect measure of
the efficiency with which polymerase terminated mRNA syn-
thesis in response to the I gene-end sequence. For each repli-
con, the ratio of the I-N/L read-through to N/L mRNA was
determined as described in Materials and Methods, and these
values are indicated (Fig. 3). Ratios greater than 1.0 indicate
that the read-through transcript was produced in molar excess
over the N/L mRNA. The close proximity of the I-N/L read-
through and the N/L mRNA resulted in an overassessment of
the abundance of the less intense product, such as the N/L
mRNA of WT+1-41 and WT+1-46, and the read-through tran-
script of WT+I-70 (Fig. 3, lanes 2, 3, and 8, respectively).
However, the ratios given are consistent with those obtained
following quantitation of total RNA synthesized in a 23-h time
period as assayed by primer extension (see below).

Effects on viral transcription of insertion of an additional
transcriptional unit between leader and the N gene. To deter-
mine whether the data obtained with subgenomic replicons
would be the same when examined during transcription from
infectious viruses, selected transcriptional units were inserted
into an infectious cDNA clone of VSV, pVSVI1(+). Recombi-
nants corresponding to WT+1-41, WT+1-60, WT+1-1098, and
three additional recombinants with 108-, 132-, or 382-nt tran-
scriptional units were engineered into pVSVI1(+), and the
ability to rescue infectious virus examined. Infectious viruses
were readily recovered from all cDNAs except the recombi-
nant corresponding to WT+I-41. Virus was not recovered
from pVSV1(+)41 from 35 transfections under conditions
that routinely allowed rescue of virus from other engineered
cDNAs. Extrapolation of the data obtained from analysis of
RNA synthesis by subgenomic replicon WT+1-41 suggest that
this is likely a consequence of the inability of such an engi-
neered virus to synthesize discrete monocistronic N mRNA. A
read-through transcript of the 41-nt inserted transcriptional
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FIG. 4. Fluorogram of an agarose-urea gel of actinomycin D-resistant
mRNAs synthesized in BHK-21 cells infected with recombinant VSV viruses that
contained an additional transcriptional unit inserted at the leader-N gene junc-
tion. RNAs were labeled, harvested, purified, annealed with oligo(dT), and
exposed to RNase H as described in Materials and Methods. The VSV N, P, M,
G, and L mRNAs are identified. The inserted mRNA (which varied in size) is
indicated by a bracket (see text for details). Recombinant viruses were named
according to the number of nucleotides inserted at the leader-N gene junction
(indicated above the lanes).

unit and the N mRNA may affect translation of N protein
because the positive-sense copy of the I gene-end sequence
(UAUGAAAAAAA) would now provide the first methionine
codon of the read-through transcript. This methionine residue
would be in the —1 reading frame with respect to that of the N
protein AUG. That pVSVI1(+)41 did not contain mutations
that prevented recovery of infectious virus was demonstrated
by pVSV1(+)60 and pVSV1(+)1098, in which the additional
sequences were directly cloned into the transcriptional unit of
pVSV1(+)41 and infectious virus was recovered.

The recombinant viruses were characterized by examining
the products of RNA synthesis in infected cells, as described in
Materials and Methods. The data shown in Fig. 4 demonstrate
that each of the recovered viruses produced an additional
mRNA that corresponded to the size of the additional tran-
scriptional unit [data not shown for rVSV1(+) 1098]. Recom-
binant virus rVSV1(+)60 synthesized an I-60-N read-through
transcript (Fig. 4), consistent with the abundance of the I-60-
N/L read-through transcript produced by subgenomic replicon
WT+I-60 (Fig. 3, lane 6). For rVSV1(+)108, -132, -382, and
-1098, the abundance of the I mRNA relative to the N mRNA
was quantitated. The I mRNA was produced in a 1.3:1 to 1.7:1
molar ratio compared to the N mRNA. These data are con-
sistent with the sequential and polar transcription of VSV
mRNAs whereby promoter-proximal genes are transcribed in
greater abundance than more distal genes. In addition, these
data demonstrate that the level of attenuation observed at the
I-N gene junction ranged from 24 to 41%, which is consistent
with the approximate 30% attenuation reported at the N-P,
P-M, and M-G gene junctions (24). Taken together, these
findings support our observations obtained using the sub-
genomic replicons, which demonstrate that there is a minimal
size requirement for efficient termination of a VSV mRNA.
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FIG. 5. RNAs synthesized by genomic analogs in which the first transcrip-
tional unit or its mRNA product was designed such that a portion of it could
adopt a stem-loop structure. A fluorogram of an agarose-urea gel of actinomycin
D-resistant RNAs synthesized in cells transfected with the indicated VSV
genomic analog and the VSV N, P, and L support plasmids is shown. RNAs were
labeled, extracted, annealed with oligo(dT), and exposed to RNase H as de-
scribed in Materials and Methods. The N/L mRNA and the I-N/L read-through
transcript are shown. The sequences of the inserted transcriptional units and the
potential stem-loop structures are shown in Table 1.

Effects of sequence and structure on termination. The ex-
periments described above indicated that the VSV polymerase
was unable to efficiently terminate mRNA synthesis in re-
sponse to a gene-end sequence of a transcriptional unit less
than 46 nt in length. However, the polymerase terminated
mRNA synthesis in response to the gene-end sequence of
transcriptional units that were 5 nt longer (WT+I-51), and it
terminated mRNA synthesis with greater efficiency when the
transcriptional unit was 10 nt longer (WT+I-56 [Fig. 3, lane
5]). The transcriptional unit present in WT+1-41 contained an
18-nt polylinker sequence. This presented the possibility that
the palindromic nucleotides within this sequence might influ-
ence polymerase behavior, and that only when these nucleo-
tides were interrupted could termination occur. To explore this
possibility, we examined whether primary RNA sequence with
a potential to form an RNA secondary structure could influ-
ence the minimal size requirement for termination by gener-
ating subgenomic replicons whose I mRNA sequences had the
potential to adopt specific secondary structures.

Working with WT+1-56, we generated five additional repli-
cons designed to introduce RNA stem-loop structures (SL1 to
SL5) and/or homopolymeric tracts (Table 1) and examined the
effects of these alterations on transcription. WT'+1-56SL1 be-
haved indistinguishably from the WT+I1-56 (Fig. 5, compare
lanes 1 and 2), whereas WT+I-56SL2 appeared to synthesize
slightly higher levels of the read-through transcript than
WT+I1-56 (Fig. 5, compare lanes 1 and 3), suggesting that the
potential to form a stem-loop structure in the I-56 mRNA or
its encoding template reduced the efficiency of termination at
the gene junction immediately downstream. The low-pH aga-
rose-urea gels separate RNAs on the basis of base composition
as well as size (28), which presumably explains the mobility
shift observed for the I-N/L read-through transcript of WT+1-
56SL2. As SL2 reduced termination and SL1 was indistinguish-
able from replicon WT, we examined whether the proximity of
the potential stem-loop structure to the gene-end sequence
influenced termination. A potential stem-loop structure was
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introduced adjacent to the gene-end sequence (WT+I-56SL3),
and the effects on RNA synthesis were examined. Only minor
differences in the proportions of the N/ mRNA and the I-N/L
read-through transcript were observed in WT+I-56SL3 com-
pared with WT+1-56SL2 (Fig. 5, lane 4), suggesting that the
proximity of the potential stem-loop structure to the gene end
was not a major determinant of the efficiency of termination.

The sequences of the I regions of replicons WT+1-56SL1-3
could adopt stem-loop structures in both the positive and neg-
ative strands. To examine whether the reduction in termination
observed for WT+I1-56SL2 was a consequence of a potential
structure in either the positive or negative strand, two addi-
tional replicons, WT+1-56SL4 and WT+I-56SLS5, were gener-
ated. By virtue of G-U base pairs, WT'+I-56SL.4 and WT+I-
56SL5 should adopt a stem-loop structure in only the positive
and only the negative strand, respectively. The quantity of the
I-N/L read-through versus N/L mRNA suggested that termi-
nation was slightly more efficient in WT +1-56SL4 than WT+1-
56SL5 (Fig. 5, compare lanes 5 and 6). However, these differ-
ences were relatively minor, and neither WT+I1-56SL4 nor
WT+I-56SLS appeared to affect termination as much as
WT+I1-56SL2. While WT+I1-56SL2 displayed a reduction in
termination efficiency, this analysis showed that failure of poly-
merase to terminate mRNA synthesis in response to a gene-
end sequence was influenced considerably less by either the
primary RNA sequence, or the potential to adopt a stem-loop
structure, than the size of the transcriptional unit.

Analysis of the positive-sense products of transcription by
primer extension. To accurately quantitate the abundance of
the positive-sense products of transcription, primer extension
analyses were performed using an oligonucleotide that an-
nealed to positive-sense VSV RNA at residues 10925 to 10909
of the complete VSV genome sequence. As predicted, exten-
sion of this primer by reverse transcriptase (RT) on RNAs
extracted from WT-transfected cells yielded a product of 192
nt from extension on the N/L mRNA (Fig. 6, lane 1), which was
absent when the plasmid expressing the L polymerase subunit
was omitted from the transfection (Fig. 6, lane 2). For techni-
cal reasons, namely, that T7 RNA polymerase fails to reliably
transcribe a negative-sense copy of a VSV intergenic junction
at 37°C (53), replicons were generated as positive-sense tran-
scripts. Thus, the plus-strand genomic replication products
could not be readily distinguished from the primary T7 tran-
script (Fig. 6, lanes 1 and 2). For each of the replicons that
contained an additional transcriptional unit, positive-sense
products corresponding to the N/L mRNA, the I-N/L read-
through, and the primary T7 transcripts were observed. The
abundance of the N/L mRNA and the I-N/L read-through
varied between the different replicons (Fig. 6, lanes 3 to 12).
The general trend in relative levels of the monocistronic N/L
mRNA versus the I-N/L read-through agreed with that ob-
served by agarose-urea gel analysis (Fig. 2 to 5). As the size of
the I mRNA increased, the abundance of the read-through
transcript decreased and the quantity of the N/L mRNA in-
creased. However, by primer extension analysis it was possible
to detect the small quantity of N/L mRNA produced from
WT+1-41 and WT+1-46 (Fig. 6, lanes 3 to 6), which was barely
detectable by agarose-urea gel analysis (Fig. 3, lanes 2 and 3).

To quantitate the abundance of the I-N/L read-through
transcript relative to the N/L mRNA, the autoradiograph was
scanned and the primer extension products were quantified as
described in Materials and Methods. The relative proportion
of the I-N/L read-through versus N/L mRNA acts as an indi-
rect measure of the efficiency with which polymerase termi-
nated mRNA synthesis at the I gene-end sequence. Failure to
terminate transcription at the I gene-end sequence resulted in
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FIG. 6. Primer extension analysis of the positive-sense RNAs synthesized by subgenomic replicons with increasingly longer first transcriptional units. A polyacryl-
amide gel of the primer extension products obtained from total cytoplasmic RNAs extracted from BHK-21 cells that were transfected 23 h earlier with the indicated
genomic analog and either the VSV N, P, and L support plasmids (+) or the VSV N and P support plasmids (—) is shown. The oligonucleotide primer annealed to
positive-sense RNA at positions 10925 to 10908 of the complete VSV genome sequence (Fig. 1). Reverse transcriptions were performed as described in Materials and
Methods. A sequence ladder of replicon WT sequenced with the same primer is shown for reference. Replicons were named according to the number of nucleotides
present in the inserted transcriptional unit or its potential to adopt a stem-loop structure (Table 1). As a measure of the efficiency with which polymerase terminated
at the I gene-end sequence, the molar ratio of the I-N/L read-through transcript to the N/L mRNA was determined as described in the text, and these values are
indicated below the lanes. Significantly less T7 transcript was detected for replicon WT+1-56SL1; however, the proportions of the I-N/L read-through transcript and
the N/L mRNA observed were consistent with those observed following agarose-urea gel analysis (Fig. 5). Products of primer extension on the initial positive-sense
T7 transcripts and the replicated antigenomes are indicated (T7 and Rep, respectively).

synthesis of a greater quantity of the I-N/L read-through tran-
script and decreased levels of the N/ mRNA. This was re-
flected in a higher numerical value for the ratio of the I-N/L
read-through to N/L mRNA. Quantitation of the RNA prod-
ucts following agarose-urea gel electrophoresis (Fig. 3 and 5)
was complicated by the similar migration of the N/L mRNA
and the I-N/L read-through transcript and the greatly different
uridine contents of the I and N/L mRNAs. The primer exten-
sion analysis allowed us to ascribe a more accurate value to the
reduction of termination at the gene junction (Fig. 6). The
I-N/L read-through transcript was more abundant than the
N/L mRNA, as indicated by a ratio of >1.0, when the inserted
transcriptional unit was less than 56 nt.

Analysis of polymerase behavior at the ignored gene junc-
tion. Termination of transcription at a VSV gene junction
involves multiple processes, including (i) reiterative transcrip-
tion or polymerase slippage on the U7 tract to generate the
polyadenylate tails and (ii) termination and release of the
nascent transcript. Recently we have shown that in certain
circumstances read-through RNAs contain additional A resi-
dues that result from polymerase slippage while copying the
U7 tract of the intergenic junction (J. N. Barr and G. W.
Wertz, unpublished data). The relationship between polymer-
ase slippage and termination is complex and remains poorly
understood. However, we sought to examine the behavior of
polymerase at the ignored gene junctions of WT+1-41, WT +I-
46, and WT+I-51 to determine whether any reiterative tran-
scription occurred. The primer extension analysis described

above showed that the majority of the read-through transcripts
were homogeneous in length, indicating that they were faithful
copies of the intergenic junction lacking additional A residues.
However, if uncontrolled slippage on the U7 tract occurred at
a low level, the primer extension products would have variable
5’ termini, which would make detection of these transcripts
difficult. To assess whether a small proportion of the read-
through transcripts contained nontemplated A residues at an
intergenic junction, RNAs were amplified by RT-PCR, and the
resultant cDNAs were cloned and sequenced. To avoid DNA
contamination of the RT-PCR and to avoid contamination
with the primary T7 transcript, subgenomic replicons were
assembled into infectious particles that were used to infect
cells expressing the VSV N, P, and L proteins, as described
previously (34, 54). The resultant RNAs were reverse tran-
scribed using Moloney murine leukemia virus RT and a primer
that annealed in the L gene at positions 10925 to 10908 of the
complete VSV genome sequence and were subsequently am-
plified by PCR. As a control, PCRs were performed on sam-
ples in which RT had been omitted from the reaction. These
controls failed to generate products in the subsequent PCR,
thus demonstrating that the products were RNA dependent
(data not shown). A total of three independent PCRs were
performed, and the resultant products were individually cloned
and sequenced. The sequence through the intergenic region
was examined from 53 separate clones and was shown to be a
direct copy of the intergenic region 48 times. Of the remaining
five sequences, four contained a single additional A residue,
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and one sequence had an expanded A run (23 A residues).
These data thus confirmed that the VSV polymerase typically
failed to slip on the seven U residues at the intergenic junction
on these read-through transcripts.

DISCUSSION

Termination of transcription is a crucial step in the regula-
tion of gene expression in VSV. Since the viral transcriptase
enters the genome at a single site (13), expression of each
downstream gene is dependent on termination of the preced-
ing gene (1, 4, 6, 7, 22). We and others previously demon-
strated that the gene-end sequence 3’ AUACUUUUUUUG/C
5’ functioned as an essential cis-acting signal for termination of
mRNA synthesis (6, 22). However, as described here, the abil-
ity of polymerase to terminate mRNA synthesis in response to
this element is diminished in transcriptional units of less than
70 nt and is almost completely abolished for transcriptional
units of less than 51 nt.

Within the confines of this minimal size requirement for
mRNA synthesis, we examined whether the primary RNA se-
quence or ability of the RNA to adopt a stem-loop structure
influenced the efficiency with which polymerase utilized the
gene-end sequence (Fig. 5). The I transcriptional unit of rep-
licon WT+I-56 was altered such that potential stem-loop
structures could form in either the template or nascent strand.
The molar ratio of I-56-N/L read-through transcript to N/L
mRNA was altered from 0.7 in WT+1-56 to 1.2 in WT+I-
56SL2, indicating that the presence of a stem-loop structure in
the I mRNA, or its encoding template, reduced the efficiency
of termination at the I-N/L gene junction. However, for repli-
con WT+I-56SL1, the molar ratio of the I-N/L read-through
to N/L mRNA was 0.8, only slightly different from that ob-
served for WT+I-56 (Fig. 6). These data suggest that se-
quences outside the conserved gene junction can modulate the
behavior of the polymerase at the gene junction but show that
these effects were relatively minor. Consequently we conclude
that the failure of the polymerase to terminate at the intergenic
junction in WT+1-41 and WT+1-46 was predominantly a con-
sequence of the size of the transcriptional unit, rather than its
sequence.

How might such an effect be mediated? The components of
the VSV transcription reaction are the template, the polymer-
ase complex, and the product mRNA. Each of these compo-
nents could influence the behavior of the polymerase at a
gene-end sequence and thus may be responsible for the inef-
ficient termination observed in transcriptional units of 51 nt or
less.

The template for transcription by the VSV polymerase is the
negative-sense RNA genome tightly encapsidated by the N
protein (14). Available evidence indicates that the accessory P
component of the polymerase can bind to the template prior to
binding of the L core polymerase subunit (18, 31), though
stronger binding occurs with a P-L complex (18). Binding sites
for the P protein have been mapped to both the leader region
(25) and the complement of the genomic trailer (23). As each
of these binding sites spans approximately 20 nt (23, 295), it
seems likely that the footprint of the fully assembled polymer-
ase would be larger. The physical size of the polymerase com-
plex might prevent either the recognition or use of the essential
cis-acting signals for termination at a gene junction positioned
less than 56 nt from a gene-start sequence.

The polymerase complex ostensibly comprises the viral P
and L proteins. While several host cell proteins have been
found associated with the L polymerase subunit (12), a role for
these in RNA synthesis has yet to be demonstrated. One pos-
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sible explanation for the failure of polymerase to terminate an
mRNA within a limited distance of a gene-start sequence is
that the polymerase complex itself may undergo a postinitia-
tion modification event. This modification may be relatively
subtle, such as an alteration to the phosphorylation status of a
component of the complex, and/or could reflect the presence
or absence of accessory factors. Precedent for modifications to
a transcribing polymerase complex is provided by RNA poly-
merase II (pol II). Purification of initiating and elongating
forms of yeast pol II provided evidence for the presence of a
“mediator” at the initiation step, which is absent during poly-
merase elongation (47). Loss of this mediator during the tran-
sition to an elongating polymerase complex is accompanied by
hyperphosphorylation of the carboxy-terminal domain of pol
II. Whether analogous events occur during VSV transcription
remains to be determined, but differences between initiating
and elongating polymerase complexes may account for the
inability of the polymerase to terminate mRNA synthesis in
response to a gene-end sequence positioned close to a gene-
start sequence.

In many systems, the nascent mRNA chain acts as a regu-
latory target during elongation and termination. Signals in the
nascent strand can be transmitted either directly or indirectly
to the elongating polymerase. For example, during transcrip-
tion of the human immunodeficiency virus genome, the viral
protein Tat interacts with the TAR element on the nascent
RNA chain, and this is necessary to generate full-length viral
transcripts (30). If the nascent mRNA strand influences the
response of the VSV polymerase to a gene-end sequence, then
it seems likely that this would be a feature conserved among all
VSV mRNAs. Conserved elements are found at the 5" and 3’
termini of VSV mRNAs, namely, 5 AACAGNNAUC and
UAUGA,, 3, respectively. Additionally, the 5’ terminus is mod-
ified by capping and methylation resulting in the structure
5'm’G(5")ppp(5)ApmApCpApGp (32, 37). Consequently, ei-
ther the conserved sequence elements themselves or the mod-
ifications that occur could act as regulatory targets during
transcription.

Consistent with this possibility, a recent analysis of the first
three nucleotides of a VSV gene-start sequence demonstrated
a role for these residues in the postinitiation events of capping
and methylation and showed that initiation and correct 5'-end
modification were separable events during mRNA synthesis
(46). Transcripts that were not correctly modified at their 5’
termini lacked a poly(A) tail and were truncated, ranging in
size from 40 to 200 nt. These observations led to the suggestion
that polymerase processivity is linked to proper 5'-end modi-
fication and suggest a recognition event between the 5" end of
the nascent mRNA chain and the transcribing polymerase
complex.

Capping of VSV mRNAs is unusual in that the o« and
phosphates of the 5'-5" triphosphate bridge of the GpppA cap
are derived from a presumed GDP donor (2, 3). This contrasts
with capping of other eukaryotic mRNAs, where GMP derived
from GTP is transferred by RNA guanylyltransferase to the 5’
diphosphate of an RNA chain in the nucleus. This unusual
mechanism, combined with the cytoplasmic location of VSV
RNA synthesis, has led to the suggestion that the VSV poly-
merase is responsible for capping its mRNAs, though direct
evidence for this is lacking. However, short uncapped tran-
scripts corresponding to the 5" ends of VSV mRNAs cannot be
chased into capped transcripts in in vitro transcription reac-
tions (8, 26, 50), suggesting that capping itself is intimately
linked with transcription elongation. Intriguingly, Piwnica-
Worms and Keene reported previously that transcripts less
than 37 nt long were not capped in vitro (36). These similarities
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raise the possibility that an mRNA must be a minimal size in
order to be capped, and that this process is a prerequisite for
mRNA termination.

In contrast to its role in capping, there is good evidence to
suggest a direct role for the VSV polymerase in methylation of
the cap structure of its transcripts (20, 49). Although under-
and unmethylated VSV mRNAs can be generated (suggesting
that methylation is not essential for transcription), transcrip-
tion reactions performed in the presence of the methylation
inhibitor S-adenosylhomocysteine produced VSV mRNAs that
contained giant heterogeneous poly(A) (38), suggesting that
methylation can influence 3’ end formation. This effect was
attributed to be a consequence of failure to methylate the 5’
end of the downstream mRNA. However, it remains possible
that this effect was mediated by failure to methylate the 5" end
of the nascent mRNA transcript.

The shortest transcripts observed in VSV-infected cells are
the uncapped and nonpolyadenylated leader transcripts syn-
thesized from the 3’ ends of the genomic and antigenomic viral
RNAS (27). These transcripts are 47 and 45 nt in length for the
positive- and negative-sense leader RNAs, respectively (10,
27). To date, neither specific initiation nor termination signals
for the synthesis of discrete leader RNAs have been defined.
While signals for leader RNA synthesis have not yet been
defined, the sizes of the leader products are within the range
identified in this study at which a low level of termination
should occur, and read-through would be the predominant
activity. However, leader RNA is produced in excess of N
mRNA, with read-through of the leader-N gene junction being
a relatively minor event, except in the case of a template-
associated defect in the N protein (35), suggesting that this size
requirement does not apply to the leader RNA. It is intriguing
that two major differences between the nascent leader RNA
transcript and that of a viral mRNA are that the leader RNA
is not capped or polyadenylated. In this regard it would be of
interest to determine whether generating a capped and/or poly-
adenylated leader RNA would influence polymerase behavior
at the leader-N gene junction.

Excluding the positive- and negative-sense leader RNAs, the
shortest capped and polyadenylated transcript synthesized by
an NNS RNA virus is that generated from the 68-nt overlap at
the M2-L gene junction of respiratory syncytial (RS) virus (9).
Here the frequency with which the polymerase failed to ter-
minate at the M2 gene-end sequence was approximately 10%.
In RS virus the gene-end sequences vary. The ability of poly-
merase to terminate mRNA synthesis at a gene-end sequence
is influenced by the primary sequence (S. B. Harmon, A. G.
Megaw, and G. W. Wertz, unpublished data) and also by a
trans-acting protein, M2-1, which enhances polymerase read-
through at gene junctions (19). Based on the findings of this
study, the close proximity of the L gene-start sequence to the
M2 gene end may also contribute to the frequency with which
polymerase reads through this junction. A recent study that
reduced the spacing between the L gene-start signal and the
M2 gene-end signal from 68 to 24 nt in an RS virus subgenomic
replicon resulted in an increase in the abundance of transcripts
that initiated at the L gene start (15). Based on the work
described here, this would presumably be caused by a reduc-
tion in termination at the M2 gene end.

Overlapping gene junctions have been observed in other
NNS viruses, such as sigma rhabdovirus (48), and the filo-
viruses Ebola virus and Marburg virus (16, 40). The work
presented offers an explanation how these viruses efficiently
transcribe the downstream mRNA. The efficiency with which
polymerase terminates transcription in response to a gene-end
sequence is reduced by its close proximity to an upstream
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gene-start sequence. The work presented here suggests that
polymerase that initiates at the gene-start sequence within the
upstream gene is unable to efficiently terminate transcription
at the gene-end sequence of the 33-nt overlap found for sigma
virus (48), and the 18- to 20-nt overlaps observed for Ebola and
Marburg viruses (16, 40).

In summary, we have shown a minimal size requirement for
VSV mRNA synthesis. The identification of such a require-
ment suggests that (i) a physical constraint is placed on the
polymerase by the close proximity of the gene end to the gene
start which prevents termination, (ii) a modification occurs to
the actively transcribing polymerase complex that is essential
for recognition of the gene-end sequence, or (iii) the nascent
mRNA strand acts as a regulatory target during transcription.
Further experiments are under way to test these hypotheses.
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