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FIG. 2. Primer extension analysis of RNAs purified from wild-type (wt) and mutant GFC/AG-infected cells and from in vitro transcription reactions. Four different
types of RNA generated from either wild-type or mutant viruses were analyzed. Lanes V contain total RNA isolated from wild-type or mutant GFC/AG-infected cells;
lanes B contain oligo (dT)-bound poly(A) RNAs from in vitro transcription reactions; lanes T contain total RNA from in vitro reactions; lanes U contain in
vitro-generated RNA that did not bind the oligo(dT) column. Each RNA type was hybridized to end-labeled oligonucleotides complementary to regions in the GFP
mRNA and CAT mRNA. Following extension, the products were resolved on a denaturing 6% polyacrylamide gel and quantified with a PhosphorImager. The major
primer extension product corresponded to the first nucleotide of each mRNA as identified by comparison with a DNA sequencing ladder (one lane of each sequencing
reaction is shown in the right-hand-most lane in panels B and C only). The minor bands may result from incomplete extension and the larger products may result from
extension through the 5’ cap or the addition of one nontemplated nucleotide by reverse transcriptase. Band intensities were determined with a STORM Phospho-
rImager and ImageQuant software. The ratio of CAT to GFP extension products was calculated and is shown in the bar graphs above each lane. (A) NT-1 mutants;
(B) NT-2 mutants; (C) NT-3 mutants.
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FIG. 3. Northern blot analysis of in vitro-generated RNA from wild-type (WT) and mutant GFC/AG. Following in vitro transcription, total RNA was isolated,
fractionated on a 2% agarose-formaldehyde gel, and transferred to a nylon membrane. (A) Membranes were probed with an end-labeled oligonucleotide comple-
mentary to a region in the GFP mRNA (nucleotides 73 to 94 [top]) or with an end-labeled oligonucleotide complementary to a region in the CAT mRNA (nucleotides
56 to 75 [bottom]). (B) A membrane containing wild-type and NT-1C RNA was probed with end-labeled oligonucleotides complementary to different regions in the

CAT mRNA (the regions are noted on the figure).

Mutations in the VSV start sequence affect the processivity
of the polymerase. To determine the length of the nonpolya-
denylated transcripts, we used Northern blot analysis to detect
the CAT and GFP RNA species produced during an in vitro
transcription reaction for wild-type GFC/AG and each mutant
virus (Fig. 3A). The same oligonucleotide probes that were
used in the primer extension assay were used to detect either
GFP-specific RNA species (Fig. 3A, top, GFP mRNA only) or
CAT specific species (Fig. 3A, bottom). The CAT-specific
probe also detected the dicistronic GFP-CAT mRNA as well
as the GFC replicative intermediate (Fig. 3A, bottom). The
ratio of full-length CAT mRNA to GFP mRNA was deter-
mined for each mutant (results not shown). The results indi-
cated that the relative level of full-length CAT mRNA ex-
pressed by each mutant corresponded to (i) the amount of
polyadenylated RNA produced during in vitro transcription
and (ii) the amount of stable CAT transcripts isolated from
infected cells in vivo.

Interestingly, smaller CAT RNA species were also detected
for each of the mutants. These truncated products were ap-
proximately 75 to 200 nucleotides long. In accordance with the
primer extension data, the mutations which affected synthesis
of polyadenylated transcripts and not transcript initiation (e.g.,
NT-1C virus and all of the second-position mutant viruses)
synthesized high levels of this truncated CAT mRNA species
(Fig. 3A, lanes 2 and 5 to 7). In contrast, the mutations which
greatly affected transcript initiation (NT-1A and all third-po-
sition mutants) did not generate high levels of this truncated
CAT mRNA (Fig. 3A, lanes 3 and 8 to 10). These results
indicated that some mutations within the CAT gene start se-
quence affect the processivity of the polymerase during in vitro
transcription.

It is possible that the truncated CAT species resulted from
degradation of the full-length mRNA. If so, it might be ex-

pected that oligonucleotide probes complementary to different
regions of the mRNA could recognize these truncated RNAs
equally well. To determine if the heterogeneous populations of
truncated CAT transcripts resulted from random degradation,
total in vitro-synthesized RNA from wild-type GFC/AG and
the NT-1C mutant virus was examined by Northern blot anal-
ysis with three different CAT-specific oligonucleotide probes
that were each complementary to a different region of the CAT
gene (Fig. 3B). The probe that was complementary to nucle-
otides 11 to 41 detected a smear of CAT RNA that contained
shorter RNAs than did the probe that was complementary to
nucleotides 56 to 75, while the probe that was complementary
to nucleotides 247 to 269 did not detect the truncated CAT
species. These results indicated that the truncated species did
not result from random degradation of the CAT transcript in
vitro; however, we cannot exclude the possibility that they
represent specific products arising from 3’-end degradation.
Second, these results showed that the truncated CAT mRNAs
were heterogeneous in size and ranged from approximately 40
to less than 247 nucleotides.

The primer extension data and the Northern blot data both
indicated that the major effect of third-position mutations was
on transcript initiation. These assays were performed with an
oligonucleotide probe that was complementary to nucleotides
56 to 75; therefore, RNA species shorter than 56 to 75 nucle-
otides would not be detected. To ascertain if CAT mRNA was
indeed initiated from the NT3 mutants but was not detected by
the probe, total in vitro-generated RNA from the wild type and
NT3 mutants was hybridized with a labeled oligonucleotide
probe complementary to nucleotides 11 to 41. There was not a
significant increase in the level of the truncated CAT mRNA
when this oligonucleotide was used as a probe (data not
shown). This result suggested that while the NT3 mutants did
produce a small amount of the truncated mRNA species, the
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FIG. 4. Analysis of the cap structure on wild-type (WT) and mutant CAT transcripts. Following in vitro transcription, total RNA was hybridized to end-labeled
oligonucleotides complementary to regions in the GFP mRNA (nucleotides 73 to 94) and CAT mRNA (nucleotides 56 to 75). Following extension with reverse
transcriptase (RNase H-minus), RNA-cDNA hybrids were immunoprecipitated with an antibody that recognized trimethylguanosine. Products from both nonimmu-
noprecipitated (—) and immunoprecipitated (+) samples were resolved on a denaturing 6% polyacrylamide gel.

major effect of the third-position changes was on transcript
initiation.

Mutations in the start sequence inhibit capping or methyl-
ation by the polymerase. In addition to transcription, the poly-
merase is responsible for capping and methylating the 5’ end of
nascent transcripts (17, 19, 31, 35, 39). This capping and meth-
ylation occurs concomitantly during transcription; therefore
the conserved sequences at the start site could potentially serve
as a signal for these processes.

To determine if the nucleotide changes in the CAT start
sequence affected the ability of the polymerase to cap and/or
methylate the nascent CAT transcript, we used a monoclonal
antibody specific for trimethyl guanosine (8). This antibody
also recognizes the methylated cap structure at the 5’ end of
transcripts and can be used to immunoprecipitate capped mR-
NAs. First, total RNA from in vitro transcription reactions
with either wild-type or mutant viruses was used in primer
extension assays with the CAT- and GFP-specific primers de-
scribed above, together with an RNase H-minus reverse tran-
scriptase to prevent degradation of the RNA in the cDNA-
RNA complex. The cDNA-RNA hybrid complexes were then
immunoprecipitated. The products of both nonimmunopre-
cipitated and immunoprecipitated primer extension reactions
were visualized on a sequencing gel (Fig. 4). The GFP mRNA
served as an internal, positive control, since this transcript
should be capped and methylated normally. For the wild-type
virus (lanes 13 and 14 or lanes 15 and 16), the CAT-to-GFP
ratios for both the nonimmunoprecipitated and the immuno-
precipitated cDNAs were similar, indicating that both the GFP
and CAT mRNAs were capped and methylated to the same
extent. However, the relative amounts of CAT transcript that
were immunoprecipitated from the mutants were either signif-
icantly decreased or undetectable (lanes 2, 4, 6, 10, 12, 18, 20,
and 22). These data indicated that the majority of the CAT
transcripts generated in vitro from the mutants were not
capped and/or methylated. Therefore, mutations within the
first 3 nucleotides of the CAT 5’ start sequence affected the
ability of the polymerase to cap and/or methylate the nascent
transcript.

The only exception to the defect in 5’'-end modification was
the NT-2C mutant (lanes 7 and 8). Interestingly, in the non-
immunoprecipitated sample, there were two CAT primer ex-
tension products. One product mapped to the correct 5’ end of
the CAT transcript, and one was 2 nucleotides shorter, sug-
gesting that the polymerase initiated transcription at an alter-
native site. Furthermore, the product that mapped to the cor-
rect 5’ start site was immunoprecipitated (lane 8), while none

of the product that mapped to the alternative start site was
recognized by the anti-cap antibody. For the NT-1C, NT-2A
and NT-2G mutants, which produced low levels of full-length
CAT mRNA as detected by primer extension and Northern
blot analysis, longer exposures indicated that a very small
amount of CAT transcript was also immunoprecipitated. The
data from the NT-2C mutant and the other mutants indicated
that there was a correlation between the ability of the poly-
merase to cap and/or methylate a nascent transcript and the
processivity of the polymerase during synthesis of that tran-
script.

Lack of methylation does not induce premature transcript
termination. It has been well documented in other in vitro
transcription studies that the absence of SAM during VSV in
vitro transcription results in full-length transcripts that are
capped but not methylated (4, 19, 35), suggesting that tran-
scription is not affected by the lack of methylation. To deter-
mine if this result is observed during GFC/AG in vitro tran-
scription, transcripts were generated in vitro in either the
presence or absence of SAM for the wild-type, NT-1C, and
NT-2C viruses. Northern blot analysis with GFP- and CAT-
specific probes showed that full-length GFP and CAT mRNAs
were generated during wild-type GFC/AG transcription in the
absence or presence of SAM (Fig. 5A, lanes 1 and 2). Full-
length GFP mRNAs were also generated in the absence or
presence of SAM during in vitro transcription of the NT-1C
and NT-2C mutant viruses (Fig. 5A, top, lanes 3 to 6); how-
ever, the profile of the CAT transcripts differed slightly be-
tween the transcripts generated in the absence or presence of
SAM. For the NT-1C mutant virus, truncated CAT mRNA was
synthesized in the absence of SAM but full-length CAT mRNA
was undetectable (compare lanes 3 and 4). In contrast, full-
length CAT mRNAs were synthesized from the NT-2C mutant
virus in both the presence and absence of SAM, but very little
truncated CAT mRNA was produced in the absence of SAM
(compare lanes 5 and 6). While the implications of these re-
sults are not known, it is clear that some mutations in the 5’
start sequence have a greater effect on the polymerase in the
absence of a methyl donor during in vitro transcription.

To examine whether the anti-cap antibody recognized un-
methylated transcripts, we used the immunoprecipitation assay
to compare transcripts produced in the presence and absence
of SAM for the wild-type and NT-1C viruses. Figure 5B shows
that transcripts generated from both the wild-type and NT-1C
viruses in the presence of SAM were recognized by the anti-
body (lanes 2 and 4) while transcripts generated in the absence
of SAM were inefficiently immunoprecipitated (lanes 6 and 8).
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FIG. 5. Analysis of transcripts generated in the presence or absence of SAM. (A) Northern blot analysis. Total RNA synthesized in the presence or absence of SAM
was probed essentially as described in the legend to Fig. 3. (B) Immunoprecipitation analysis. Total RNA synthesized in the presence or absence of SAM was hybridized
to end-labeled oligonucleotides complementary to regions in the GFP mRNA (nucleotides 73 to 94) and CAT mRNA (nucleotides 56 to 75). Following extension, the
RNA-cDNA hybrids were immunoprecipitated essentially as described in the legend to Fig. 4. WT, wild type.

As predicted, these data support the conclusion that the H-20
antibody does not bind to unmethylated transcripts but binds
only to capped transcripts.

DISCUSSION

To study the role of the 5’ start sequence during VSV tran-
scription, we used a reverse genetics system in which VSV was
recovered from ¢cDNA as a bipartite virus and one of the
genomes encoded two reporter genes, GFP and CAT. This
bipartite-virus system has several advantages over the other
existing reverse genetic systems. First, this recombinant virus
expresses all of the VSV proteins and does not require helper
VSV proteins to be provided in trans for replication and tran-
scription, as is necessary in the minivirus systems that have
been used previously (5, 6, 22, 47, 48). Therefore, transcription,
replication, and, ultimately, virus propagation are not limited
by the efficiency of plasmid transfections. Second, while the
vaccinia virus-T7 RNA polymerase system is used initially to
recover the virus, the vaccinia virus is removed after the first
passage since GFC/AG is self-propagating. This eliminates po-
tential problems associated with the presence of cytoplasmic
capping enzymes encoded by vaccinia virus, since the activities
of these enzymes may mask the effects of mutations that affect
VSV capping. Third, this system is especially suited for the
analysis of the VSV transcription signals, since mutations can
be made at the GFP-CAT gene junction without affecting the
expression of essential VSV genes. Because high-titer super-
natants and large quantities of the bipartite virus can be pro-
duced and purified, the effect of mutations can easily be ex-
amined both in vivo and in vitro.

The results of this study confirmed our previous conclusions
that the first 3 nucleotides of the 5’ start sequence are critical

for gene expression in vivo. Interestingly, mutations within the
first 3 nucleotides of the start sequence did not always result in
the same phenotype during in vitro transcription. The mutant
viruses examined in this study fell into two groups when the
amount of CAT mRNA generated in vitro was determined.
The primary effect observed for the first group (NT-1G, NT-
1A, and all third-position mutants) was on transcription initi-
ation, since the amount of total CAT transcript generated in
vitro was severely reduced compared to wild-type levels. In
contrast, transcript initiation for the second group (NT-1C and
all second-position mutants) ranged from 50% to near-wild-
type levels. However, the majority of these mRNAs were not
polyadenylated. These data show that the first 3 nucleotides of
the start sequence play a role in transcript initiation as well as
in postinitiation events during in vitro transcription and that
specific nucleotide positions in the 5’ start sequence have dif-
fering effects on these events.

Further characterization of the mutant CAT transcripts
lacking a poly(A) tail revealed that they did not contain the
appropriate 5’ cap structure and were not fully elongated,
suggesting that proper capping and/or methylation is impor-
tant for polymerase processivity. The relative amount of ma-
ture CAT mRNA (i.e., capped, methylated, and polyadenyl-
ated) that was generated in vitro from each of the mutants
correlated with the amount of CAT transcripts produced in
vivo. Therefore, the results of the in vitro transcription assays
probably parallel the transcriptional events that occur in vivo.
For example, we predict that transcripts from the NT-1C and
all NT-2 mutants are initiated in vivo but quickly become
degraded due to the lack of an appropriate cap structure, the
incomplete elongation, and the lack of a poly(A) tail. To our
knowledge, this is the first time that the 5’ start sequence of a
negative-strand RNA virus has been shown to play a role not
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FIG. 6. Processive-elongation and abortive-elongation models. The encapsidated RNA template is shown as a horizontal line. The L and P proteins of the
polymerase complex are represented by the rectangle and oval, respectively. Following transcript initiation, the polymerase generates the appropriate cap structure on
the 5" end of the nascent mRNA, thereby allowing processive elongation. Failure to appropriately modify the 5’ end results in abortive elongation, termination, and

release of a truncated RNA.

only in transcript initiation but also in capping and/or methyl-
ation and polymerase processivity.

The data from our study may also explain the results ob-
tained by Luk et al. (30), who used primer extension assays to
map the start site of the L protein transcript in VSV ;-infected
cells, as well as after transcription in vitro. The G-L intergenic
junction contains an extra 19 nucleotides following the con-
served 3'-GA-5' dinucleotide. Analysis of in vivo-generated
transcripts indicated that only the consensus start sequence
was used, whereas it appeared that in vitro-generated tran-
scripts were initiated at two distinct sites, one following the
intergenic dinucleotide at a nonconsensus start and one at the
consensus start sequence. Data obtained with a GFC/AG virus
that contains this variant intergenic region at the GFP-CAT
gene junction indicated that transcripts that were initiated at a
nonconsensus start sequence during in vitro transcription were
not polyadenylated and were not detected in RNA samples
isolated from infected cells (data not shown). Therefore, we
speculate that during a wild-type VSV, infection, transcripts
are initiated at the nonconsensus start site but they do not have
the appropriate postinitiation modifications and are quickly
degraded.

At this point, we have not been able to definitively deter-
mine whether the nucleotide changes in the 5’ start sequence
affect the addition of the 5'-GpppA cap or if they affect only
methylation. It has been previously documented for wild-type
VSV that full-length, nonmethylated transcripts are synthe-

sized during in vitro transcription reactions in the absence of a
methyl donor (4, 19, 35). We have also shown here that in vitro
transcription of wild-type GFC/AG proceeds normally in the
absence of a methyl donor and that these transcripts are not
efficiently recognized by an antibody specific for trimethyl
guanosine. These data suggest that methylation is not required
for synthesis of mature mRNAs; therefore, we favor the hy-
pothesis that the major defect of the truncated CAT transcripts
is the lack of a 5'-GpppA cap. However, in vitro transcription
of two mutant GFC/AG viruses indicated that in the absence of
a methyl donor, the VSV polymerase synthesizes slightly dif-
ferent amounts of full-length and truncated CAT transcripts.
Possibly the nucleotide change in the 5’ start sequence in
addition to the lack of a methyl donor further affects polymer-
ase processivity. Experiments to determine if these truncated
CAT transcripts are capped but not methylated are under way.

The second defect of these transcripts was that they were not
fully elongated, indicating that mutations in the 5’ start se-
quence also affect the processivity of the polymerase. Whether
this is a direct effect on polymerase processivity or a secondary
effect resulting from incomplete modification of the 5’ end by
capping and/or methylation requires additional research. In-
terestingly, the majority of the truncated CAT transcripts were
heterogeneous in length, from 41 to less than 247 nucleotides,
which corresponds to the first quarter of the CAT gene. These
results suggest that the abortive elongation event probably
occurs within a window and is not a random event occurring at
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all positions along the CAT gene (i.e., truncated transcripts do
not range in size up to the length of the CAT gene). Presum-
ably, transcripts that reach this critical length are completely
elongated and subsequently polyadenylated.

The mechanism by which these mutations affect VSV poly-
merase processivity is not known, but there are various mech-
anisms by which transcriptional elongation is controlled during
prokaryotic, eukaryotic, and viral transcription (52). The oc-
currence of mutations at the 5’ end of nascent VSV transcripts
affecting downstream polymerase processivity is reminiscent of
the Tat-TAR (Tat activation response element) interaction
during human immunodeficiency virus (HIV) transcription.
The interaction of the 5" end of nascent HIV transcripts con-
taining the TAR sequence with the HIV transactivating pro-
tein, Tat, increases polymerase processivity. Mutations in the
TAR sequence alter the interaction with Tat and other cellular
transcription elongation factors and ultimately affect the ability
of the polymerase to efficiently elongate the transcript (26, 28,
29). In another example, the Gre-A and Gre-B proteins have
been shown to stimulate a cleavage reaction in which 2 to 10
nucleotides are removed from the 3’ end of the nascent tran-
script (9). Presumably, this cleavage reaction prevents the for-
mation of arrested transcription complexes and promotes tran-
script elongation (27). For respiratory syncytial virus, it was
recently demonstrated that the M2 (ORF1) protein functions
as a transcription elongation factor during transcription (12).
While regulation of transcriptional elongation to control gene
expression is commonly used, the effects on VSV polymerase
processivity observed in this study are not indicative of a mech-
anism for regulation of transcript levels, since the mutations we
have made have not been found in natural VSV isolates. In-
stead, the mechanism of abortive elongation may have evolved
to prevent the synthesis of mRNAs that have not been properly
modified at the 5" end.

The findings of this study have provided new insights into the
events that occur during VSV transcription initiation and elon-
gation. One of the interesting observations is that the inability
to correctly modify the 5" end of the nascent transcript corre-
lates with an increase in abortive elongation. One possible
model to account for this observation is that following initia-
tion the 5" end of the nascent transcript maintains contact with
the polymerase (Fig. 6). Modification of the 5’ end of the
transcript may occur during transcription of the first 200 nu-
cleotides. Once capping and methylation is completed, the 5’
end of the transcript is released, which may eliminate steric
hindrance or induce a conformational change in the polymer-
ase so that it can proceed along the template. In the start site
mutants, the polymerase does not properly modify the 5’ end
of the nascent transcript, and so the appropriate signals are not
sent, which causes the polymerase to stall and terminate tran-
scription prematurely.

A thorough understanding of the mechanism of VSV tran-
scription requires an understanding of the spatially and tem-
porally connected transcriptional events that occur at the in-
tergenic junctions. Other than the cis-acting signals which
direct these events, there are additional considerations that
must be taken into account when generating models to de-
scribe VSV transcription. For example, how does the polymer-
ase interact with an encapsidated helical template? Recently, it
has been demonstrated that certain genetic elements must be
positioned along the same face of the helical nucleocapsid at
the 3’ end of the paramyxovirus simian virus 5 antigenome to
generate a functional antigenomic promoter (32). Similar re-
sults have also been demonstrated for another paramyxovirus,
Sendai virus, in which a hexamer motif, (GNNNNN),, found at
nucleotides 79 to 96 appears to be critical for both the genome

J. VIROL.

and antigenome promoter function (50). While these results
suggest that the helical nature of the encapsidated template
affects how the polymerase interacts with the genome, the
exact nature of the polymerase interaction with an encapsi-
dated helical template remains very poorly understood. These
studies, in addition to earlier experiments examining leader-
polymerase interactions (23), indicate that the polymerase may
contact a large area of the template and that downstream
transcriptional events could therefore affect upstream events.
The recent evidence that the cellular elongation factor, EF-1,
is required for transcription in vitro (13) and the evidence that
phosphorylation and multimerization states of the P protein
modulate the transcriptional and replicative activities of the
polymerase (33, 36) contribute to the emerging models of
transcription for VSV as well as for other minus-strand RNA
viruses.
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