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During mRNA synthesis, the polymerase of vesicular stomatitis virus (VSV) copies the genomic RNA to produce
five capped and polyadenylated mRNAs with the 5�-terminal structure 7mGpppAmpApCpApGpNpNpApUpCp. The
5� mRNA processing events are poorly understood but presumably require triphosphatase, guanylyltrans-
ferase, [guanine-N-7]- and [ribose-2�-O]-methyltransferase (MTase) activities. Consistent with a role in
mRNA methylation, conserved domain VI of the 241-kDa large (L) polymerase protein shares sequence
homology with a bacterial [ribose-2�-O]-MTase, FtsJ/RrmJ. In this report, we generated six L gene mutations
to test this homology. Individual substitutions to the predicted MTase active-site residues K1651, D1762,
K1795, and E1833 yielded viruses with pinpoint plaque morphologies and 10- to 1,000-fold replication defects
in single-step growth assays. Consistent with these defects, viral RNA and protein synthesis was diminished.
In contrast, alteration of residue G1674 predicted to bind the methyl donor S-adenosylmethionine did not
significantly perturb viral growth and gene expression. Analysis of the mRNA cap structure revealed that
alterations to the predicted active site residues decreased [guanine-N-7]- and [ribose-2�-O]-MTase activity
below the limit of detection of our assay. In contrast, the alanine substitution at G1674 had no apparent
consequence. These data show that the predicted MTase active-site residues K1651, D1762, K1795, and E1833
within domain VI of the VSV L protein are essential for mRNA cap methylation. A model of mRNA processing
consistent with these data is presented.

Vesicular stomatitis virus (VSV), the prototypic Rhabdovi-
rus, has a nonsegmented negative-sense (nsNS) RNA genome
of 11,161 nucleotides comprising a 50-nucleotide 3� leader
region (Le); five genes that encode the viral nucleocapsid (N)
protein, phosphoprotein (P), matrix (M) protein, attachment
glycoprotein (G) and large polymerase subunit (L), and a
59-nucleotide trailer region (Tr), arranged in the order 3�-Le-
N-P-M-G-L-Tr-5� (1, 3, 4). The viral genomic RNA is encap-
sidated by N protein to form a RNase-resistant ribonucleopro-
tein (RNP) complex that acts as a template for the RNA-
dependent RNA polymerase (RdRP). The viral components of
the RdRP are a monomer of the 241-kDa L protein and a
trimer of the 29-kDa P protein (19). During RNA synthesis,
the RdRP uses the encapsidated genomic RNA as a template
in two distinct reactions: (i) transcription of five mRNAs that
encode the N, P, M, G, and L proteins and (ii) replication to
yield full-length antigenomic and then genomic strands (re-
viewed in reference 66).

During transcription the RdRP sequentially synthesizes five
capped and polyadenylated mRNAs (1, 3, 4). These mRNAs
are not produced in equimolar amounts; rather, their abun-
dance decreases with distance from the 3� end of the template
such that N � P � M � G � L (63). This polarity gradient
reflects a localized transcriptional attenuation at each gene
junction, where 30% of RdRP molecules fail to transcribe the
downstream gene (34). The widely accepted model for mRNA

synthesis is the stop-start model of sequential transcription. In
the original version of this model, polymerase initiates at a
single site on the genome, yielding a leader RNA and, by
sequential reinitiation, the five viral mRNAs. Access of poly-
merase to downstream genes is therefore entirely dependent
upon termination of transcription of the upstream gene
(hence, stop-start). Recent experiments with VSV indicate that
the polymerase molecule that transcribes the leader region
does not proceed to transcribe the N mRNA (12, 46, 67).
Other than this refinement, the stop-start model is well sup-
ported by much experimental evidence (reviewed in reference
66).

The cap structure of nsNS viral mRNAs is formed by a
mechanism that appears unique. For VSV (2), respiratory syn-
cytial virus (7), and spring viremia of carp virus (26), the two
italicized phosphates of the 5�Gppp5�NpNpN triphosphate
bridge have been shown to be derived from a GDP donor. In
contrast, cellular and all other known viral capping reactions
involve GMP transfer (reviewed in reference 24). This differ-
ence, combined with the cytoplasmic location of viral RNA
synthesis, suggested that a viral protein, possibly the L protein
subunit of polymerase, possesses guanylyltransferase activity,
although direct evidence for this is lacking. After capping, the
5� terminus of the nascent transcript is methylated by [guanine-
N-7]- and [ribose-2�-O]-MTases (30, 35, 40, 41, 48–50, 62).
These activities have been mapped to the L gene (30). Recent
work has shown that alteration of amino acid residue D1671
which resides within a predicted S-adenosylmethionine
(SAM)-binding region of L protein inhibited mRNA cap meth-
ylation (25). However, the catalytic residues within the poly-
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merase, the substrate requirements for the reactions, and the
order in which the mRNA processing reactions occur remain
poorly understood.

The nucleotide sequence of 39 nsNS RNA virus genomes
have been determined (http://www.ncbi.nlm.nih.gov/genomes
/VIRUSES/viruses.html). Amino acid sequence alignments be-
tween the L proteins of representative members of each family,
identified six conserved domains numbered I to VI (45). X-ray
crystal structures of representative members of each class of
template-dependent polynucleotide polymerase have been de-
termined. Each contains a catalytic core resembling a cupped
right hand. Within the palm region are the A-B-C-D motifs
found in all polymerases and the E motif, found in RdRPs and
reverse transcriptase. Domain III of the nsNS virus L proteins
contains these A-B-C-D motifs. Consistent with this, domain
III of VSV L was shown to be critical for polymerase activity
(58). Functions have yet to be assigned to the other conserved
domains, although sequence comparisons to FtsJ/RrmJ (Fig.
1), a heat shock methyltransferase of Escherichia coli, suggest
that a region spanning domain VI might function as a [ribose-
2�-O]-methyltransferase (9, 22).

A comprehensive genetic and biochemical analysis of the
conserved domains of the VSV L protein has not been per-
formed. However, studies with the paramyxovirus, Sendai
(SeV), showed that genetic alterations introduced throughout
each of the conserved domains of L protein revealed multiple
defects in a reconstituted RNA synthesis assay (11, 20, 21, 32,
59, 60). These studies did not permit the assignment of specific
functions to conserved domains of L protein. Rather, these
experiments indicated that the global architecture of the SeV L
protein was essential for all polymerase functions. More re-
cently, domains V and VI of the SeV L protein were expressed
independently and shown to retain the ability to methylate

short RNAs that correspond to the 5� end of SeV mRNA (43).
The ability to functionally separate a domain of the SeV L is
consistent with studies of measles virus (MV), in which the
coding sequence of green fluorescent protein was inserted at
two positions within L protein (17). The resulting polymerase
was functional, suggesting that the MV L protein folds and
functions as a series of independent globular domains (17).

In the present study we tested the significance of the homol-
ogy between known [ribose 2�-O]-MTases and a region span-
ning domain VI of L protein (9, 22). Six L gene mutations were
introduced into an infectious cDNA clone of VSV, and recom-
binant viruses were recovered. These viruses exhibited defects
in viral replication as judged by single-step growth curves. By
analysis of the viral mRNA cap structure we demonstrate that
domain VI of the VSV L protein functions as an mRNA cap
methyltransferase and that alteration of residues within the
predicted active-site region diminished both [guanine-N-7] and
[ribose-2�-O] methylation to undetectable levels.

MATERIALS AND METHODS

Plasmid construction and transfection of mammalian cells. The pL plasmid
containing a functional cDNA clone of the VSV L gene was described previously
(56). The coding sequence was modified by site-directed mutagenesis using the
QuikChange methodology (Stratagene, La Jolla, CA). The presence of the de-
sired mutation was confirmed by sequence analysis of a 2-kb region of pL that
spanned from an FseI site at position 9017 to an AgeI site at position 11004
(numbering refers to the complete VSV [Indiana] genome sequence). After
digestion of each pL variant with these restriction enzymes, the resulting 2-kb
fragment was subcloned back into pL digested with FseI and AgeI. This ap-
proach ensured that no other sequence alterations introduced during the mu-
tagenesis reaction were present within the final L gene clone. Using this method,
six L gene mutations were generated (Table 1 and Fig. 1). Plasmids designed to
express the viral N and P proteins, and an infectious cDNA clone of the viral
genome, pVSV1(�), were as described previously (65). Transfection of baby
hamster kidney (BHK-21) cells was performed essentially as described, except

FIG. 1. Amino acid sequence alignments of a region encompassing domain VI of nsNS RNA virus L proteins with the RrmJ heat shock
2�-O-methyltransferase of E. coli. The primary amino acid sequences are shown. The conserved motifs (X and I to VIII) correspond to the
SAM-dependent MTase superfamily (53). Residues modified in the present study are boxed as follows: catalytic (shaded) and SAM binding
(unshaded). Predicted or known alpha-helical regions are shown by the cylinders and the �-sheet regions by the arrows. STR, structure of RrmJ
and predicted structure for the nsNS RNA viruses; EBOM, Ebola virus; BEFV, bovine ephemeral fever virus; VSIV, VSV (Indiana); RABV, rabies
virus; HRSV, human RS virus; SEV, Sendai virus; RRMJ, E. coli heat shock methyltransferase.
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that Lipofectamine 2000 (Invitrogen, Carlsbad, CA) was used as the lipid trans-
fection reagent.

Recovery and purification of recombinant VSV. Selected L gene mutations
were introduced into pVSV1(�) in two steps. First, a 2.5-kb fragment spanning
from the FseI site at 9014 to the HindIII site at 10645 was excised from pL and
inserted into FseI/HindIII-digested pVSV1(�). Second, a 0.8-kb HindIII frag-
ment from pVSV1(�) encoding the 5� terminus of the L gene, the trailer region,
and the hepatitis delta virus ribozyme sequence was then inserted at the unique
HindIII site to generate pVSV1(�) variants designed to have single amino acid
changes within domain VI of L protein. Recombinant VSV was recovered from
cDNA by transfection of BHK-21 cells infected with a recombinant vaccinia virus
(vTF7-3) that expressed T7 RNA polymerase as described previously (23, 65).
Cell culture fluids were collected at 48 to 96 h posttransfection, and recombinant
virus was amplified once in BHK-21 cells. Individual plaques were isolated on
Vero cells, and seed stocks generated by amplification on BHK-21 cells. Large
stocks were then generated by inoculation of 8 to 10 confluent T150 flask
BHK-21 cells at a multiplicity of infection (MOI) of 0.01 in a volume of 1 ml of
Dulbecco modified Eagle medium (DMEM). At 1 h postadsorption, 15 ml of
DMEM (supplemented with 2% fetal bovine serum) was added to the cultures,
and infected cells were incubated at 31°C for 24 to 72 h. When extensive
cytopathic effect (CPE) was observed, cell culture fluids were clarified by cen-
trifugation at 3,000 � g for 5 min. Virus was concentrated by centrifugation at
40,000 � g for 90 min at 4°C in a Ty 50.2 rotor. The pellet was resuspended in
NTE buffer (100 mM NaCl, 10 mM Tris, 1 mM EDTA [pH 7.4]) and further
purified through 10% sucrose NTE by centrifugation at 150,000 � g for 1 h at 4°C
in an SW50.1 rotor. The final pellet was resuspended in 0.1 to 0.3 ml of NTE
buffer. The virus titer was determined by plaque assay on Vero cells, and the
protein content was measured by Bradford reagent (Sigma Chemical Co., St.
Louis, MO). The L genes of the purified viruses were sequenced again, and these
stocks used for in vitro transcription reactions.

Single-cycle growth curves. Confluent BHK-21 cells were infected with indi-
vidual viruses at an MOI of 3. After 1 h of adsorption, the inoculum was
removed, the cells were washed with DMEM, fresh DMEM (supplemented with
2% fetal bovine serum) was added, and infected cells were incubated at 37°C.
Aliquots of the cell culture fluid were removed at the indicated intervals, and
virus titers were determined by plaque assay on Vero cells.

Analysis of protein synthesis. At the indicated time postinfection, cells were
washed with methionine- and cysteine-free (M�C�) media and incubated with
fresh M�C� medium supplemented with actinomycin D (10 �g/ml). After a 1-h
incubation, the medium was replaced with M�C� medium supplemented with
EasyTag [35S]-Express (40 �Ci/ml) (Perkin-Elmer, Wellesley, MA). Cytoplasmic
extracts were prepared and analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) as described previously (65). Labeled proteins
were detected either by autoradiography or by using a phosphorimager.

Analysis of RNA synthesis in cells. At the indicated time postinfection, cells
were incubated with DMEM containing actinomycin D (10 �g/ml). After a 1-h
incubation, the medium was replaced with fresh medium containing actinomycin
D and [3H]uridine (30 �Ci/ml; Moravek Biochemicals, Brea, CA). At the indi-
cated time postlabeling, a cytoplasmic extract was prepared, and RNA was
purified after phenol and chloroform extraction essentially as described previ-
ously (44). Purified RNA was analyzed by electrophoresis on acid-agarose gels
(36) and detected by fluorography.

Transcription of viral RNA in vitro. Viral RNA was synthesized in vitro
essentially as described previously (5) with minor modifications (67). Purified
recombinant VSV (10 �g) was activated by incubation with detergent for 5 min
at room temperature. RNA synthesis reactions were performed in the presence
of nucleoside triphosphates (1 mM ATP and 0.5 mM each of CTP, GTP, and
UTP). Where indicated, reactions were supplemented with 1 mM SAM or

S-adenosylhomocysteine (SAH) or with 15 �Ci of [�-32P]GTP (3,000 Ci/mmol)
or 15 �Ci of [3H]SAM (85 Ci/mmol; Perkin-Elmer, Wellesley, MA).

Cap methyltransferase assay. To examine the extent of cap methylation,
purified RNAs were digested with RNase T2 (Invitrogen) and/or tobacco acid
pyrophosphatase (TAP; Epicenter, Madison, WI), and the products were ana-
lyzed by thin-layer chromatography (TLC) on PEI-F cellulose sheets (EM Bio-
sciences). For examination of guanine-N-7 methylation, in vitro transcription
reactions were performed in the presence of [�-32P]GTP and 1 mM SAM or
SAH. For examination of ribose-2�-O methylation, in vitro transcription reac-
tions were performed in the presence of [3H]SAM. Products of RNA synthesis
were purified, and approximately one-fifth of the reaction was incubated with 2
U of TAP and/or 10 U of RNase T2 according to the manufacturer’s instructions.
After incubation, one-tenth of this reaction was spotted onto a TLC plate, which
was developed using 1.2 M LiCl2. Plates were dried, and the spots visualized by
using a phosphorimager. Markers 7mGpppA and GpppA (New England Biolabs,
Beverly, MA), and their TAP digestion products were visualized by UV shad-
owing at 254 nm.

Quantitative analysis. Quantitative analysis was performed by either densito-
metric scanning of autoradiographs or by using a phosphorimager (GE Health-
care, Typhoon) and ImageQuant TL software (GE Healthcare, Piscataway, NJ).
Statistical analysis was performed on three to five separate experiments, and the
calculated means are shown in each figure, along with the standard deviation.
The significance of the values was determined by a paired Student’s t test.

RESULTS

Amino acid changes to a predicted methyltransferase do-
main within the VSV L protein. The SAM-dependent MTase
superfamily contains a series of conserved motifs (X and I to
VIII) (53). By comparing the amino acid sequence of the
Escherichia coli heat shock-induced methyltransferase RrmJ/
FtsJ with conserved domain VI of the L protein of nsNS RNA
viruses, it was suggested that this region of L protein might
function as a [ribose-2�-O]-MTase (9, 22). These alignments
indicate that residues G1670, G1672, G1674, and D1735 and
residues K1651, D1762, K1795, and E1833 of the VSV L pro-
tein correspond to a SAM-binding motif and catalytic KDKE
tetrad, respectively (Fig. 1).

As a first step to test this prediction, we engineered the L
gene of an infectious cDNA clone of VSV to introduce alanine
substitutions at each of the proposed MTase catalytic residues
K1651, D1762, K1795, and E1833, as well as to one of the
proposed SAM-binding residues, G1674 (Table 1). Based on
the postulated reaction mechanism of RrmJ (8, 27, 28) and
VP39 of vaccinia virus (9, 31), we anticipated that these mu-
tations in the L gene would prevent RNA methylation. Muta-
tional analysis of RrmJ had indicated that the aligned position
equivalent to E1833 played only a minor role in RNA meth-
ylation (8, 27, 28). Consequently, we chose to include a second
substitution at this position E1833Q, in which the size of the
residue was maintained.

Recovery of recombinant viruses with L gene mutations.
Each of the L gene mutations yielded viable recombinant virus;
however, many of these viruses had clear defects in growth
(Fig. 2). After 24 h of incubation, virus G1674A which con-
tained an alteration in the predicted SAM-binding domain
formed plaques that were 4.1 	 0.8 mm in diameter, and this
was indistinguishable from the plaque morphology of rVSV
(4.0 	 0.5 mm). In contrast, alterations to the proposed active-
site residues K1651, D1762, K1795, and E1833 resulted in clear
defects in plaque formation, since each of the viruses formed
only pinpoint plaques. After 48 h of incubation, the average
plaque diameter was 0.9 	 0.2 mm for K1651A, 1.1 	 0.2 mm
for D1762A, 0.7 	 0.1 mm for K1795A, 0.8 	 0.2 mm for

TABLE 1. Amino acid changes introduced into domain VI

Alteration Rationalea

K1651A .....Invariant catalytic residue of motif X; essential in RrmJ
G1674A.....Critical residue of the signature GxGxG SAM-binding motif
D1762A.....Invariant catalytic residue of motif IV
K1795A .....Invariant catalytic residue of motif VI; essential in Rrm J
E1833A .....Invariant catalytic residue of motif VIII; minor role in Rrm J
E1833Q .....Maintain size

a Motifs X, IV, VI, and VIII are highlighted in Fig. 1A and correspond to the
SAM-dependent MTase superfamily (53).
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E1833A, 1.2 	 0.2 mm for E1833Q*, and 1.3 	 0.2 mm for
E1833Q (Fig. 2). These data indicate that the proposed MTase
active site residues are required for efficient viral replication.

The entire L gene of each recombinant virus was amplified
by reverse transcription-PCR, and sequence analysis confirmed
the presence of the desired mutation (Fig. 2 and data not
shown). Viruses G1674A, D1762A, K1795A, and E1833A con-
tained no additional nucleotide changes within the L gene.
Virus K1651A contained an additional change in the complete
VSV genome sequence, A5539G, which was noncoding. In
contrast, virus E1833Q contained four additional nucleotide
changes: G10699A, U10720C, A10739G, and U10850C, of
which A10739G resulted in coding change I2002V. Conse-
quently, we renamed E1833Q to E1833Q* to reflect these

sequence changes and isolated a fresh E1833Q from an inde-
pendent transfection (Fig. 2). Sequence analysis of this second
isolate of E1833Q confirmed that no additional changes were
present within the L gene. The sequence differences in
E1833Q* were detected after completion of the experiments
shown in Fig. 3, as well as Fig. 7 and 8. However, E1833Q
behaved indistinguishably from E1833Q* in its ability to rep-
licate in BHK-21 cells as judged by endpoint titers and in its
ability to plaque on Vero cells (Fig. 2 and Table 2).

To examine the effect of these L gene mutations on viral
growth more specifically, we monitored the kinetics of release
of infectious virus by single-step growth assay. Briefly, BHK-21
cells were infected with each of the indicated recombinants at
an MOI of 3, and viral replication was assessed at time points
from 0 to 48 h postinfection as described in Materials and
Methods. The experiment was performed three independent
times, and the average titer at each time point was plotted to
generate the graph shown (Fig. 3). Recombinant G1674A rep-
licated with almost indistinguishable kinetics to rVSV. At 24 h
postinfection virus titer was 9.6 	 0.6 and 9.7 	 0.3 log10 PFU
ml�1 for G1674A and rVSV, respectively. In contrast, viruses
D1762A, E1833Q, and E1833Q* showed a delay in replication
and reached titers of 8.1 	 0.1, 7.9 	 0.2, and 7.8 	 0.2 log10

PFU ml�1, respectively, at 24 h postinfection. Recombinants
K1651A, K1795A, and E1833A showed the most significant
defect in replication, reaching titers of 6.2 	 0.2, 6.3 	 0.2, and
6.0 	 0.1 log10 PFU ml�1, respectively, at 24 h postinfection.

FIG. 2. Recombinant VSV with mutations in the L gene. The
plaque morphology of each of the recombinant viruses is shown com-
pared to rVSV. Note that plaques of K1651A, D1762A, K1795A,
E1833A, E1833Q*, and E1833Q were developed after 48 h of incuba-
tion compared to rVSV and G1674A, which were developed after 24 h.
Differing dilutions of the small plaque viruses were plated to empha-
size the plaque morphology. The sequence of the modified region for
each mutant virus is shown. Note that the sequence trace shown is
negative sense for K1651A, G1674A, D1762A, and K1795A and pos-
itive sense for E1833A and E1833Q.

FIG. 3. Single-step growth assay of recombinant VSV in BHK-21
cells. Confluent BHK-21 cells were infected with individual viruses at
an MOI of 3. After a 1-h adsorption, the inoculum was removed, the
cells were washed with DMEM, and fresh medium (containing 2%
fetal bovine serum) was added, followed by incubation at 37°C. Sam-
ples of supernatant were harvested at the indicated intervals over a
48-h time period, and the virus titer was determined by plaque assay on
Vero cells. Titers are reported as the mean 	 the standard deviation
among three independent single-step growth experiments.
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These data show that changes to the predicted MTase active-
site residues compromised virus replication resulting in a 10- to
1,000-fold reduction in virus titer at 24 h postinfection,
whereas alteration of the predicted SAM-binding residue had
no detectable effect. These findings correlate well with the
plaque diameter for each of the recombinant viruses (Fig. 2).

Effect of L gene mutations on mRNA cap methylation. To
directly examine whether the alterations in domain VI of L
protein affected mRNA cap methylation, transcription reac-
tions were performed in vitro. Briefly, 10 �g of virus was
activated with detergent and incubated with nucleoside
triphosphates supplemented with [�-32P]GTP as described
above. Total RNA was extracted, purified, and analyzed by
acid-agarose gel electrophoresis as described previously (Fig.
4). With the exception of K1795A and E1833A, the levels of
mRNA synthesis were similar for each virus. Quantitative anal-
ysis showed that K1795A and E1833A synthesized approxi-
mately 40 and 60% of the levels of rVSV mRNA. To compen-
sate for these defects in mRNA synthesis, the amount of virus
used in the in vitro transcription reactions in subsequent ex-
periments was increased 2.5-fold.

TAP specifically cleaves the pyrophosphate bond of the
GpppN cap but does not degrade the mRNA (57). Conse-
quently, cleavage of VSV mRNAs with TAP should yield Gp
or, if the cap structure is methylated, 7mGp. To examine the
extent of [guanine-N-7] methylation of viral mRNA, in vitro
transcription reactions were performed in the presence of
[�-32P]GTP. RNA was extracted, purified, and incubated with
TAP, and the products of cleavage resolved by TLC on PEI-F
cellulose as described in Materials and Methods. For rVSV
when transcription reactions were performed in the presence
of SAH, the by-product formed upon methyl group transfer
from SAM during cap methylation, a single product of TAP
cleavage was detected (Fig. 5A, lane 1). This comigrated with
the Gp marker and not the 7mGp marker generated by TAP
cleavage of GpppA and 7mGpppA, indicating that for rVSV
the cap structure was not methylated in the presence of SAH.
In contrast, TAP cleavage of rVSV mRNA synthesized in the
presence of SAM yielded a major product that comigrated with
the 7mGp marker (Fig. 5A, lane 2).

Quantitative analysis of three independent experiments
showed that 7mGp accounted for 96% of the released cap
structure for G1674A (Fig. 5A, lane 4) and this was essentially

indistinguishable to the observed 97% for rVSV, suggesting
that this predicted SAM-binding residue was not critical for
[guanine-N-7]-MTase activity. In contrast, TAP digestion of
the RNAs synthesized by E1833A showed that approximately
11% of the released cap was of the form 7mGp (Fig. 5A, lane
7). Viruses K1651A, D1762A, K1795A, E1833Q, and E1833Q*
showed essentially no cap methylation, with TAP digestion
yielding �99% Gp (Fig. 5A). These data clearly demonstrate
that each of the alterations to the proposed MTase active-site
residues diminished [guanine-N-7] methylation below the lim-
its of detection of our assay.

RNase T2 is an endoribonuclease that exhibits a preference
for cleavage of phosphodiester bonds on the 3� side of A
residues. Consequently, complete digestion of the VSV mRNA
cap structure 7mGpppAmpApCpApGp with RNase T2 should
yield 7mGpppAm if the cap structure was both [guanine-N-7]
and [ribose-2�-O] methylated. TAP digestion of this product
would yield 7mG and Am. To examine whether the mutations
in the L gene affected [ribose-2�-O] and/or [guanine-N-7]
methylation, transcription reactions were performed in vitro in
the presence of [3H]SAM as a methyl donor as described in
Materials and Methods. RNA was extracted, purified, and in-
cubated with TAP and/or RNase T2, and the products of
cleavage were resolved by TLC on PEI-F cellulose as described
earlier. For rVSV when transcription reactions were per-
formed in the presence of [3H]SAM, a single major product of
RNase T2 cleavage was detected (Fig. 6A, lane 2), and this
product was not observed when reactions were supplemented
with SAH (Fig. 6A, lane 1). Digestion with TAP and RNase T2
resolved this product into two species, 7mGp and Am (Fig. 6A,
lane 10), which were absent when transcription reactions were
performed in the presence of SAH demonstrating that they
were methylated (Fig. 6A, lane 9).

Quantitative analysis demonstrated that alteration of the
predicted SAM-binding residue G1674A did not affect the
abundance of either the 7mG or Am, suggesting that this pre-
dicted SAM-binding residue was not critical for either [gua-
nine-N-7] or [ribose-2�-O] methylation (Fig. 6A, lanes 4 and
12). In contrast, alterations to the predicted catalytic residues
K1651A, D1762A, K1795A, and E1833Q* reduced both [gua-
nine-N-7] and [ribose-2�-O] methylation to the limit of detec-
tion of our assay (Fig. 6A, lanes 11, 13, 14, and 16). Recom-
binant E1833A showed approximately 5% of the activity of

TABLE 2. Summary of phenotypic properties of VSV L gene mutants

Mutant Mean plaque size
(mm) 	 SDa

Titer at 24 h
(log10 PFU/ml)

RNA synthesis
(% rVSV) Protein (% rVSV)c % 7mG % Am

Cells In vitro

rVSV 4.0 	 0.5* 9.7 	 0.3 100 100 100 97 100
K1651A 0.9 	 0.2† 6.2 	 0.2 60–120b 75 100 
1 
1
G1674A 4.1 	 0.8* 9.6 	 0.6 �100 100 100 96 96
D1762A 1.1 	 0.2† 8.1 	 0.1 50 75 40–100* 
1 
1
K1795A 0.7 	 0.2† 6.3 	 0.2 10 40 10† 
1 
1
E1833A 0.8 	 0.2† 6.0 	 0.1 50 60 40–100* 11 5
E1833Q* 1.2 	 0.2† 7.8 	 0.2 50 100 40–100* 
1 
1
E1833Q 1.3 	 0.2† 7.9 	 0.2 NDd 100 ND 
1 
1

a *,Plaque diameter was measured at 24 h postinoculation; †,plaque diameter was measured at 48 h postinoculation.
b The percentage of each mRNA varied: N, 80%; P/M, 60%; G, 80%; and L, 120%.
c *, N, P, and M proteins were 100% of rVSV levels (G, 70%; L, 40%). †, At later times postinfection, the levels of L and G protein were specifically reduced.
d ND, not determined.
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rVSV (Fig. 6A, lane 15). These data clearly demonstrate that
alterations to the predicted [ribose-2�-O]-MTase domain af-
fected both [guanine-N-7] and [ribose 2�-O] methylation.
These data are thus consistent with domain VI of L protein
functioning as an mRNA cap MTase and show that the pre-

dicted active-site residues are critical for mRNA cap methyl-
ation.

Effect of L gene mutations on viral RNA and protein syn-
thesis in infected cells. These experiments demonstrated that
recombinant viruses that contained alterations to the predicted
MTase active-site residues were defective in methylation and
that these defects correlated with diminished replication in cell
culture. We anticipated that these alterations would affect

FIG. 4. Transcription of viral mRNAs in vitro. (A) Transcription
reactions were performed in vitro in the presence of [�-32P]GTP, the
RNA was purified and analyzed by electrophoresis on acid-agarose
gels as described in Materials and Methods. The products were de-
tected by using a phosphorimager. The source of the virus used in the
in vitro transcription reactions is indicated above the gel, and the
identity of the mRNAs is shown on the left. (B) Three independent
experiments were used to generate the quantitative analysis shown.
For each mRNA the mean 	 the standard deviation was expressed as
a percentage of that observed for rVSV.

FIG. 5. Effect of L gene mutations on cap methyltransferase activ-
ity. (A) Viral mRNA was synthesized in vitro as described in the text
in the presence of either 1 mM SAM or SAH and 15 �Ci of
[�-32P]GTP. Purified mRNAs were digested with 2 U of TAP, and the
products were analyzed by TLC on PEI-F cellulose sheets. The plates
were dried, and the spots were visualized by using a phosphorimager.
The identity of the virus is shown at the top of the plate, and the
migration of the markers 7mGp and Gp is shown in the center.
(B) Quantitative analysis was performed on five independent experi-
ments. For each virus the released 7mGp (mean 	 the standard devi-
ation) was expressed as a percentage of the total released cap struc-
ture.
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translation of viral mRNAs, which would lead to a decrease in
RNA replication thus generating fewer templates for mRNA
transcription. To test this, we examined RNA and protein
synthesis in infected cells.

Viral RNA synthesis was examined in infected cells at the
indicated times postinfection. Briefly, BHK-21 cells were in-
fected with each of the indicated recombinants at an MOI of 3,

and RNA was metabolically labeled by incorporation of [3H]uri-
dine for 3 h in the presence of actinomycin D. Total cytoplas-
mic RNA was then purified and analyzed by electrophoresis on
acid-agarose gels (Fig. 7A). Quantitative analysis (Fig. 7B) of
five independent experiments showed that the single amino
acid change to the predicted SAM-binding residue G1674A
had no detectable effect on levels of the viral RNAs (compare
Fig. 7A, lanes 1 and 3). In contrast, individual changes to each
of the proposed catalytic residues K1651, D1762, K1795, and
E1833 affected viral RNA levels (compare Fig. 7A, lanes 1, 2,
4, to 10). For D1762A and E1833A, the observed levels of the
N, P/M, G, and L mRNAs and the genomic replication prod-
ucts (Fig. 7A, band V) were approximately 40 to 50% of those
for rVSV (Fig. 7B). Similar defects were observed for each of
these recombinants when RNA synthesis was examined from 6
to 9 h postinfection (data not shown). For E1833Q*, a similar
reduction in mRNA synthesis was observed, but the reduction
in genome replication was less dramatic in that approximately
75% of the levels of rVSV replication were observed (Fig. 7B).
A more pronounced defect was observed for K1795A, where
levels of mRNA and genomic replication products were 
10%
of those for rVSV (Fig. 7A, lane 8). At later times postinfec-
tion (Fig. 7A, lanes 5, 9, and 10), the levels of K1795A RNAs
were still 
40% of those observed for rVSV at 3 to 6 h
postinfection. Whether these reductions reflect a specific de-
fect in mRNA synthesis that results in a reduction in replica-
tion or a general defect in all RNA synthesis could not be
distinguished by this assay. Recombinant K1651A exhibited a
unique phenotype in that the relative abundance of each of the
mRNAs differed compared to rVSV (Fig. 7A, lane 2). Specif-
ically, the L mRNA was 120%, G and N mRNAs were 80%,
and the P/M mRNAs were 60% of the rVSV levels (Fig. 7B).
Statistical analysis of these data using a paired Student’s t test
demonstrated that the modest difference in the measured val-
ues for G, N, and P/M were indeed significant (P 
 0.05).
Whether these differences in the relative mRNA abundance
reflect an affect of the K1651A alteration on transcriptional
attenuation or the differential stability of the shorter mRNAs
could not be determined by this assay. However, despite this
perturbation in relative mRNA levels, the genomic replication
products were present in approximately equivalent amounts to
rVSV (Fig. 7A, compare product V lanes 1 and 2). These data
demonstrate that changes to the predicted SAM binding resi-
due G1674 had no detectable effect on RNA synthesis,
whereas alterations to the predicted MTase active-site residues
resulted in a defect in viral RNA synthesis. These defects,
however, varied from relatively modest for K1651A, where
levels of P and M mRNA were reduced to 60%, to K1795A,
which decreased all RNA levels to 
10% of those of rVSV.

To examine the effects of these L gene mutations on viral
protein synthesis, cells were infected with each of the recom-
binant viruses, and protein synthesis was examined by meta-
bolic labeling as described. Briefly, BHK-21 cells were infected
at an MOI of 3, and at the indicated time postinfection the
cells were incubated with [35S]methionine-cysteine for 3 h.
After incubation, cytoplasmic extracts were prepared, and total
protein was analyzed by SDS-PAGE (Fig. 8A). Quantitative
analysis (Fig. 8B) of the levels of viral proteins identified three
groups of viruses. Group I included viruses that were similar to
the wild type (G1674A and K1651A), a second group

FIG. 6. Effect of L gene mutations on [ribose-2�-O] methylation.
(A) Viral mRNA was synthesized in vitro as described in the text in the
presence of 15 �Ci of [3H]SAM. Purified mRNAs were digested with
10 U of RNase T2 and/or 2 U of TAP, and the products were analyzed
by TLC on PEI-F cellulose sheets. The plates were dried, and the spots
were visualized by using a phosphorimager. The identity of the virus is
shown at the top of the plate, and the migration of the markers 7mGp
and Gp is shown on the right. (B) Quantitative analysis was performed
on three independent experiments. For each virus the released 7mG
and Am (mean 	 the standard deviation) was expressed as a percent-
age of that observed for rVSV.
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FIG. 7. Effect of L gene mutations on viral RNA synthesis in
BHK-21 cells. (A) BHK-21 cells were infected with the wild-type and
mutant viruses at an MOI of 3. Viral RNAs were labeled with [3H]u-
ridine as described in Materials and Methods, resolved by electro-
phoresis on acid-agarose gels, and visualized by fluorography. RNA
extracted from an equivalent number of cells was loaded in each lane.
For K1795A, viral RNA was labeled with [3H]uridine at 3, 6, 9, and
12 h postinfection. The infecting virus is indicated above the lanes,
along with the time postinfection at which the labeling commenced.
The identity of the RNAs is shown on the left. V, genomic and anti-
genomic replication products; L, G, N, and P/M, mRNA. (B) Autora-
diographs of five independent experiments were scanned and analyzed
as described in Materials and Methods. For each of the resolved RNA
products, the mean 	 the standard deviation was expressed as a per-
centage of that observed for rVSV.

FIG. 8. Effect of L gene mutations on viral protein synthesis in
BHK-21 cells. (A) BHK-21 cells were infected with the wild-type and
mutant viruses at an MOI of 3. Proteins were labeled by incorporation
of [35S]methionine-cysteine in the presence of actinomycin D as de-
scribed in Materials and Methods. Cytoplasmic extracts were pre-
pared, and proteins were analyzed by SDS-PAGE and detected by
using a phosphorimager. Extract from equivalent numbers of cells was
loaded in each lane. For K1795A, viral proteins were labeled either at
3, 6, 9, or 12 h postinfection. The infecting virus is indicated above the
lanes, along with the time postinfection at which the labeling com-
menced. The identity of the proteins is shown on the left. (B) Three
independent experiments were used to generate the quantitative anal-
ysis shown. For each protein the mean 	 the standard deviation was
expressed as a percentage of that observed for rVSV.
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(D1762A, E1833A, and E1833Q*) that showed a specific re-
duction in L protein to approximately 40% and in G protein to
approximately 70% of wild-type levels, and virus K1795A,
which showed a significant delay in protein synthesis and a
specific reduction in L and G protein levels. For each of the
viruses the levels of the L protein correlated well with the
observed levels of L mRNA (compare Fig. 7B and 8B). In
contrast, the levels of N, P, and M protein levels observed for
K1651A, D1762A, E1833A, and E1833Q* were approximately
equivalent to those of rVSV, despite the observed reductions
in the corresponding mRNA levels (Fig. 7B). These data show
that the mutations to the predicted MTase domain of VSV L
affected viral protein levels in infected cells. However, the
RNA synthesis data (Fig. 7B) demonstrate that the major
affect of these mutations was on levels of the viral mRNA.

DISCUSSION

We performed a genetic and biochemical analysis of the
VSV polymerase to determine whether domain VI of L protein
functions as a methyltransferase. We generated six site-di-
rected mutations in the L gene and determined the effect of
these changes on viral growth and gene expression. Individual
amino acid changes to the proposed MTase catalytic residues
decreased levels of viral replication and resulted in defects in
mRNA cap methylation in vitro. In contrast, alteration of a
predicted SAM-binding residue was individually not sufficient
to affect viral replication, or cap methylation (Table 2). These
findings identify a function for domain VI of the VSV L pro-
tein in mRNA cap methylation, and they map amino acid
residues that are important for this activity. Consequently,
these findings have implications for the mechanism of mRNA
processing in VSV and by extrapolation other nsNS RNA
viruses.

Comparison of domain VI of VSV L to other known meth-
yltransferases. Our interest in domain VI of the VSV L pro-
tein stemmed from published sequence alignments and struc-
ture predictions which suggested that this region might adopt
an MTase fold closely resembling that of FtsJ/RrmJ (9, 22), a
heat shock methylase responsible for modification of the
2�-OH of U2552 in E. coli 23S rRNA (8). The 1.5-Å crystal
structure of RrmJ in complex with SAM identified a SAM-
binding region and suggested that the active site of RrmJ was
formed by a catalytic tetrad of residues: K38, D124, K164, and
E199 (8). Site-directed mutagenesis of RrmJ is more consistent
with a catalytic triad of residues K38, D124, and K164, with
E199 playing only a minor role in the methyltransfer reaction
in vivo (27). These results are remarkably similar to the find-
ings reported here, in which we show that alterations to the
VSV L protein at residues K1651, D1762, and K1795 dimin-
ished methylation below the limits of detection of our assay,
whereas a change at E1833 retained partial activity (Fig. 5A
and 6A).

Well-characterized viral mRNA cap MTase’s for which
structural information exists include vaccinia virus VP39 (31),
and the Dengue virus (DEN) nonstructural protein 5 (18). The
structure of the reovirus core demonstrated that the �2 con-
tains two separate MTase domains, but owing to the difficulty
of isolating enzymatically active �2 protein, these activities
have not yet been definitively assigned (10, 47). By extrapola-

tion we suggest that K1651, D1762, K1795, and E1833 of VSV
L protein are equivalent to K41, D138, K175, and E207 of
vaccinia virus VP39 and to K61, D146, K181, and E217 of DEN
NS5. However, it should be cautioned that RrmJ, VP39, and
DEN NS5 function as a [ribose 2�-O]-MTase, whereas in the
experiments described here we observed defects in both [gua-
nine-N-7] and [ribose 2�-O]-MTase activity.

Does domain VI function as a guanine-N-7 or ribose-2�-O
methyltransferase? The experiments described here show that
alterations in the proposed MTase active-site residues affect
both [guanine-N-7] and [ribose 2�-O] methylation. However,
sequence analysis that guided our mutagenesis suggested that
this domain of L functions as a [ribose-2�-O]-MTase (9, 22).
How might we account for this apparent discrepancy? One
possibility is that domain VI functions as both a [ribose-2�-O]-
MTase and a [guanine-N-7]-MTase. We do not favor this ex-
planation, since the chemistry of the two RNA methylation
reactions is quite distinct, as shown by studies with vaccinia
virus where these reactions are carried out by two separate
MTases with different substrate specificities (6, 54). An alter-
native explanation that is consistent with our data is a sequen-
tial model for VSV mRNA cap methylation in which the prod-
uct of one methyltransferase acts as the substrate for the
second. We favor the suggestion that [ribose 2�-O] methylation
is essential for [guanine-N-7] methylation. Such an order of
methylation would contrast with other mRNA cap methylation
reactions in which the capping guanylate is methylated first,
followed by the 2� OH of the ribose. This suggestion is consis-
tent with previous pulse-chase experiments in which 2�-O
methylated cap structures of VSV mRNAs were chased into
fully methylated cap structures at high SAM concentrations in
vitro (62). However, subsequent studies reached different con-
clusions, suggesting that in fact the order of the VSV methyl-
ation reactions was reversed (39) or was not obligatory (29).

Recent studies with SeV support a role for domain VI of L
protein as a [guanine-N-7]-MTase (43). In these experiments,
a fragment of L protein that included domains V and VI was
able to methylate short SeV-specific RNA sequences in vitro at
the [guanine-N-7] position. Although these experiments dem-
onstrated that the C terminus of the SeV L protein has [gua-
nine-N-7]-MTase activity, the role of specific amino acid resi-
dues was not examined. In addition, the short RNA’s were not
2�-O methylated, suggesting that either this “trans-methyla-
tion” assay did not recapitulate all facets of mRNA cap meth-
ylation or that the 2�-O-MTase activity resides elsewhere
within L protein.

Sequence alignments show that domain VI of L protein from
Newcastle disease virus (NDV) contains a clearly identifiable
SAM binding motif, as well as the proposed catalytic K-D-K-E
tetrad. However, NDV mRNAs are not 2�-O methylated (13),
raising the possibility that these residues are conserved be-
cause they are required for [guanine-N-7]-MTase activity.
Close inspection of this region of all nsNS RNA virus poly-
merases shows a difference in the proposed SAM binding re-
gion for the Filoviridae, as well as for the Rubulavirus and
Avulavirus genera of the Paramyxoviridae. Each of these viruses
contains the sequence AxGxG rather than GxGxG within mo-
tif I of the SAM-dependent MTase superfamily (53). It will be
of interest to determine the biologic consequences of this dif-
ference and whether this change is responsible for the lack of
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2�-O methylation in NDV and possibly other nsNS RNA vi-
ruses.

Our finding that amino acid alterations within domain VI
affect mRNA cap methylation is reminiscent of studies of host
range (hr) mutants of VSV. These viruses were competent for
growth in BHK cells or chicken embryo fibroblasts, but were
severely restricted for their growth in many human cell lines
(42). Biochemical characterization of these viruses demon-
strated that hr1 was completely defective for mRNA methyl-
ation in vitro and that hr8 was defective for [guanine-N-7]
methylation (33). To explain the host range of these viruses, it
was suggested that permissive cells might contain high levels of
a cytoplasmic MTase that could overcome a defect in viral
mRNA cap methylation or that the mutations might increase
the Km of the viral MTase for SAM and that permissive cells
contained higher intracellular levels of SAM. Recently, the
sequence of hr1 was determined and shown to contain two
amino acid changes within L protein at N505D and D1671V
(25). The defect in mRNA cap methylation correlated with the
substitution D1671V which resides within the predicted SAM-
binding region of domain VI. It will be of interest to determine
the role of other residues within this predicted SAM binding
region on mRNA methylation and host range.

Viral gene expression. In the present study, we generated a
panel of recombinant viruses with defects in mRNA cap meth-
yltransferase activity in vitro. Although these viruses show de-
fects in growth in cell culture, they indicate that the viral
methyltransferase is not essential for VSV replication. At the
onset of these studies we anticipated that perturbations to cap
methylation would likely be accompanied by alterations in viral
protein synthesis, viral RNA synthesis, and virus titers. Re-
markably, when protein synthesis was examined in BHK-21
cells from 3 to 6 h postinfection, the levels of most viral pro-
teins were similar to those of rVSV, despite clear defects in
viral mRNA synthesis and virus titers observed for several of
the recombinants. These findings suggest that the VSV
mRNAs are synthesized in excess of their requirements for
translation in infected cells and that a twofold reduction in
viral mRNA abundance (as observed for D1762A, E1833A,
and E1833Q) does not result in a similar reduction in viral
protein.

In VSV-infected cells there is a rapid shutoff of host cell
protein synthesis (52, 61, 64). It has been suggested that an
excess of viral mRNAs outcompete cellular mRNAs for trans-
lation (37, 38). However, in subsequent experiments in which
VSV DI particles were used to decrease viral mRNA levels
14-fold, host cell translation was efficiently shut off, suggesting
that this earlier hypothesis was incorrect (55). Rather, viral
infection appears to modulate components of the translation
machinery. Host translation can be restored by supplementing
infected cell extracts with partially purified initiation factors
eIF-2 or eIF-4F (16). Recent work has shown that the eIF-4F
complex is altered in VSV-infected cells, in that eIF-4E is
dephosphorylated and the 4E binding protein (4E-BP1) is ac-
tivated (14). Decreasing the available pool of the cap binding
complex thus contributes to the shut off of host cell translation
in infected cells. In the experiments described here, we found
that L gene mutations that compromise mRNA cap methyl-
ation in vitro do not result in a corresponding reduction in
protein synthesis in infected cells (Fig. 8). This suggests that

the effective recruitment of the translational machinery by a
VSV mRNA may not be entirely dependent upon a fully meth-
ylated mRNA cap structure. However, it should be cautioned
that whereas in the present study we show clear defects in cap
methylation in vitro, we cannot eliminate the possibility that a
cellular MTase promiscuously methylates the viral mRNA in
infected cells and that this might lead to their more efficient
translation. Previous work demonstrated that the VSV mRNA
cap structure 7mGpppAmpApC could be found in the form
7mGpppm6AmpAmpC in infected cells (41). These two addi-
tional methylation events are absent on in vitro-synthesized
mRNA and were thought to be mediated by cellular MTases.
The biologic consequence of these methylations is not under-
stood, but it will be of interest to examine the methylation
status of the mRNA in infected cells.

Viral mRNA abundance. Recombinant K1651A displays an
unusual phenotype in that the levels of each mRNA differed
modestly relative to rVSV: L (120%), G and N (80%), and
P/M (60%). One possible explanation for these data are that
alteration K1651A affects the process of transcriptional atten-
uation; however, the relative abundance of each of the mRNAs
was not altered when the levels of RNA synthesized in vitro
were examined, arguing against this explanation (Fig. 4 and 7).
A second possibility is that the viral mRNAs were less stable
because they were not properly methylated; however, one
would expect to see a similar effect for each of the other viruses
with defects in methylation. Previous experiments with VSV
demonstrated that in vitro transcription reactions performed in
the presence of SAH led to the formation of giant heteroge-
neous poly(A) tails (51). It seems possible that perturbing
methylation might affect mRNA polyadenylation and that this
could differentially affect the stability of the transcripts in in-
fected cells. Perhaps alteration of K1651 results in a subtle
conformational change within L protein such that a domain of
L involved in polyadenylation is impacted. In any event, further
experiments will be necessary to determine the mechanism by
which the relative levels of each of the mRNAs of K1651A are
altered. Such studies might also explain why K1651A exhibits a
1,000-fold defect in viral growth (Fig. 3) and yet has only a
modest defect in viral gene expression.

In summary, we have shown that amino acid changes to a
predicted MTase motif in domain VI of the VSV L protein
disrupt mRNA cap methylation and affect viral replication.
The lack of effective vaccines for many nsNS RNA viruses
combined with the emergence of new nsNS RNA viruses un-
derscores the need to develop effective therapeutics against
this order of viruses. The methyltransferase activities of these
viruses are suggested as attractive targets for the development
of antiviral drugs (15). These studies contribute to such an
objective by defining a region within the VSV L protein against
which such inhibitors might be targeted.
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