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Sinefungin (SIN), a natural S-adenosyl-L-methionine analog produced by Streptomyces griseolus, is a potent
inhibitor of methyltransferases. We evaluated the effect of SIN on replication of vesicular stomatitis virus
(VSV), a prototype of the nonsegmented negative-strand RNA viruses. The 241-kDa large polymerase (L)
protein of VSV methylates viral mRNA cap structures at the guanine-N-7 (G-N-7) and ribose-2�-O (2�-O)
positions. By performing transcription reactions in vitro, we show that both methylations are inhibited by SIN
and that methylation was more sensitive at the G-N-7 than at 2�-O position. We further show that SIN inhibited
growth of VSV in cell culture, reducing viral yield by 50-fold and diminishing plaque size. We isolated eight
mutants that were resistant to SIN as judged by their growth characteristics. The SIN-resistant (SINR) viruses
contained mutations in the L gene, the promoter for L gene expression provided by the conserved sequence
elements of the G-L gene junction and the M gene. Five mutations resulted in amino acid substitutions to
conserved regions II/III and VI of the L protein. For each mutant, we examined viral gene expression in cells
and cap methylation in vitro. SINR mutants upregulated RNA synthesis in the presence of SIN, which may be
responsible for their resistance. We also found that some SINR viruses with L gene mutations were defective
in cap methylation in vitro, yet their methylases were less sensitive to SIN inhibition than those of the wild-type
parent. These studies show that the VSV methylases are inhibited by SIN, and they define new regions of L
protein that affect cap methylation. These studies also provide experimental evidence that inhibition of cap
methylases is a potential strategy for development of antiviral therapeutics against nonsegmented negative-
strand RNA viruses.

Vesicular stomatitis virus (VSV), the prototypic Rhabdovirus,
has a nonsegmented negative-sense (nsNS) RNA genome of
11,161 nucleotides (nt). Infection is initiated by delivery into
the host cell cytoplasm of a transcription-competent viral core
(46), comprising the genomic RNA encapsidated by the nu-
cleocapsid (N) protein and associated with the viral polymer-
ase, a complex of the phosphoprotein (P) and the large poly-
merase (L) subunit (17). The genomic RNA is copied by the
input polymerase to yield five capped and methylated mRNAs
that encode the viral N, P, matrix (M), glycoprotein (G), and L
proteins.

Our current understanding of mRNA synthesis in VSV is
summarized as follows. In response to a specific promoter
element (32, 49, 50), the polymerase initiates synthesis at the
start sequence of the first gene (11, 51) to produce the N
mRNA which is modified at its 5� terminus to yield the cap
structure 7mGpppAmpApCpApGpApUpApUpC (2). In re-
sponse to a conserved gene-end sequence the polymerase
polyadenylates and terminates the N mRNA (8). Termination
at the end of the N gene is essential for polymerase to initiate
synthesis at the start of the next gene, to produce the P mRNA
(1, 5). The mRNAs are not synthesized in equimolar quantities

(48); rather, their abundance decreases with the distance be-
tween the gene and the 3� promoter. This gradient of tran-
scription reflects a poorly understood transcriptional attenua-
tion event that is localized to the gene junction regions (27).
The 241-kDa L protein contains the active site for ribonucle-
otide polymerization (44) and is responsible for cotranscrip-
tional formation of the 5�-mRNA cap structure (21–23, 30, 31)
and 3�-poly(A) tail (25). Although the total number of the
genes can vary, this strategy for gene expression is shared
by all viruses in the families Rhabdoviridae, Filoviridae, and
Paramyxoviridae.

The 5�-mRNA cap structure is formed by a series of enzy-
matic reactions, each of which are distinct to those employed
by the host. Specifically, for VSV the 5� pppApApCpApG
must be modified to remove two phosphates to yield a 5�
pApApCpApG which is capped by transfer of GDP to yield the
GpppApApCpApG cap structure (2). This contrasts with cel-
lular capping in which an RNA triphosphatase removes a sin-
gle phosphate and an RNA guanylyltransferase transfers
GMP. The mRNA cap structure is then methylated by methyl-
transferases (MTases) at both guanine-N-7 (G-N-7) and ri-
bose-2�-O (2�-O) positions to yield the 7mGpppAmpApCpApG
cap structure (33). For VSV the two MTase activities use a
single binding site for the methyl donor S-adenosyl-L-methio-
nine (SAM) (31). In contrast, host mRNA cap structures are
methylated by two separate enzymes, first at the G-N-7 posi-
tion and then at the 2�-O position. Although best characterized
for VSV, the unusual capping reactions are conserved among
the nsNS RNA viruses, with the notable exception that some
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Paramyxovirus family members produce mRNAs that lack a
2�-O methyl group (12).

Capping enzymes of many viruses are attractive candidates
for chemotherapeutic intervention, and the methylation en-
zymes are no exception (13). In this regard, many adenosine
analogues have been shown to inhibit the replication of a range
of viruses in cell culture and diminish pathogenesis in small
animal models (15). A proposed mechanism of inhibition me-
diated by such adenosine analogues is through interference
with the host enzyme S-adenosyl homocysteine (SAH) hydro-
lase. SAH hydrolase is critical for converting SAH, the by-
product of SAM-dependent MTases, into homocysteine and
adenosine, and the products of this reaction are inhibitory to
SAH hydrolase. Adenosine analogues such as 3-deazaeplano-
cin-A are potent antiviral agents, and previous work has shown
a correlation between the ability of such analogues to inhibit
SAH hydrolase and VSV replication in cell culture (14).

Sinefungin (SIN) is a natural adenosine analog produced by
Streptomyces griseolus and a known potent inhibitor of MTases.
SIN is structurally related to SAM, except the methyl group
that is donated from SAM is replaced by an amino group in
SIN. Crystal structures of several MTases have been solved in
complex with SIN (42, 43, 52), which binds to a region that
overlaps the SAM binding site. SIN has been shown to have
both antiviral and antifungal properties (18, 35, 37, 41, 52).
Specifically, SIN was shown to inhibit the MTases of Newcastle
disease virus (NDV) and vaccinia virus in vitro, as well as
vaccinia virus plaque formation on L cells (41). While these
experiments demonstrated that viral cap methylation reactions
are inhibited by SIN, resistant mutants were not isolated. In
addition, NDV mRNAs are not 2�-O methylated (12); thus, the
effects of SIN on both cap methylations have not been previ-
ously described for an nsNS RNA virus.

In this report, we show that SIN inhibits the VSV MTases in
vitro, demonstrating that the viral L protein can serve as a
direct target of SIN inhibition. We also show that SIN inhibits
viral growth in cell culture, and we further isolate SIN-resistant
(SINR) mutants. These mutants increased RNA synthesis in
the presence of SIN, suggesting that upregulation of viral gene
expression can lead to resistance. Sequence analysis of the
genomes of resistant mutants identified previously unrecog-
nized regions of the L gene that can impact mRNA cap meth-
ylation. These studies thus show that the inhibition of cap
methylation enzymes of VSV can be used as a strategy to
inhibit viral growth, and they suggest a means by which the
virus can become resistant to such inhibition.

MATERIALS AND METHODS

Isolation of SINR viruses. Vero cells were pretreated with the indicated con-
centration of SIN (Sigma Chemical Co., St Louis, MO) in exogenous medium for
1 h prior to infection with recombinant VSV (rVSV) at a multiplicity of infection
(MOI) of 0.1. Infection was performed in the presence of 2.56 mM SIN, the cell
culture fluids were collected at 20 h postinoculation (hpi), and the viral titer was
determined by plaque assay. SINR mutants were selected by repeated virus
passage in the presence of SIN as follows. Cells were pretreated with 2.56 mM
SIN for 1 h and infected with rVSV at an MOI of 0.01. Individual plaques were
isolated at 36 hpi and used to seed cells for amplification of virus. Virus was
subjected to three further rounds of growth in the presence of 2.56 mM SIN
except that cells were inoculated at an MOI of 0.1, and the cell culture fluids
were collected when a significant cytopathic effect was visualized by microscopy.
The plaque diameter of these passaged variants was measured in the presence
and absence of 2.56 mM SIN to identify mutants that exhibited a growth advan-

tage over the rVSV parent. To confirm that these variants were resistant to SIN,
cells were infected at an MOI of 3.0, and the yield of virus was determined at 24
hpi in the presence and absence of SIN.

Identification of the SINR mutations. The entire genome of the selected
mutants was sequenced. Viral particles were isolated by incubation of the su-
pernatant with IE-2 anti-VSV-G monoclonal antibody (kindly provided by
Isabella Novella) for 1 h at 37°C, and the complex was isolated on protein G-linked
magnetic beads (New England BioLabs, Beverly, MA). Genomic viral RNA was
extracted using the RNAeasy kit (QIAGEN), and nine overlapping fragments
that span the entire genome were produced by reverse transcription-PCR (RT-
PCR) using a one-step RT-PCR kit (QIAGEN). The PCR products were puri-
fied and subsequently sequenced at the DF/HCC DNA Sequencing Facility,
Harvard Medical School. The sequences of the leader and trailer regions were
determined following RNA ligation using T4 RNA ligase (New England Biolabs,
Beverly, MA) and RT-PCR across the ligated junction. PCR products were
cloned into pGEMT (Promega, Madison, WI) prior to sequence determination.
Mutations were identified by alignment with the rVSV sequence using DNAstar
software. Large stocks of the SINR mutants were generated by inoculation of 8
to 10 confluent T150 flasks of BHK-21 cells at an MOI of 0.01. The viral titer was
determined by plaque assay on Vero cells, and the protein content was measured
by use of Bradford reagent (Sigma Chemical Co.). The entire genome of the
purified viruses was sequenced again, and these stocks were used for in vitro
transcription reactions.

Single-cycle growth curves. Confluent BHK cells were infected with individual
viruses at an MOI of 3. After 1 h of adsorption, the inoculum was removed, cells
were washed with Dulbecco’s minimal essential medium (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 the viral titer was determined by plaque assay on
Vero cells.

Analysis of gene expression in cells. At the indicated time postinoculation,
BHK-21 cells were incubated with DMEM containing 10 �g ml�1 actinomycin-D
(act-D). Following 1 h of incubation, the medium was replaced with fresh me-
dium containing act-D and [3H]uridine (30 �Ci ml�1) (Perkin Elmer, Wellesley,
MA). At the indicated time postlabeling, a cytoplasmic extract was prepared, and
RNA was purified following phenol and chloroform extraction as described
previously (38). Purified RNA was analyzed by electrophoresis on acid-agarose
gels (29) and detected by fluorography.

For protein synthesis, at the indicated time postinoculation, cells were washed
with methionine- and cysteine-free medium and incubated with fresh medium
supplemented with act-D (10 �g ml�1). Following 1 h of incubation, the medium
was replaced with free medium supplemented with EasyTag [35S]-Express (40
�Ci ml�1) (Perkin Elmer). Cytoplasmic extracts were prepared and analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). La-
beled proteins were detected either by autoradiography or by using a phosphor-
imager.

Transcription of viral RNA in vitro. Viral RNA was synthesized in vitro as
described previously (6), with minor modifications (51). Purified rVSV (20 �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, UTP) and 25% (vol/vol) rabbit
reticulocyte lysate, which provides additional SAM in the reaction. Where indi-
cated, reaction mixtures were supplemented with 20 �M SAM or SAH or 15 �Ci
of [�-32P]GTP (3,000 Ci mmol�1).

Cap MTase assay. To examine the extent of cap methylation, purified RNAs
were digested with one or more of the following: nuclease P1 (Sigma), tobacco
acid pyrophosphatase (TAP; Epicenter, Madison, WI), RNase T2 (Invitrogen),
and alkaline phosphatase (New England BioLabs). To examine G-N-7 methyl-
ation, in vitro transcription reactions were performed in the presence of
[�-32P]GTP and 20 �M SAM or SAH. To examine 2�-O methylation, in vitro
transcription reactions were performed in the presence of 20 �M [3H]SAM.
Products of RNA synthesis were purified and digested with the appropriate
cocktail of nucleases, and the products were analyzed by thin-layer chromatog-
raphy (TLC) on polyethyleneimine-F (PEI-F) cellulose sheets (EM Biosciences).
Plates were developed using 1.2 M LiCl and dried, and the spots were visualized
using a phosphorimager. The markers 7mGpppA and GpppA (New England
Biolabs, Beverly, MA) and their TAP digestion products were visualized by UV
shadowing at 254 nm.

Primer extension assays. A negative-sense oligonucleotide corresponding to
nucleotides 130 to 115 of the complete VSV genome sequence was end-labeled
using [�-32P]ATP and T4 polynucleotide kinase (Invitrogen, Carlsbad, CA).
The labeled primer was purified away from unincorporated nucleotide using a
QIAquick nucleotide removal kit (QIAGEN, Valencia, CA). Labeled primer
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(0.2 pmol) was annealed with one-twenty-fifth of the total RNA from an in vitro
transcription reaction and extended by Superscript III reverse transcriptase (In-
vitrogen) at 50°C. Products were analyzed by electrophoresis on denaturing 6%
polyacrylamide gels and detected by phosphorimage analysis.

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

RESULTS

SIN inhibits VSV mRNA cap methylation in vitro. SIN, a
natural nucleoside analog isolated from Streptomyces griseolus,
is a structural analog of SAM and a potent inhibitor of
MTases. We examined whether SIN could function as an in-
hibitor of the VSV MTases by measuring the effect of increas-
ing concentrations of SIN on mRNA methylation. Briefly, 20
�g of purified VSV was activated with detergent and incubated
with nucleoside triphosphates supplemented with [�32P]GTP
and 20 �M SAM in the presence of increasing concentrations
of SIN. RNA was extracted and purified as described, and the
extent of G-N-7 methylation was determined by hydrolysis of
the mRNA cap structure with TAP, followed by TLC on PEI-F
cellulose sheets. TAP specifically cleaves the pyrophosphate
bond of the GpppApApCpApG cap structure to yield Gp or, if

the cap structure is methylated, 7mGp. For rVSV, when tran-
scription reactions were performed in the presence of 20 �M
SAM, a single product of TAP cleavage was detected (Fig. 1A,
lane 1). This product comigrated with a 7mGp marker and not
the Gp marker, generated by TAP cleavage of 7mGpppA and
GpppA, respectively, and thus showed that for VSV the cap
structure was fully G-N-7 methylated. Inclusion of SIN in the
transcription reactions led to a dose-dependent inhibition of
G-N-7 methylation (Fig. 1A, lanes 2 to 9) such that at 50 �M
SIN, G-N-7 methylation was negligible (Fig. 1A, lane 8). Quan-
titative analysis of three independent experiments was used to
calculate a 50% inhibitory concentration (IC50) of 2.5 �M SIN
for G-N-7 methylation (Fig. 1A, bottom).

To examine the effect of SIN on 2�-O methylation, transcrip-
tion reactions were performed in vitro in the presence of 20
�M [3H]SAM. RNA was purified and digested with nuclease
P1 prior to analysis by TLC on PEI-F cellulose sheets as de-
scribed in Materials and Methods. Nuclease P1 cleaves the
bond between the 3�-hydroxyl group and the 5�-phosphoryl
group of adjacent nucleosides. Thus, cleavage of VSV mRNAs
by P1 could yield 7mGpppAm, GpppAm, 7mGpppA, or GpppA,
depending on the extent of mRNA cap methylation. For rVSV,
a single product of P1 cleavage was observed, consistent with
the fully methylated cap structure 7mGpppAm (Fig. 1B, lane 1).
Inclusion of SIN in the transcription reactions led to a dose-

FIG. 1. SIN inhibits VSV mRNA cap methylation in vitro. (A) G-N-7 methylation. Viral mRNA was synthesized in vitro in the presence of the
indicated concentration of SIN and 15 �Ci [�32P]GTP. The products were purified, digested with 2 units of TAP, and subjected to TLC on PEI-F
cellulose sheets. The plates were dried, and the spots were visualized using a phosphorimager. The migration of the markers 7mGp and Gp is
shown. Quantitative analysis of results from three independent experiments was used to generate the graph shown (bottom), from which an IC50
for SIN inhibition was calculated. (B) Cap methylation. (Top) RNA was synthesized in the presence of [3H]SAM and the indicated concentration
of SIN, and the products were purified and digested with nuclease P1 prior to TLC on PEI-F cellulose sheets. The plates were dried, and the spots
were visualized by phosphorimage analysis. The migration of the 7mGpppA and GpppA markers is shown. (Middle) RNA from the top panel was
examined by primer extension using a primer designed to anneal to the N mRNA. (Bottom) Quantitative analysis of results from three independent
experiments was used to generate the graph shown, from which an IC50 for SIN was calculated. (C) 2�-O methylation. (Top) RNAs produced as
described for panel B were hydrolyzed with TAP and RNase T2 prior to TLC analysis. The migration of the 7mGp marker is shown, and the
presumed pAmpAp spot is identified. (Bottom) Quantitative analysis used to calculate the IC50 for 2�-O methylation.
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dependent inhibition of both G-N-7 and 2�-O methylation (Fig.
1B, lanes 2 to 9). However, the two methylations were differ-
entially sensitive to SIN inhibition, as shown by the accumula-
tion of the GpppAm form of the cap structure at 1 to 100 �M
SIN (Fig. 1B, lanes 4 to 8). Thus, 2�-O methylation was less
sensitive than G-N-7 methylation to SIN inhibition. Consistent
with the data shown in Fig. 1A, the IC50 for the G-N-7 MTase
was calculated as 2.5 �M SIN. To confirm that approximately
equal quantities of RNA were synthesized in vitro in the pres-
ence of SIN, the samples used for nuclease P1 digestion were
examined by primer extension assay. Irrespective of the quan-
tity of SIN added to the in vitro reaction mixture, approxi-
mately equal amounts of an 80-nt product that corresponded
precisely to the 5� end of the N mRNA were observed (Fig. 1B,
middle). The IC50 for 2�-O methylation was estimated by mea-
suring the total quantity of incorporated [3H]SAM by scintil-
lation counting of the RNA. In the absence of SIN, the cap
structure was fully double methylated, which corresponds to
approximately 27,000 dpm. Half of this, or 13,500 dpm, was
attributed to methylation at the 2�-O position. At concentra-
tions above 10 �M SIN, G-N-7 methylation was negligible (Fig.
1A, bottom). An IC50 for 2�-O methylation can thus be extra-
polated from the concentration of SIN that corresponds to 6,250
dpm (Fig. 1B, bottom), which is approximately 40 �M.

To directly measure the IC50 for 2�-O methylation the
[3H]SAM-labeled RNAs were hydrolyzed by use of RNase T2

and TAP. RNase T2 is an endoribonuclease that cleaves pref-
erentially 3� of A residues, but the phosphodiester bond is
resistant to cleavage if the ribose is 2�-O methylated. Digestion
of the VSV cap structure 7mGpppAmpApCpApG with RNase
T2 should yield 7mGpppAmpAp if the cap structure were fully
methylated, and TAP would digest this to yield 7mGp, pAmpAp,
and Pi. Consistent with this, treatment of the [3H]SAM-labeled
RNAs with TAP and T2 yielded two products, one that comi-
grated with the 7mGp marker and one that was consistent with
pAmpAp (Fig. 1C, lane 1). Increasing the concentration of SIN
from 0.5 to 200 �M diminished both G-N-7 and 2�-O methyl-
ation, with G-N-7 being more sensitive than 2�-O (Fig. 1C,
top). Quantitative analysis showed that the IC50 for G-N-7
methylation was 2.5 �M. To determine the IC50 for 2�-O meth-
ylation, the amount of pAmpAp was plotted versus the con-
centration of SIN (Fig. 1C, bottom). This yielded an IC50 of 32
�M for SIN inhibition of 2�-O methylation. These data thus
demonstrate that the two VSV methylase activities are sensi-
tive to SIN inhibition, and they show that G-N-7 methylation
was more sensitive than the 2�-O methylation.

Effect of SIN on the replication of VSV. Given that SIN
functioned as an inhibitor of VSV mRNA cap methylation in
vitro, we examined its ability to inhibit virus replication in cell
culture. Briefly, rVSV was used to infect BHK cells (MOI � 3)
that were pretreated with increasing amounts of SIN. The titer
of virus was determined by plaque assay on Vero cells, and the
results are depicted in Fig. 2A. The viral yield was reduced in
a dose-dependent manner, with an approximate IC50 of 220
�M. To demonstrate that the effect on virus replication was not
simply a consequence of toxicity of SIN to cells, we evaluated cell
viability by trypan blue exclusion. Following 24 h of incubation,
SIN concentrations of up to 5.12 mM had no significant effect on
cell viability (Fig. 2A). Higher concentrations of SIN resulted in
cell toxicity, with only 63% of the cells being viable at 7.68 mM

SIN (Fig. 2A). These experiments thus show that viral replication
was more sensitive to SIN inhibition than cell viability.

To examine in more detail the effects of SIN on the kinetics
of viral replication, a single-step growth assay was performed
with wild-type VSV in the presence and absence of SIN.
Growth of VSV in the presence of 2.56 mM SIN added to the
exogenous medium resulted in a 50-fold reduction in virus
yield as determined by plaque assay (Fig. 2B). This difference
was statistically significant as judged by a paired Student’s t test
(P � 0.05). These experiments thus show that SIN inhibits the
growth of VSV in cell culture.

Selection of viral mutants that exhibit resistance to SIN.
The quasispecies nature of RNA virus populations suggested
that it might be possible to select for viral mutants that were
resistant to the effects of SIN on viral growth. Consequently,
virus was serially amplified in the presence of 2.56 mM SIN.
Following four passages, the ability of viruses to replicate in
the presence and absence of SIN was examined by measuring
the diameter of 50 viral plaques (Fig. 3A) and also by deter-
mining the viral titer at 24 hpi (Fig. 3B). For rVSV, SIN
significantly diminished viral plaque diameter from 4.2 	 0.5
mm to 3.3 	 0.5 mm at 36 hpi (P � 0.05). Eight viruses that
showed resistance, as judged by the relative plaque diameter in
the presence of SIN, were isolated (Fig. 3A). In the absence of
SIN, the plaque diameter of these mutants was reduced com-
pared to that of rVSV, ranging from 1.2 	 0.4 mm for SINR

mutant 7 (SINR7) to 3.4 	 0.4 mm for SINR1. However, in the
presence of SIN, the plaque diameter was not significantly
altered (P 
 0.05). Consistent with the effect of SIN on viral
plaque diameter, the viral mutants were also resistant to SIN
inhibition as judged by their titers (Fig. 3B). At 24 hpi, rVSV
titers were diminished by 50-fold, whereas the mutants showed
a modest two- to threefold reduction in viral yield (Fig. 3B).
These data thus confirm that the growth of these viruses in cell
culture was resistant to SIN inhibition.

SINR1 accumulated to slightly elevated titers compared with
rVSV, whereas titers of each of the other mutants were similar
or modestly reduced. We thus performed a single-step growth

FIG. 2. SIN inhibits VSV replication in BHK cells in culture.
(A) BHK cells were inoculated with VSV at an MOI of 3 in the
presence of the indicated [SIN], and the viral yield was determined by
plaque assay at 24 hpi. The titer of virus is plotted against the dose of
SIN to generate the curve shown. Cell viability was monitored by
determining the percentage of uninfected cells that excluded trypan
blue following 24 h of incubation with the indicated [SIN]. (B) Single-
step growth assay. BHK cells were infected with VSV at an MOI of 3
in the presence or absence of 2.56 mM SIN, and the viral titer was
determined at the indicated times postinoculation.
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assay for each of the mutants in the absence of SIN (Fig. 3C).
These experiments confirmed that SINR1 grew to elevated
titers compared with rVSV and demonstrated that differences
in the replication kinetics of the other SINR mutants were
modest (Fig. 3C).

Sequence analysis of resistant viruses. To identify the
changes associated with resistance to SIN, the entire genome

of each SINR mutant was amplified by RT-PCR. The sequence of
the resulting cDNA was determined and compared to that of
pVSV1(�), the rVSV parent. The majority of mutations were
within the L gene and its promoter provided by the conserved
sequences at the G-L gene junction. For five viruses, SINR2, -4,
-5, -7, and -8, these mutations resulted in amino acid changes
to conserved regions (CR) II/III and VI of the L protein (Table

FIG. 3. Growth properties of SINR mutants. (A) Plaque morphologies of rVSV and each of the SINR mutants in the presence or absence of
2.56 mM SIN on Vero cells at 36 hpi is shown. The identity of the virus is indicated above the plaques, and the mean diameter (in millimeters 	
standard deviation) is shown below. (B) Effect of SIN on viral yield. BHK cells were inoculated with each of the indicated viruses at an MOI of
3 in the presence or absence of 2.56 mM SIN, and the viral yield was determined at 24 hpi. (C) Single-step growth assay. BHK cells were infected
with virus at an MOI of 3, and the viral titer was determined at the indicated times postinoculation.

TABLE 1. Summary of phenotypic properties of SINR mutants

Virus Mutation Consequence
% Methylationa Avg fold increase in presence of SINb

7 mG 2� mA mRNA Protein Genome

rVSV 97 100 1.1 1.0 1.1
SINR1 U2413C D55G in M protein 96 100 1.7–3.1 1.0–2.8 3.2

U insertion at position 4721 G gene end expanded to U8
SINR2 U9678G K1749T in L protein (CR VI) 30 30 2.3–3.8 1.0–2.7 2.0

U insertion at position 4721 G gene end expanded to U8
SINR3 U insertion at position 4721 G gene end expanded to U8 95 100 1.8–2.7 1.0–1.5 1.5
SINR4 G6200A P490S in L protein (CR II) 96 100 1.5–2.2 1.0–2.3 1.5
SINR5 A6255G M498T in L protein (CR II) 80 83 1.0–1.4 0.9–1.4 1.6
SINR6 C4728A C5A in L gene start sequence 85 88 1.4–1.9 0.9–1.6 1.6
SINR7 A2401C M51R in M protein 38 33 2.6–4.4 0.9–2.4 4.4

A6531G I600T in L protein (CR III)
SINR8 U2413C D55G in M protein 42 42 1.0–1.5 0.8–2.0 1.6

C6755U G675R in L protein (CR III)

a 7 mG, guanine-N-7 methylation; 2� mA, ribose 2�-O methylation.
b mRNA, protein, and genome levels are expressed as the relative amounts observed in cells in the presence of SIN versus the absence of SIN. For mRNA and protein

levels, expression of the N, P, M, G, and L genes varied in the range provided. The absolute amounts are plotted in Fig. 7C (mRNA) and Fig. 8B (protein).
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1). In addition, mutants SINR1 and -8 contained a mutation in
the M gene which resulted in the amino acid change D55G.
Mutant SINR7 also contained a mutation in the M gene that
resulted in the amino acid change M51R.

SINR mutants exhibit defects in mRNA cap methylation. We
and others previously reported that CR VI of the VSV L
protein functions as an mRNA cap MTase (21, 22, 30, 31). We
generated amino acid substitutions to the predicted catalytic
and SAM binding residues and showed that several of these
substitutions resulted in the total inhibition of mRNA cap
methylation in vitro. These recombinant viruses exhibited
growth defects in cell culture, but remarkably some substitu-
tions diminished viral yield by only 1 log compared to rVSV.
These experiments showed that defects in cap methylation
were not lethal to VSV, and so we evaluated the extent of cap
methylation of each SINR mutant. Large stocks of virus were
generated by amplification in the absence of SIN, the virus was
purified, and the sequence was confirmed. RNA was synthe-
sized in vitro in the presence of [�32P]GTP and 20 �M SAM
and purified as described, and the extent of G-N-7 methylation
was determined by hydrolysis of the cap structure with TAP

followed by TLC. For rVSV, when transcription reactions were
performed in the presence of 20 �M SAH, a single product of
TAP cleavage was detected (Fig. 4A, lane 1) that comigrated
with the Gp marker. When reactions were carried out in the
presence of SAM the product of TAP cleavage comigrated
with the 7mGp marker, demonstrating that the cap structure
was fully G-N-7 methylated (Fig. 4A, lane 2). By contrast, five
of the SINR mutants, SINR2 and -5 to -8, showed defects in
G-N-7 methylation (Fig. 4A, lanes 4 and 7 to 10, respectively).
These defects ranged from a modest 15% reduction in G-N-7
for SINR6 to a 70% reduction for SINR2 (Fig. 4A, bottom).

To determine whether the SINR mutants were defective in
2�-O methylation, transcription reactions were performed in
vitro in the presence of 20 �M [3H]SAM. RNA was purified
and digested with nuclease P1 prior to analysis by TLC on
PEI-F cellulose sheets. For rVSV, a single product of P1 cleav-
age was observed, consistent with the fully methylated cap
structure 7mGpppAm (Fig. 4B, lane 2). Each of the SINR

mutants synthesized some fully methylated cap (Fig. 4B, lanes
3 to 10); however, the abundance of the methylated cap struc-
ture was diminished for SINR2 and -5 to -8. To demonstrate

FIG. 4. Effect of SINR mutations on cap methylation in vitro. (A) G-N-7 methylation. (Top) Viral mRNA was synthesized in vitro in the
presence of 15 �Ci [�32P]GTP. The products were purified, digested with 2 units of TAP, and subjected to TLC on PEI-F cellulose sheets. The
plates were dried, and the spots were visualized using a phosphorimager. The migration of the markers 7mGp and Gp is shown. (Bottom)
Quantitative analysis of results from three independent experiments was used to generate the graph shown. (B) Cap methylation. (Top) RNA was
synthesized in the presence of [3H]SAM, and the products were purified and digested with nuclease P1 prior to TLC on PEI-F cellulose sheets.
The plates were dried, and the spots were visualized by phosphorimage analysis. (Middle) RNA from the top panel was examined by primer
extension using a primer designed to anneal to the N mRNA. (Bottom) Quantitative analysis of results from three independent experiments was
used to generate the graph shown. (C) 2�-O methylation. RNAs produced as described for panel B were hydrolyzed with TAP and RNase T2 prior
to TLC analysis. The migration of the 7mGp marker is shown, and the presumed pAmpAp spot is identified. (Bottom) The ratio of G-N-7 and 2�-O
methylation is shown.
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that this decrease in the amount of the double methylated cap
structure was not due to a reduction in mRNA synthesis, the
quantity of N mRNA in each sample was examined by primer
extension assay. For each virus an 80-nt product was detected,
which corresponds to the 5� end of the N mRNA, and quan-
titative analysis showed that the levels were indistinguishable
for each of the SINR viruses (Fig. 4B, middle). To determine
the total extent of mRNA cap methylation, the amount of [3H]
transferred to the mRNAs was measured by scintillation count-
ing, and the number of dpm was normalized to the amount of
RNA synthesized by each virus (Fig. 4B, bottom). These data
showed that the total extent of methylation was diminished for
mutants SINR2 and -5 to -8.

To demonstrate that both methylations were inhibited for
SINR2 and -5 to -8, RNAs synthesized in the presence of
[3H]SAM were purified and hydrolyzed with TAP and RNase
T2 as described previously (30, 31). For rVSV and each of the
SINR mutants, both 7mGp and pAmpAp products were de-
tected (Fig. 4C, lanes 2 to 10). While the absolute abundances
of the 7mGp and pAmpAp products varied between mutants,
quantitative analysis of the ratio of the two products obtained
from three independent experiments was 1:1 (Fig. 4C, bottom).
This is consistent with both G-N-7 and 2�-O methylation being
reduced to the same extent for SINR2 and -5 to -8.

Effect of SIN on cap methylation by SINR mutants. While
some of the SINR mutants were defective in cap methylation,
we hypothesized that the methylation might be more resistant
to SIN. To test this, we performed in vitro transcription reac-
tions in the presence of 0 to 200 �M SIN. To examine G-N-7
methylation, reactions were carried out in the presence of
[�32P]GTP, 20 �M SAM, and the indicated [SIN]. The RNA
was purified as described, the cap structure was hydrolyzed
with TAP, and the products were analyzed by TLC on PEI-F
cellulose sheets (Fig. 5A). These data confirmed that SINR2
and -5 to -8 are defective in G-N-7 methylation compared to
rVSV (Fig. 5A). Quantitative analysis (Fig. 5B) showed that
G-N-7 methylation was more resistant to SIN inhibition for
some mutants. At 2 �M SIN, which is close to the IC50 for
G-N-7 methylation, approximately 55% G-N-7 methylation
was seen for rVSV. In contrast, mutants SINR2, -4, -7, and -8
showed elevated levels of G-N-7 methylation, yielding 85% 	
4%, 78% 	 5%, 69% 	 3%, and 68% 	 3% 7mGp, respec-
tively. Levels of 7mGp were not significantly different between
SINR2 and SINR4 at 2 �M SIN (P 
 0.05). However, at 50 �M
SIN, SINR4 was clearly more resistant, showing 17% 	 3%
compared to 5% 	 1% 7mGp for SINR2 (Fig. 5B). To show
that each of the SINR mutants synthesized equal amounts of
RNA in vitro in the presence of SIN, we examined the RNA
products on acid-agarose urea gels as described previously (29,
30). These data confirmed that even at 50 �M SIN, which was
the highest concentration used in the in vitro synthesis reac-
tions, the products were unaltered (Fig. 5C). These data thus
showed that for SINR2, -4, -7, and -8, G-N-7 methylation was
less sensitive to SIN inhibition than it was for rVSV.

To examine 2�-O methylation, reactions were performed in
the presence of [3H]SAM and the indicated [SIN]. The RNA
was purified as described, the cap structure was hydrolyzed
with nuclease P1, and the products were analyzed by TLC on
PEI-F cellulose sheets (Fig. 6A). Each SINR mutant synthe-
sized equal amounts of mRNA in vitro in the presence of SIN

as shown by measuring N mRNA levels by primer extension
(Fig. 6B). Quantitative analysis of the methylated cap struc-
tures (Fig. 6C) showed that methylation was more resistant to
SIN inhibition for some mutants. In the presence of 200 �M
SIN, SINR4 was the most resistant, showing 25% 	 2% 2�-O
methylation. Levels of 2�-O methylation were undetectable for
all other viruses at 200 �M SIN. In addition, the 2�-O meth-
ylase activities of mutants SINR2, -7, and -8 showed more
modest levels of resistance to SIN, possessing 58% 	 6%, 47% 	
4%, and 49% 	 5% 2�-O methylase activity at 50 �M SIN,

FIG. 5. Effect of SIN on SINR G-N-7 methylation in vitro. (A) TLC
analysis of the TAP cleavage products of mRNA synthesized in the
presence of different concentrations of SIN. An autoradiograph of the
TLC plate is shown, and the virus and the concentration of SIN are
indicated. The migration of 7mGp and Gp markers are shown.
(B) Quantitative analysis of results from three independent experi-
ments was used to generate the graph shown. (C) SIN does not affect
viral RNA synthesis in vitro. RNAs were synthesized in vitro in the
presence of 50 �M SIN and analyzed on acid-agarose gels as described
in the text.
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respectively. This compares with 30% 	 3% for rVSV (Fig.
6C). These data thus show that both the G-N-7 and 2�-O
MTases of some SINR mutants are more resistant to SIN
inhibition than those of rVSV.

SIN leads to increased gene expression for the SINR mu-
tants. The experiments described above showed that several
SINR mutants were defective in cap methylation but that these
methylations were less sensitive to SIN inhibition than those of
rVSV. We anticipated that this might be accompanied by a
change in gene expression in cells that might account for the
growth properties of the SINR mutants. To test this we exam-
ined viral RNA and protein synthesis in infected cells.

To examine RNA synthesis, BHK-21 cells were infected with
either rVSV or the SINR mutants at an MOI of 3, and RNA
was metabolically labeled from 4 to 7 hpi by incorporation of
[3H]uridine in the presence of act-D and, where indicated, 2.56
mM SIN. Total cytoplasmic RNA was extracted, purified, and
analyzed by electrophoresis on acid-agarose urea gels (Fig.
7A). Quantitative analysis of three independent experiments
showed that SINR mutants had a significant increase in the
abundance of the replication products in the presence of SIN.
The amount of genomic RNA was increased 1.5- to 4.4-fold for
each mutant in the presence of SIN compared to the absence
of SIN, and these were significantly different (P � 0.05) from
the 1.1-fold alteration observed for rVSV (Fig. 7B and Table
1). Consistent with this increase in template abundance, the
levels of mRNA were typically increased in the presence of
SIN (Fig. 7C and Table 1). In comparison to rVSV, SINR7
synthesized less RNA (Fig. 7B and C), but treatment of cells
with SIN led to an increase in RNA synthesis by this mutant
(Table 1). Only one mutant, SINR5, did not show a significant
increase in levels of mRNA, despite the increase in template
abundance (Fig. 7C and Table 1). Beyond an overall increase

in RNA levels in the presence of SIN, no other property was
shared by all SINR mutants. For some mutants a readthrough
transcript containing G and L is clearly evident between the L
and V RNAs (Fig. 7A). Although the abundance of this tran-
script varies, this transcript is often seen for rVSV and does not
correlate with the presence of any specific mutation.

To examine protein synthesis, BHK-21 cells were infected
with either rVSV or the indicated SINR mutant at an MOI
of 3, and proteins were labeled by metabolic incorporation of
[35S]methionine from 4 to 7 hpi in the presence or absence of
SIN. Total cytoplasmic proteins were analyzed by SDS-PAGE
and detected by phosphorimage analysis (Fig. 8A). Quantita-
tive analysis of results from three independent experiments
showed that the levels of N protein were relatively unchanged
for each of the mutants, even in the presence of SIN (Fig. 8B).
Mutants SINR2 and -5 to -8 all synthesized less L protein than
rVSV did in the absence of SIN. Four of these mutants, SINR2,
-5, -7, and -8, contained amino acid changes in L (Table 1),
suggesting that these alterations might destabilize L. Intrigu-
ingly, mutant SINR6 contained a single nucleotide change
within the L gene start (Table 1) and produced wild-type levels
of L mRNA (Fig. 7C), suggesting that this mRNA was not
efficiently translated. The levels of other viral proteins varied,
such that increased levels of protein were seen for several of
the SINR mutants in the presence of SIN (Fig. 8 and Table 1).
The most consistent increases were seen for G protein, which
was elevated 1.4- to 2.2-fold, and for L protein, which, with the
exception of SINR5, was elevated 1.3- to 2.8-fold in the pres-
ence of SIN. While variations were seen for the P and M
proteins, these tended to be of smaller magnitude and were not
universal. These data show that the SIN-resistant viruses typ-
ically increased viral protein synthesis in the presence of SIN,

FIG. 6. Effect of SIN on SINR 2�-O methylation. (A) RNAs were synthesized in vitro in the presence of [3H]SAM and the indicated
concentration of SIN. RNAs were hydrolyzed with nuclease P1 and analyzed by TLC. The migration of 7mGpppA and GpppA reference markers
is shown, and the 7mGpppAm and GpppAm products are identified. (B) Primer extension analysis on N mRNA was performed as described in
Materials and Methods. (C) Quantitative analysis of the effect of SIN on the extent of 2�-O methylation. For each mutant, the amount of 2�-O
methylation in the absence of SIN was set at 100%.
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suggesting that increased gene expression may lead to SIN
resistance.

DISCUSSION

We selected eight VSV mutants that were resistant to the
known MTase inhibitor SIN and characterized the properties
of these mutants with regard to growth and gene expression in
cells and RNA synthesis and mRNA cap formation in vitro.

FIG. 7. Viral RNA synthesis in BHK cells. (A) Cells were pre-
treated with SIN and infected at an MOI of 3, and RNAs were labeled
by incorporation of [3H]uridine in the presence of act-D from 4 to 7
hpi as described in the text. Total cytoplasmic RNA was extracted,
resolved by electrophoresis on acid-agarose gels, and visualized by
fluorography. RNA extracted from an equivalent number of cells was
loaded in each lane. The SINR virus and the identity of the viral RNA
species are indicated as follows: V, genomic and antigenomic replica-
tion products; L, G, N, and P/M, mRNA. Note that the P and M
mRNAs comigrate on these gels. (B and C) Quantitative analysis of
the effect of SIN on viral RNA. (B) Replication products. (C) mRNAs.
The abundance of V RNA and each individual mRNA are expressed
relative to those obtained for rVSV in the absence of SIN, and these
values were set at 100% such that the total level of mRNA products for
rVSV was equal to 400%.

FIG. 8. Viral protein synthesis in BHK cells. (A) Cells were pre-
treated with SIN and infected at an MOI of 3, and proteins were
labeled by incorporation of [35S]methionine-cysteine in the presence of
act-D from 4 to 7 hpi as described in the text. Cytoplasmic extracts
were prepared, and proteins were resolved by SDS-PAGE and de-
tected using a phosphorimager. Extract from an equivalent number of
cells was loaded in each lane. The SINR virus and the identity of the
viral proteins are shown. (B) Quantitative analysis of results from three
independent experiments. Bar graph showing each of the viral proteins
represented by the indicated shading as a percentage of protein com-
pared to that synthesized by rVSV in the absence of SIN. Levels of
each protein were set at 100% for rVSV in the absence of SIN, yielding
a total of 500%.
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The mutations detected in the SINR mutants were within the L
gene or its promoter element provided by the conserved 23-nt
sequence of the G-L gene junction or within the M gene. All
SINR mutants synthesized higher levels of viral RNA in cells in
the presence of SIN than in the absence of SIN (Fig. 7B). This
was often accompanied by an increase in viral mRNA and
protein production and likely led to the mutants having an
advantage over the rVSV parent for growth in the presence of
SIN. Several mutants exhibited defects in mRNA cap methyl-
ation in vitro that were accompanied by single-amino-acid sub-
stitutions in conserved regions II/III and VI of the L protein or
by a mutation to the conserved gene start sequence. These
methylations were less sensitive to SIN inhibition, demonstrat-
ing that these mutations decreased the ability of SIN to inter-
fere with methylation. These experiments directly demonstrate
that both VSV MTases are sensitive to SIN inhibition, they
suggest a means by which the virus can acquire resistance to
this inhibitor, they reveal new regions of L protein that can
impact mRNA cap methylation, and they suggest that compo-
nents of the gene start sequence can influence mRNA cap
methylation.

Viral and cellular targets of SIN inhibition. The X-ray crys-
tal structures of several MTases have been solved in complex
with SIN (42, 43, 52). In each of these structures, the binding
site of SIN overlaps that for SAM and SAH, demonstrating
that SIN can directly target these MTases. The MTase activi-
ties of VSV reside within the L gene (23), and genetic and
biochemical evidence suggests that both G-N-7 and 2�-O meth-
ylase activities use a single binding site for SAM (31). The Km

for SAM for 2�-O methylation is 0.2 �M, whereas that for
G-N-7 methylation is 10 �M (47). In the present report, we
have shown that both VSV MTase activities were inhibited by
SIN in vitro and that G-N-7 methylation was more sensitive
than 2�-O methylation, with IC50 values of 2.5 and 32 �M,
respectively. These data are consistent with SIN directly bind-
ing the L protein at the SAM binding site and inhibiting its
MTase activities. Viral mRNA capping enzymes have been
proposed as attractive targets for the development of chemo-
therapeutics (13), and these data support the hypothesis that
SIN can directly target the viral mRNA cap methylation en-
zymes of VSV in vitro.

Previous work with the paramyxovirus NDV showed that the
IC50 for SIN inhibition of G-N-7 methylation was 150 nM (41).
This contrasts with the IC50 of 2.5 �M reported here for VSV
G-N-7 methylation. This may reflect a differential sensitivity of
VSV over NDV to SIN inhibition, but it could also reflect the
different sources of SIN used in these experiments. In addition,
SIN concentrations of 25 �M were toxic to L cells in culture
(41), which markedly contrasts with the 2.56 mM SIN used in
the present study with BHK and Vero cells (Fig. 2A). Whether
this difference in cell toxicity reflects different sources of SIN,
its chemical stability, or cellular uptake is unknown. Despite
these differences our data show that SIN inhibits VSV repli-
cation and that in vitro the viral MTases are targets of SIN
inhibition.

While the target for in vitro SIN inhibition is clear, how SIN
inhibits viral replication in cells was less certain. Previous stud-
ies on SAM analogues, including SIN, have shown their po-
tential to inhibit viral replication in cell culture (18, 41). How-
ever, the host SAH hydrolase, which catalyzes the hydrolysis of

SAH to adenosine and L-homocysteine, will also serve as a
target of SIN inhibition (14). Inhibition of SAH hydrolase
function would perturb the intracellular ratio of SAM to SAH,
which in turn would lead to a reduction of virus replication.
The SINR mutants were selected for their growth properties in
cells in the presence of SIN. Thus, it seems plausible that viral
growth could be impacted by SIN targeting SAH hydrolase
and/or the L protein.

The sequencing of the SINR mutants provides some insight
into the intracellular target of SIN inhibition. All SINR mu-
tants contained mutations in the L gene or key regulatory
elements for L mRNA production, provided by the conserved
cis-acting signals at the G-L gene junction. Three of the mu-
tants, SINR1, -7, and -8, also each contained an M gene mu-
tation. One strategy that might lead to SIN resistance is over-
production of the viral MTase. In the presence of SIN, all
SINR mutants increased genomic RNA synthesis (Fig. 7B), and
consistent with this, mRNA levels were typically increased
(Fig. 7C). However, this was not universal, as SINR5 showed
no increase in mRNA levels, and for SINR8 the increase was
restricted to G and L mRNA (Fig. 7C). For mutants SINR1, -2,
-4, -7, and -8 these changes were accompanied by an increase
in levels of viral protein in the presence of SIN (Fig. 8B).
Although increased viral gene expression is consistent with a
viral protein being a target for SIN inhibition, upregulation of
gene expression is also consistent with compensation for a
perturbation of SAM and SAH levels in the cell, perhaps by
allowing L to compete more effectively for SAM. In either
event, these data suggest that a possible strategy for nsNS
RNA viruses to acquire resistance to methylase inhibitors is to
increase expression of the L protein MTase. Whether this
increased expression is a direct response to SIN inhibiting the
L MTase activities in cells or whether it reflects the fact that
SIN inhibition of SAH hydrolase leads to increased SAH in the
cell is not certain.

Amino acid changes in the L protein that permit the meth-
ylases to use SAM or release SAH more efficiently are a second
potential means by which VSV might acquire resistance to
SIN. Five mutants, SINR2, -4, -5, -7, and -8 contained amino
acid substitutions in the L protein, and for the mutants SINR2,
-4, -7, and -8 these changes were accompanied by a reduction
in the sensitivity of the cap methylases to SIN in vitro (Fig. 5B
and 6C). SINR2 contained an amino acid substitution within
the MTase domain that might directly impact the ability of SIN
to inhibit methylation. However, for SINR4, -5, -7, and -8 the
amino acid changes were present in CR II and III of the L
protein, which are not known to play a direct role in cap
methylation. In the absence of SIN, we observed less L protein
for mutants 2, 5, 7, and 8 compared to rVSV (Fig. 8A). This
suggested that these amino acid substitutions also affect L
protein synthesis or stability, which could impact viral growth,
gene expression, and SIN sensitivity.

Some SINR mutants contained amino acid substitutions in
the M protein, including the D55G substitution found for
SINR1 and -8 and the M51R substitution for SINR7. Amino
acid residues 51 and 55 reside within a nuclear localization
signal for M that spans amino acids 47 to 57 (20, 39). More-
over, a well-characterized temperature-sensitive mutant of
VSV (tsO82) contains the M51R substitution, which results in
defects in the nuclear localization of M (20, 39), host cell
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shutoff (3, 4), and induction of apoptosis (28). However, it
seems unlikely that the M gene mutation is solely responsible
for the phenotype of the SINR1 virus, which also contains an
additional mutation in the G-L gene junction that expands the
U tract of the G gene end from seven to eight residues. SINR3
contains only this latter alteration, and the phenotypic prop-
erties of this mutant are similar to those of SINR1. Neverthe-
less, it would be interesting to determine whether the altered
M proteins are defective in nuclear localization and host cell
shutoff.

Multiple regions of L protein impact mRNA cap methyl-
ation. Previously, CR VI of VSV and Sendai virus (SeV) L
proteins was shown to function in mRNA cap methylation (22,
30, 31, 36). In addition, mutants of VSV that contain amino
acid substitutions in a nonconserved region of the L protein
adjacent to CR VI were found to be defective in mRNA
methylation (21). In the present report we define amino acid
substitutions in CR II/III and VI that affect methylation. The
finding that the amino acid substitution in CR VI, K1749T,
impacts cap methylation was not surprising based on the struc-
ture predictions of CR VI of mononegavirus L proteins (10,
19). While this specific residue is not conserved among nsNS
RNA virus L proteins, it is predicted to occupy a position close
to the SAM binding site of CR VI. It seems plausible that this
substitution could directly impede SIN binding to the SAM
binding site or could impact SAM binding or SAH release and
thus lead to the this mutant having a growth advantage in the
presence of SIN.

In contrast, it seems unlikely that CR II/III directly partici-
pates in the MTase activity; CR III is the core polymerase, and
the primary sequence of region II does not resemble any
known methylases (40). Rather, we propose that these amino
acid substitutions indirectly impact CR VI, inhibiting its dem-
onstrated activity as the viral mRNA cap methylase. Previous
mutational analysis of the L gene of SeV that substituted
clusters of residues within L demonstrated that amino acid
alterations in CR II abolished all RNA synthesis (45). This was
consistent with prior work that suggested that this region of L
may be involved in template binding (34). The substitutions in
CR II of L identified in this study were outside the region
investigated for SeV L and at positions that are not conserved
among nsNS RNA viruses. The suggestion that substitutions in
CR II/III are indirectly impacting the methylation activity of
CR VI is also consistent with the observation that substitutions
in nonconserved regions of L protein can lead to defects in
mRNA cap methylation (21). We interpret these data as illus-
trating that the global architecture of L protein can impact the
mRNA cap-methylating enzymes. Previous work with the
paramyxovirus measles virus demonstrated that the entire se-
quence of enhanced green fluorescent protein could be in-
serted into a “hinge” region between CR V and CR VI of the
L protein (16). The resulting polymerase showed an approxi-
mately twofold reduction in gene expression as assessed by
reporter gene activity, consistent with this recombinant virus
containing modified L gene replicated with delayed kinetics
compared to the wild-type virus. It would be of significant
interest to evaluate the effect of this insertion on mRNA syn-
thesis and cap methylation.

Mutations to conserved cis-acting signals at the G-L gene
junction. Four of the SINR mutants contained mutations at the

G-L gene junction. Among these were C4728A, which altered
the conserved L gene start sequence from UUGUC to UUGUA
in SINR6. This mutant showed a modest (approximately 15%)
reduction in G-N-7 methylation. No other sequence changes
were detected in the viral genome, which suggests that this
reflects a specific defect in methylation of the L mRNA only.
Under the in vitro synthesis conditions used, each of the VSV
mRNAs was generated (Fig. 5C), and previous work with SeV
demonstrated that small RNAs that correspond in sequence to
the 5� ends of the SeV mRNAs were methylated at position
G-N-7 (36). We suggest that there may be a specific sequence
requirement for cap methylation and that substitution C5A of
the conserved gene start sequence inhibits this methylation.
Experiments to evaluate the role of this sequence in each step
of mRNA cap formation are under way.

Three of the SINR mutants, SINR1 to -3, expanded the U7
tract found at the G gene end to U8. This U tract provides the
template on which polymerase stutters to generate the poly-
adenylate tail (7, 8, 26) and plays a second role in signaling
efficient transcription of the downstream gene (24). Using
genomic analogs of VSV, the presence of a U8 tract was shown
to have a negligible effect on termination and polyadenylation
of the upstream gene (9) or efficient transcription of the down-
stream gene (24). While the effect of expanding the U7 tract to
U8 on viral gene expression has not been previously described,
SINR3 contains only this mutation and produced elevated lev-
els of each of the viral RNAs in cells (Fig. 7). We speculate that
this mutation leads to an increase in L expression that subse-
quently enhances all mRNA synthesis.

Prospects for inhibiting nsNS RNA virus methylases. In the
present study, we show that the methylase activities of VSV are
direct targets in vitro for inhibition by SIN, a known potent
methylase inhibitor. We further show that SIN inhibits viral
growth in cell culture. The experiments described here show
that the virus can acquire resistance to SIN inhibition perhaps
by upregulating gene expression in cells, and that such SINR

mutants were readily isolated following four passages of VSV.
However, the resistant mutants showed a reduction in viral
growth as judged by their plaque diameters. While the mutants
have a selective advantage in the presence of SIN, their plaque
morphologies suggest that they are less fit than their wild-type
parent, rVSV.

In summary, we show that a known potent MTase inhibitor
can directly inhibit the MTase activities of VSV and that the
resistance to such an inhibitor is acquired by accumulating
mutations that are frequently associated with increased gene
expression in the presence of the inhibitor. We also show that
substitutions in multiple regions of L can impact viral mRNA
methylation in vitro. The MTase activities of nsNS RNA vi-
ruses are considered attractive targets for antiviral interven-
tion, and these findings are relevant to this objective because
they demonstrate that such inhibitors can directly target the
MTase activities of VSV.
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