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Nitric oxide (NO) may affect the genomes of various pathogens, and this mutagenesis is of particular interest
for viral pathogenesis and evolution. Here, we investigated the effect of NO on viral replication and mutation.
Exogenous or endogenous NO had no apparent antiviral effect on influenza A virus and Sendai virus. The
mutagenic potential of NO was analyzed with Sendai virus fused to a green fluorescent protein (GFP) gene
(GFP-SeV). GFP-SeV was cultured in SW480 cells transfected with a vector expressing inducible NO synthase
(iNOS). The mutation frequency of GFP-SeV was examined by measuring loss of GFP fluorescence of the viral
plaques. GFP-SeV mutation frequency in iNOS-SW480 cells was much higher than that in parent SW480 cells
and was reduced to the level of mutation frequency in the parent cells by treatment with an NO synthase (NOS)
inhibitor. Immunocytochemistry showed generation of more 8-nitroguanosine in iNOS-SW480 cells than in
SW480 cells without iNOS transfection. Authentic 8-nitroguanosine added exogenously to GFP-SeV-infected
CV-1 cells increased the viral mutation frequency. Profiles of the GFP gene mutations induced by 8-ni-
troguanosine appeared to resemble those of mutations occurring in mouse lungs in vivo. A base substitution
that was characteristic of both mutants (those induced by 8-nitroguanosine and those occurring in vivo) was
a C-to-U transition. NO-dependent oxidative stress in iNOS-SW480 cells was also evident. Together, the results
indicate unambiguously that NO has mutagenic potential for RNA viruses such as Sendai virus without
affecting viral replication, possibly via 8-nitroguanosine formation and cellular oxidative stress.

Nitric oxide (NO) is an endogenous inorganic radical exhib-
iting a diverse array of biological functions (32). It has been
implicated in various conditions, including inflammation, neu-
rodegenerative disease, cardiovascular disease, and neoplasia.
Production of NO by the inducible isoform of NO synthase
(iNOS) as a host defense has been observed in most types of
infections caused by pathogens, such as bacteria, protozoa,
fungi, and viruses (2, 27, 34, 37, 38, 52). This NO production
plays a critical role in microbial clearance, especially for bac-
teria (9, 18, 19, 58). However, the contribution of NO to an-
tiviral defense and to viral pathogenesis varies among species
of virus. The role of NO in viral infection is thus not fully
understood.

We have been working for some time on oxygen radical- and
NO-induced viral pathogenesis with several animal models of
infections caused by neurotropic and pneumotropic viruses
such as herpes simplex virus and influenza and Sendai viruses
(2, 3, 7, 40). NO and its reactive derivatives peroxynitrite
(ONOO�) and nitrogen dioxide (NO2) have cytotoxic and
proinflammatory effects (14, 24, 43, 45, 46); in addition, our
recent work has indicated that NO has a unique biological
effect on the genome of both pathogen and host via chemical
modification of nucleic acids (4, 8). This effect was most evi-
dent in our earlier study with a recombinant Sendai virus
(SeV) constructed with a green fluorescent protein (GFP)

gene, GFP-SeV, the gene providing an indication of endoge-
nous mutagenesis of the viral genome. We thus determined
that NO could be a potent mutagen for the RNA virus, such
that the mutation frequency of GFP-SeV was significantly el-
evated as a result of high NO production by iNOS in vivo (4).
More important, our recent work illustrated a unique nucleic
acid modification, i.e., formation of 8-nitroguanosine, brought
about in vivo by NO generated from iNOS, as evidenced by
intense immunostaining in airway epithelial cells in virus-in-
fected tissue (8). In addition, we found that 8-nitroguanosine
has a potent redox-active property involving superoxide anion
radical (O2

��) generation catalyzed by NADPH-cytochrome
P450 reductase (P450 reductase) and various isoforms of NO
synthases (NOSs) (8, 47). These results thus indicate that NO
may affect genomic structure and function via chemical mod-
ification and may cause mutagenesis of various pathogens and
host cells as well.

In the present study, we sought to clarify the role of NO in
viral pathogenesis, with a focus on the mutagenic potential of
NO through 8-nitroguanosine formation. Viral mutation was
examined with the use of GFP-SeV propagated in cells cul-
tured with or without NO. The mutation was quantified on the
basis of phenotypic alteration (loss of GFP fluorescence), as
reported previously (4). To further explore the molecular
mechanisms of NO-induced mutagenesis, the formation and
mutagenic potential of 8-nitroguanosine were examined with
an antibody specific for 8-nitroguanosine. We thus clearly dem-
onstrated that NO has potent mutagenic activity, without ap-
parent antiviral effect, possibly via formation of 8-ni-
troguanosine.

* Corresponding author. Mailing address: Department of Microbi-
ology, Graduate School of Medical Sciences, Kumamoto University,
Kumamoto 860-8556, Japan. Phone: 81-96-373-5100. Fax: 81-96-362-
8362. E-mail: takakaik@gpo.kumamoto-u.ac.jp.

8709



MATERIALS AND METHODS

Viruses and virus assay. Influenza virus A/Kumamoto/Y5/67(H2N2) and SeV
strain Z were used to examine the effect of NO on viral replication in Madin-
Darby canine kidney (MDCK) cells in culture. Virus yield for each cell culture
was quantified by means of the plaque-forming assay; MDCK cells were used for
influenza virus, and CV-1 cells were used for SeV cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Invitrogen Corp., Carlsbad, Calif.) plus 0.2%
bovine serum albumin (BSA; Sigma-Aldrich Fine Chemicals, St. Louis, Mo.), as
described previously (6). GFP-SeV prepared as described earlier (4) was used for
the viral mutation assay.

Treatment of cells with NO donors. MDCK cell monolayers were inoculated
with either influenza virus or SeV at a multiplicity of infection of 3.0 PFU per
cell. At 1, 12, 24, and 36 h after starting the culture of virus-infected cells in
DMEM containing 0.2% BSA, various concentrations of the NO donors S-
nitrosoglutathione (GS-NO) and S-nitroso-N-acetyl-D,L-penicillamine (SNAP)
were added to the culture. At different time points after infection, the yield of
virus in the culture supernatant was assessed by use of the plaque-forming assay
just mentioned. In some experiments, the MDCK cells were infected with influ-
enza virus or SeV at a multiplicity of infection of 0.01 or 0.1 PFU per cell,
followed by incubation in DMEM plus 0.2% BSA containing 0.5 �g of trypsin
(Sigma-Aldrich) per ml for 2 days. At 1, 12, 24, and 36 h after virus inoculation,
SNAP was added to the cultures at a final concentration of 0.1 mM. Under these
conditions, the half-life of the NO donors added to cultures of infected cells was
2.5 h and 4.0 h for GS-NO and SNAP, respectively, as assessed by high-perfor-
mance liquid chromatography coupled with flow reactor analysis, which we
reported earlier (5).

Virus culture in iNOS-transfected cells. The growth of virus was also exam-
ined with a cell line expressing iNOS. Cells stably expressing iNOS were obtained
with a human adenocarcinoma cell line, SW480, after transfection with plasmid
pSK(�)/CMV containing a rat iNOS gene as reported earlier (1). Briefly, SW480
cells were transfected with the iNOS expression vector by the calcium phosphate
coprecipitation method, and selection was accomplished by culturing the cells
with 800 �g of G418 (Invitrogen) per ml for more than 2 weeks. A clone of
SW480 cells expressing iNOS (iNOS-SW480 cells), which showed positive stain-
ing for NADPH diaphorase activity, was used for virus culture. In addition,
cellular expression of iNOS was verified by Western blotting for iNOS protein,
and the activity of the enzyme was confirmed by measuring nitrite and nitrate
(NO2

� and NO3
�) in the culture supernatant of the cells, as reported previously

(5).
Peritoneal exudate cells (PEC) (macrophages) served as the positive control

for iNOS expression. PEC were obtained by peritoneal lavage of mice 4 days
after administration of OK-432 as described previously (41). Cell lysates (25 �g
of protein for SW480 cells and iNOS-SW480 cells and 10 �g of protein for PEC)
were used for Western blotting. The iNOS-SW480 cells were infected with
influenza virus or SeV at a multiplicity of infection of 3.0 PFU per cell, and virus
yield was quantified at various time points after virus inoculation as described
above. The effect of NO produced from iNOS on viral replication in the cells was
examined by inhibiting cellular NOS activity with the NOS inhibitor N�-mono-
methyl-L-arginine (L-NMMA). Specifically, after virus inoculation, infected cells
were cultured in DMEM plus 0.2% BSA with or without 1.0 or 10 mM L-NMMA,
and the production of virus was assessed as just mentioned. The effect of iNOS
expression on growth of virus was also investigated by comparing growth of virus
in iNOS-SW480 cells and their parent SW480 cells that had no iNOS expression
after viral infection, as described above.

Viral mutation assay. The mutagenic potential of NO for SeV was analyzed by
assessing mutation of GFP-SeV according to a method described earlier (4).
Monolayers of iNOS-SW480 cells or parent SW480 cells were inoculated with
recombinant GFP-SeV at a multiplicity of infection of 3.0 PFU per cell, followed
by culture in DMEM plus 0.2% BSA with or without L-NMMA at a concentra-
tion of 1.0 or 10 mM. The culture supernatant obtained 48 h after infection was
then subjected to the viral mutation assay. Similarly, mutation of GFP-SeV was
examined after multiple-cycle replications of GFP-SeV in iNOS-SW480 and
parent SW480 cells. Monolayers of each cell line inoculated with GFP-SeV at a
multiplicity of infection of 0.1 PFU per cell were cultured in the presence of 0.5
�g of trypsin per ml for 72 h, and the mutation frequency of virus produced in
the culture was analyzed.

In these assays, the mutation frequency of GFP-SeV was determined by count-
ing the number of fluorescence-negative viral plaques among the fluorescence-
positive plaques formed after GFP-SeV replication. The plaques were formed on
monolayers of CV-1 cells overlaid with 0.4% agarose containing 0.5 �g of trypsin
per ml in DMEM plus 0.2% BSA. Mutations were identified and quantified via

hemadsorption and fluorescence. More than 1,000 plaques were assessed for
each determination obtained by this mutation assay.

In some experiments, GFP-SeV was cultured in CV-1 cells in the same manner
as for culture in iNOS-SW480 or SW480 cells as just described except that cells
were grown in various concentrations of authentic 8-nitroguanosine, which was
synthesized and purified as described elsewhere (8).

Sequence analysis for GFP-SeV mutants found in vitro and in vivo. GFP-SeV
mutants were isolated and cloned by obtaining a single plaque that had formed
on the CV-1 cell monolayer, as reported previously (4). Briefly, fluorescence-
negative plaques formed with culture supernatant of GFP-SeV-infected CV-1
cells with or without 8-nitroguanosine (500 �M) were isolated, and suspensions
of virus derived from these plaques were then inoculated onto other cultures of
CV-1 cells. After 48 h of culture in DMEM plus 0.2% BSA with 0.5 �g of trypsin
per ml, total RNA extracted from the infected cells was subjected to reverse
transcription-PCR (RT-PCR) with the following oligonucleotide primers: sense
22-mer, 5�-TGAGCAAGGGCGAGGAGCTGTT-3�; and antisense 23-mer, 5�-
TACAGCTCGTCCATGCCGAGAGT-3�. The 712-bp GFP cDNA fragments
thus obtained were ligated to the PCR4-TOPO cloning vector (Invitrogen).

Initial transformation was carried out with Escherichia coli DH5�, and the
cDNA sequence was determined by a dideoxy method with a DNA sequencer
(model 373A; Applied Biosystems, Foster City, Calif.) with a BigDye Terminator
v1.1 cycle sequencing kit (Applied Biosystems). To investigate GFP mutation
generated in vivo, C57BL/6 mice (4 weeks old; male) were infected with GFP-
SeV by inhalation of a viral suspension at twice the 50% lethal dose, as described
elsewhere (4). On day 7 after the infection, GFP-SeV in infected lungs were
isolated by the plaque-forming assay with CV-1 cells. Fluorescence-negative
plaques were analyzed further for the nucleotide sequence of GFP mutants as
just described.

Analysis of mutation frequency of both the endogenous viral gene and the GFP
insert gene. To confirm that NO affects not only the GFP gene exogenously
inserted but also the endogenous genes in SeV, we compared the frequencies of
NO-induced GFP mutation and mutation of the gene encoding the F protein,
which is critical for internalization of SeV into host cells. F protein fusion activity
occurs via proteolytic processing by trypsin-like proteases (31). Because the
susceptibility of the F protein to proteases is determined by the amino acid
sequence at the cleavage site of the protein (49), alteration of coding for bases
around the cleavage site, which results in a change in the sensitivity of the F
protein to these enzymes, allowed us to select different protease-sensitive mu-
tants.

For example, an amino acid change at the P1 site of the F protein (Arg-166-
Ile) occurs via point mutation of the nucleotide at position 347 (C to A [negative
sense]), the result being a chymotrypsin-sensitive SeV mutant. Thus, the muta-
tion frequency of the SeV F protein gene can be estimated by selecting chymo-
trypsin-sensitive SeV mutants after culture of virus-infected cells in the presence
of chymotrypsin. To do this, wild-type SeV that was produced by reverse genetics
without GFP insertion and GFP-SeV were treated for 2.5 min with peroxynitrite
via a constant flux system to maintain an effective concentration of peroxynitrite
of 0.8 �M in the reaction mixture, as described earlier (4). Both SeV strains
(each at 107 PFU/ml) were treated with peroxynitrite under the same constant
flux reaction conditions.

We chose peroxynitrite because it is the most important NO derivative that
seems to be a major contributor to NO-induced mutagenesis, as reported earlier
(2, 8, 42), and we can directly determine its effect on viral genes, including those
encoding GFP and F protein, under consistent and well-defined reaction condi-
tions.

After peroxynitrite treatment of GFP-SeV, aliquots of the reaction mixture
were inoculated onto CV-1 cells. The viral plaques that formed were analyzed,
and the mutation frequency of GFP was quantified as described above. Similarly,
SeV treated with peroxynitrite was inoculated onto a CV-1 cell monolayer,
followed by plaque formation in an agarose-overlaid culture containing 2.0 �g of
chymotrypsin per ml, as reported earlier (4). The mutation frequency of F
protein was then determined by counting the number of chymotrypsin-sensitive
SeV plaques. We also determined the number of trypsin-sensitive plaques that
had formed on a CV-1 cell monolayer overlaid with trypsin-containing agarose in
the same manner as for the GFP-SeV plaque-forming assay.

The genetic basis of the F protein mutation was verified by sequence analysis
of F protein cDNA obtained by RT-PCR, as was done for the GFP cDNA
sequence analysis mentioned above. Briefly, after chymotrypsin-sensitive SeV
mutants were cloned by use of a single plaque, they were cultured again in CV-1
cells in DMEM plus 0.2% BSA with 2.0 �g of chymotrypsin per ml. The total
RNA extracted from the infected cells was then subjected to RT-PCR with the
following oligonucleotide primers: sense 24-mer, 5�-AAGATAGCTGGATCCC
ACGAATCG-3�; and antisense 30-mer, 5�-AGGCTTTGATGAGCGCTATGT
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CTCTTTTGG-3�. A 334-bp F protein cDNA fragment including the coding
region for the amino acid sequence of the protease cleavage site was thereby
obtained. The sequence of the F protein cDNA fragment was determined in the
same manner as for the GFP cDNA.

Identification of NO-induced nucleoside modification. The effect of NO on
nucleic acid was examined by identifying a chemical modification of guanosine,
nitration, induced by NO. We recently developed a mouse monoclonal antibody
for 8-nitroguanosine according to the standard protocol described earlier (57).
BDF1 mice (SLC, Inc., Shizuoka, Japan) were immunized by intraperitoneal
injection of an 8-nitroguanosine-BSA conjugate, which was prepared as de-
scribed elsewhere (8), plus Freund’s complete adjuvant, followed by injection of
antigen with Freund’s incomplete adjuvant. After the antibody titer in the blood
increased, the spleen was harvested for preparation of splenocytes, which were
then fused with murine myeloma cells (SP2/0) for hybridoma production. Cell
fusion was performed with polyethylene glycol, and hybridomas were selected by
incubation in hypoxanthine, aminopterin, and thymidine medium. Hybridomas
were screened with an enzyme-linked immunosorbent assay (ELISA) and sub-
sequently cloned by limited dilution. The specificity of the monoclonal antibody
finally obtained was confirmed by a competitive ELISA, which showed that the
antibody reacted with 8-nitroguanosine and 8-nitroguanine, but not with other
endogenous nucleosides and nucleotides or with related compounds, including
guanine, guanosine, 8-oxoguanine, 8-oxoguanosine, 8-bromoguanine, 8-bromo-
guanosine, 8-chloroguanine, xanthine, adenine, adenosine, thymine, deoxythy-
midine, uracil, uridine, 3-nitrotyrosine, nitroimidazole, and cytosine.

8-Nitroguanosine formation in iNOS-SW480 cells was thus detected by immu-
nocytochemical analysis with the monoclonal 8-nitroguanosine antibody. Briefly,
iNOS-SW480 cells and their parent SW480 cells cultured in DMEM plus 10%
fetal bovine serum were fixed by the method of Zamboni and colleagues (59).
After cells were treated with a blocking reagent (BlockAce; Dainippon Pharma-
ceuticals Co., Ltd., Osaka, Japan), they were reacted overnight with 10 �g of
anti-8-nitroguanosine antibody per ml, followed by reaction with Cy3-labeled
secondary antibody (Amersham Biosciences Corp., Piscataway, N.J.). Bound
antibody was visualized by fluorescence microscopy.

Analysis for oxidative stress caused by NO and 8-nitroguanosine. Oxidative
stress occurring in iNOS-SW480 cells was analyzed by means of a flow cytometer
(FACSCalibur; Becton Dickinson Immunocytometry System, San Jose, Calif.),
with dihydrorhodamine 123 as a fluorescent indicator of the intracellular per-
oxidation reaction as described previously (25). iNOS-SW480 cells were incu-
bated with 2.5 �M dihydrorhodamine 123 (Sigma-Aldrich) in the presence or
absence of 1 mM L-NMMA in Krebs-Ringer phosphate buffer (KRP, pH 7.4)
containing 0.2% BSA and 1 mM L-arginine for 6 h at 37°C. After the cells were
washed twice with KRP, they were analyzed by flow cytometry for intracellular
oxidation of dihydrorhodamine 123. Similarly, intracellular peroxidation of di-
hydrorhodamine was examined with CV-1 cells after treatment with 8-ni-
troguanosine in KRP containing 0.2% BSA for 12 h.

Statistical analysis. All data are expressed as means � standard error. Statis-
tical differences were determined by the unpaired t test.

RESULTS

No inhibitory effect of NO on viral replication in cultured
cells. To see whether NO affects viral replication, SeV (Z
strain) and influenza virus were grown in MDCK cells in cul-
ture in the presence and absence of the NO donors SNAP and
GS-NO. No appreciable effect was observed for yields of SeV
and influenza virus throughout the course of infection when
infected cells were treated with repeated additions, at 12-h
intervals, of 0.01 or 0.1 mM GS-NO or SNAP (Fig. 1A to D).
Physiological concentrations of NO were released, as assessed
by the presence of oxidized metabolites of NO nitrite and
nitrate (data not shown). Although viral propagation was
slightly attenuated by the 1.0 mM concentration of the NO
donors, such a high concentration is not biologically relevant,
and in fact microscopic observation of treated cells revealed
nonspecific cytotoxicity. We also examined the effects of
GS-NO and SNAP (each at 0.01 and 0.1 mM) when added to
the cultures at 1, 6, 12, and 24 h (6-h intervals) after viral
inoculation on growth of SeV and influenza virus (data not

shown). The replication of the viruses was not affected by
treatment with these NO donors. Moreover, no appreciable
suppressive effects of SNAP were observed in multicycle rep-
lications of SeV and influenza virus (Fig. 1E and F).

The effect of NO on viral replication was also investigated
with NO formed endogenously by iNOS-SW480 cells, a trans-
fected cell line stably expressing iNOS, in which a significant
amount of NO is constantly produced by the cells (Fig. 2A and
B). After the iNOS-SW480 cells were infected with SeV, the
time profile of viral production was monitored in the presence
or absence of L-NMMA. No appreciable difference was found
in virus yield between the groups cultured with L-NMMA (1
and 10 mM) and the controls (Fig. 2C). L-NMMA almost
completely inhibited NO synthesis in virus-infected cells, how-
ever (Fig. 2B). Similar results were observed with influenza
virus propagated in iNOS-SW480 cells endogenously forming
NO. As shown in Fig. 2C, the same level of SeV growth was
observed in iNOS-SW480 cells and their parent cells after
infection. Because parent SW480 cells did not express a mea-
surable level of iNOS, as determined by Western blotting (Fig.
2A), neither NO formation nor iNOS expression suppressed
viral replication in these cells. These data thus indicate that
replication of SeV and influenza virus in the cells is not af-
fected by NO regardless of the origin of NO.

Viral mutation enhanced by NO. We further explored the
mutagenic potential of NO for SeV by use of the mutagenesis
assay with GFP-SeV. After GFP-SeV was cultured in iNOS-
SW480 cells with or without L-NMMA for 48 h, the virus in the
culture supernatant was subjected to analysis for mutation of
the GFP gene. As illustrated in Fig. 3A, the mutation fre-
quency in iNOS-SW480 cells was markedly attenuated by treat-
ment with 1 and 10 mM L-NMMA without affecting viral
growth in the cells (Fig. 3B). In fact, this treatment reduced the
mutation frequency of GFP-SeV to a level similar to that found
for the parent SW480 cells. When the GFP-SeV-infected cells
were incubated with D-NMMA, which is an enantiomer of
L-NMMA without NOS-inhibitory activity, no significant
change in the mutation frequency of GFP-SeV compared with
the control was obtained.

An important finding was a clearly enhanced mutation fre-
quency of GFP-SeV for virus propagated after multicycle rep-
lication in iNOS-SW480 cells (Fig. 3C). The increase in mutation
frequency of GFP-SeV was threefold (0.6% in iNOS-SW480
cells versus 0.2% in SW480 cells or L-NMMA-treated iNOS-
SW480 cells) after single-step replication (Fig. 3A). The mu-
tation frequency increase was even greater (increased almost
10-fold) after multicycle replication: 2.3% in iNOS-SW480
cells versus 0.25 and 0.27% in SW480 cells and L-NMMA-
treated iNOS-SW480 cells, respectively (Fig. 3C). Viral prop-
agation in these multicycle replications in iNOS-SW480 cells
with or without L-NMMA and in parent SW480 cells did not
differ (Fig. 3D). These findings strongly suggest that SeV mu-
tation is greatly enhanced by the presence of NO during viral
replication.

It was quite important to determine whether NO could affect
viral function via induction of mutation in endogenous RNA
genes of the virus as well as mutation of the GFP insert.
Alteration of the phenotype of the RNA viruses would serve as
evidence of this effect. Thus, we compared the frequency of
peroxynitrite-induced GFP mutation with the mutation fre-
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quency of the gene encoding the F protein, which is critical for
internalization of SeV into host cells. The mutation frequency
of the SeV F protein gene was estimated by selecting a chy-
motrypsin-sensitive SeV mutant. In this mutant, F protein can
be proteolytically activated by chymotrypsin so as to obtain
membrane fusion activity, which confers viral infectivity. Fur-
thermore, to confirm the genetic basis of this chymotrypsin-
sensitive mutation of F protein, the sequence of the F protein
gene of the virus clone selected was analyzed, and only the
clone having a point mutation at nucleotide 347 was consid-
ered to be the chymotrypsin-sensitive mutant.

As shown in Table 1, when SeV was treated in vitro with 0.8
�M peroxynitrite (the concentration maintained in a constant-
flux system) for 2.5 min, the frequency of generation of chy-
motrypsin-sensitive SeV mutants was 8.3 � 10�5. The back-
ground value for the same mutation of SeV without
peroxynitrite treatment was 4.7 � 10�7. Thus, the mutation
rate at a single nucleotide position of F protein (C347A),
which increased after peroxynitrite treatment of GFP-SeV, was
8.2 � 10�5 (8.3 � 10�5 � 4.7 � 10�7). To compare the
nucleotide-based mutations of the GFP and F protein genes,
the mutation rate per nucleotide for the GFP gene was deter-
mined: if it is assumed that nucleotide substitution occurs at a

similar rate for each nucleotide of the GFP gene, the mutation
frequency per nucleotide of the GFP gene is given by the
formula GFP gene mutation frequency � [(number of nucle-
otide substitutions in mutant GFP genes)/(number of virus
clones sequenced) � (nucleotide number of GFP gene)].

For example, the GFP gene (712 bases) in GFP-SeV was
sequenced for 32 clones of GFP-SeV mutants that had oc-
curred spontaneously and existed before peroxynitrite treat-
ment, and 75 nucleotide substitutions were found. A similar
sequence analysis performed for the GFP gene in GFP-SeV
mutants generated by peroxynitrite treatment showed 94 nu-
cleotide substitutions among 25 clones. The background value
of GFP gene mutations in GFP-SeV, as evidenced by loss of
fluorescence, was 2.6 � 10�3, which increased to 1.6 � 10�2

after peroxynitrite treatment. The mutation frequencies of the
GFP gene per nucleotide for the spontaneous (background)
and peroxynitrite-induced mutations were thus calculated to be
8.6 � 10�6 and 8.5 � 10�5, respectively (Table 1). For com-
parison of mutation rates per nucleotide of the GFP and F
protein genes that were obtained after peroxynitrite treatment,
the value of the background mutation frequency per nucleo-
tide for the GFP gene was subtracted from the value of the
mutation frequency induced by peroxynitrite. A similar muta-

FIG. 1. Effects of NO formed from GS-NO and SNAP on propagation of SeV and influenza virus. (A to D) After MDCK monolayers were
inoculated with influenza virus or SeV at a multiplicity of infection of 3.0 PFU per cell, infected cells were incubated in DMEM containing 0.2%
BSA and various concentrations of the NO donors GS-NO and SNAP. (E and F) MDCK cells were infected with SeV or influenza virus at a
multiplicity of infection (MOI) of 0.1 or 0.01 PFU per cell, followed by culture with 0.1 mM SNAP as just described. At different time points after
infection, the yield of virus in culture supernatants was assessed by use of the plaque-forming assay. Data are means � standard error (n 	 3).
See text for details.
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tion rate for the F protein and GFP genes was obtained, 8.2 �
10�5 for the F protein gene versus 7.6 � 10�5 for the GFP
gene. This finding supports the proposal that the RNA muta-
tion occurred at the same rate in both the GFP and endoge-
nous viral genes. In addition, it confirmed the reliability and
validity of our GFP-related SeV mutation assay for general
analysis of NO-induced mutagenesis in RNA viruses.

NO-induced 8-nitroguanosine formation and mutagenic po-
tential. To analyze the molecular mechanism of NO-depen-
dent mutagenesis of SeV, chemical modification of nucleic
acids was examined with a focus on guanosine nitration, i.e.,
formation of 8-nitroguanosine (Fig. 4). We recently reported
that guanosine nitration occurs in vivo in influenza virus- and
SeV-induced pneumonia in mice via excessive formation of
NO (8), which was clearly identified by use of a specific poly-
clonal antibody against 8-nitroguanosine. Here, we used an
immunocytochemical method with a monoclonal 8-ni-
troguanosine antibody to investigate NO-dependent 8-ni-
troguanosine formation in iNOS-SW480 cells. As shown in Fig.
4, iNOS-SW480 cells showed much more intense immuno-
staining than the parent cells. This result indicates that greater
nucleic acid nitration occurred in the iNOS-SW480 cells than
in SW480 cells, which correlates well with the increased viral
mutation frequency seen with iNOS-SW480 cells (Fig. 3).

We also found, in a separate analysis by confocal laser scan-
ning microscopy, that the 8-nitroguanosine was localized
mainly in the cytosol of iNOS-SW480 cells (data not shown).
This result is consistent with our earlier observation showing a

similar intracellular localization in bronchial epithelial cells of
influenza virus-infected mouse lungs (8). This cytoplasmic lo-
calization of 8-nitroguanosine may be explained by the follow-
ing: the 8-nitroguanine moiety in deoxyguanosine, which is
formed in DNA, is unstable and undergoes spontaneous de-
purination to produce an apurinic site in DNA (56). Thus,
8-nitroguanine (8-nitrodeoxyguanine) does not accumulate in
DNA in an amount sufficient to be detected by our immuno-
histochemical analysis; cytosol 8-nitroguanosine, however, is
stably formed in the nucleotide pool and RNA in the cytosol of
the cells, as reported earlier (8).

More important, we now verified that 8-nitroguanosine is
mutagenic for GFP-SeV (Fig. 5). When GFP-SeV was cultured
in CV-1 cells in the presence of various concentrations of
8-nitroguanosine, the mutation frequency of the progeny virus
was markedly elevated in a concentration-dependent fashion.
The increased frequency mutation became apparent at a con-
centration of 250 �M and was further augmented at 500 �M
8-nitroguanosine. In a separate experiment with a murine mac-
rophage cell line expressing iNOS, the intracellular concentra-
tion of 8-nitroguanosine, which was quantified by a competitive
ELISA, was found to be higher than 100 �M (unpublished
observation). No cytotoxic effect on GFP-SeV-infected cells
was observed, at least with the concentrations of 8-ni-
troguanosine used in this study. Also, the virus yield among the
experimental groups of virus-infected cells was not significantly
different with or without 8-nitroguanosine. It is therefore con-

FIG. 2. Effect of endogenous NO on SeV replication in cultured cells. A cell line stably expressing iNOS (iNOS-SW480 cells) was established.
iNOS protein expression and NO overproduction were confirmed by Western blotting (A) and by assay for nitrite (NO2

�) and nitrate (NO3
�)

formed in the supernatant of the cell culture (B). PEC, mouse peritoneal exudate cells, which served as a positive control for iNOS expression.
(C) The effect of an NOS inhibitor (L-NMMA) on SeV replication in iNOS-SW480 cells is shown. iNOS-SW480 cells and parent SW480 cells served
as controls for iNOS- and NO-producing and nonproducing cells, respectively. iNOS-SW480 and SW480 cells were infected with SeV at a
multiplicity of infection of 3.0 PFU per cell, and the yield of virus in the culture supernatant was quantified by means of the plaque-forming assay.
Data are means � standard error (n 	 3). See text for details.

VOL. 78, 2004 NO-INDUCED VIRAL MUTATION 8713



ceivable that physiologically relevant concentrations of 8-ni-
troguanosine enhanced the mutation of GFP-SeV in the cells.

Mutation spectra of GFP-SeV mutants obtained from cells
treated with 8-nitroguanosine or untreated and of mutants
obtained from virus-infected lungs. The GFP genes inserted
into various GFP-SeV mutants were sequenced, and mutation
spectra of different groups were compared: GFP-SeV mutants
occurring spontaneously in CV-1 cells without the use of 8-ni-

troguanosine; GFP-SeV mutants obtained with 8-nitroguanosine-
treated CV-1 cells; and GFP-SeV mutants obtained from
mouse lungs in vivo. No deletions or insertions were found in
the mutant GFP gene, and all mutants contained point muta-
tions. As summarized in Table 2, the A-to-G transition was
frequently observed in all groups of GFP-SeV mutants and was
predominant in the spontaneously occurring GFP-SeV mu-
tants. This finding is consistent with our earlier results (4). The

FIG. 3. Mutation frequency (A and C) and virus yield (B and D) in iNOS-SW480 cells and parent SW480 cells with or without L-NMMA and
D-NMMA. The mutagenic potential of NO for SeV was determined by analysis of the mutation of GFP-SeV. (A and B) Monolayers of
iNOS-SW480 cells were inoculated with GFP-SeV at a multiplicity of infection of 3.0 PFU per cell, followed by culture with or without L-NMMA
or D-NMMA. The culture supernatant obtained 48 h after infection was used for determination of viral mutation by the mutation assay (A). The
virus yield in the same samples used for the mutation assay is shown in B. (C and D) Monolayers of iNOS-SW480 cells and SW480 cells were
inoculated with GFP-SeV at a multiplicity of infection of 0.1 PFU per cell (multicycle replications). After 72 h of culture of the infected cells with
or without L-NMMA, the mutation frequency (C) and virus yield (D) were assessed in the same manner as in A and B. Control, iNOS-SW480 cells
without L-NMMA; L-NMMA (1.0 or 10 mM), iNOS-SW480 cells treated with 1.0 or 10 mM L-NMMA; D-NMMA, iNOS-SW480 cells treated with
10 mM D-NMMA. Data are means � standard error of four independent experiments (
1,000 plaques counted/assay); *, P � 0.05, and **, P �
0.01 versus the control and the D-NMMA-treated cells. See text for details.

TABLE 1. Comparison of mutation rates of GFP and F protein genes in SeVa

Gene

Frequency of base substitutions Mutation rate per nucleotide
generated by peroxynitrite

treatment (B � A)
Control,

background (A)
Peroxynitrite-induced

mutants (B)

F protein (C347A) 4.7 � 10�7 8.3 � 10�5 8.2 � 10�5

GFP 8.6 � 10�6 8.5 � 10�5 7.6 � 10�5

a Values for F protein gene are means of three or four different determinations. The mutation frequency of the GFP gene was obtained from three different
determinations in which more than 105 plaques were formed and used for cloning fluorescence- negative GFP-SeV mutants. The frequency per nucleotide was then
obtained by the formula described in the text.
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present analysis found another predominant point mutation,
i.e., a C-to-U transition, especially in GFP-SeV mutants gen-
erated in CV-1 cells treated with 8-nitroguanosine and in
mouse lung tissues infected with GFP-SeV. Because the fre-
quency of C-to-U substitution was much lower in mutants
occurring spontaneously in CV-1 cells than in other groups,
this point mutation seems to be relatively characteristic of GFP
gene mutation induced by 8-nitroguanosine and that occurring

in vivo. G-specific mutation was not evident in any group of
GFP-SeV mutants, although a relatively high incidence of G-
to-A substitutions was observed in GFP-SeV mutants recov-
ered from infected mouse lungs in vivo.

Cellular oxidative stress induced by NO and 8-nitroguanosine.
It is now well documented that excessive NO production
causes oxidative stress via the formation of reactive nitrogen

FIG. 4. Increased formation of 8-nitroguanosine in iNOS-SW480 cells. 8-Nitroguanosine formation in iNOS-SW480 cells was identified by
immunocytochemical analysis with the monoclonal 8-nitroguanosine antibody. After iNOS-SW480 cells and their parent SW480 cells cultured in
DMEM plus 10% fetal bovine serum were fixed and blocked, they were reacted overnight with 10 �g of anti-8-nitroguanosine antibody per ml,
followed by reaction with Cy3-labeled secondary antibody. The antibody bound on the cells was visualized by fluorescence microscopy. The reaction
for generation of 8-nitroguanosine appears below the fluorescent images.

FIG. 5. Effect of 8-nitroguanosine on mutation frequency of GFP-
SeV replicated in CV-1 cells. GFP-SeV was cultured in CV-1 cells in
the same manner as for the culture with iNOS-SW480 cells described
for Fig. 3 except that GFP-SeV was allowed to propagate in the cells
in the presence of various concentrations of authentic 8-nitroguano-
sine. Data are means � standard error of four independent experi-
ments (
1,000 plaques counted/assay); *, P � 0.05 versus the control
without 8-nitroguanosine. See text for details.

TABLE 2. Mutation of GFP genes in various GFP-SeV mutants

Change

No. and frequency (%) of base substitutions

Mutants from
8-nitroguanosine-

treated cells
(35 clones)

Mutants from
lungs in vivo
(29 clones)

Spontaneous
mutants

(32 clones)

Transition
A3G 27 (40.9) 9 (17.0) 45 (60.0)
G3A 1 (1.5) 10 (18.9) 8 (10.7)
U3C 12 (18.2) 9 (17.0) 8 (10.7)
C3U 18 (27.3) 16 (30.2) 3 (4.0)
Subtotal 58 (87.9) 44 (83.0) 64 (85.3)

Transversion
A3U 7 (10.6) 1 (1.9) 5 (6.7)
A3C 0 0 2 (2.7)
G3U 0 1 (1.9) 0
G3C 0 1 (1.9) 0
U3A 1 (1.5) 1 (1.9) 2 (2.7)
U3G 0 2 (3.8) 2 (2.7)
C3A 0 2 (3.8) 0
C3G 0 1 (1.9) 0
Subtotal 8 (12.1) 9 (17.0) 11 (14.7)

Total 66 (100) 53 (100) 75 (100)
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oxides such as peroxynitrite and nitrogen dioxide. Because
oxidative stress is thought to be involved in mutagenesis oc-
curring during infection and inflammation, the oxidative stress
induced by NO in iNOS-SW480 cells was analyzed by flow
cytometric measurement of the intensity of fluorescence
caused by oxidation of dihydrorhodamine 123. As demon-
strated in Fig. 6A, the level of fluorescence intensity was re-
duced significantly by treatment with L-NMMA; the mean flu-
orescence intensity for iNOS-SW480 cells without L-NMMA
treatment was 26.7 � 0.42, whereas that with L-NMMA treat-
ment was 12.5 � 0.16 (n 	 3, P � 0.001). This result suggests
that excessive production of NO from iNOS induced oxidative
stress in the iNOS-SW480 cells.

Although the change in CV-1 cells was not as marked as the
change in iNOS-SW480 cells, the intensity of fluorescence re-

lated to dihydrorhodamine oxidation occurring in CV-1 cells
was significantly elevated by 8-nitroguanosine added exog-
enously to the cell culture (Fig. 6B). Mean fluorescence inten-
sities for control CV-1 cells and for cells treated with 8-ni-
troguanosine were 8.4 � 0.06 and 10.2 � 0.17, respectively
(n 	 3, P � 0.001). This result, as well as the immunocyto-
chemistry result shown in Fig. 4, indicates that enhanced oxi-
dative stress caused by NO production in iNOS-SW480 cells
may be attributable, at least in part, to 8-nitroguanosine for-
mation.

DISCUSSION

In the present study, we verified that NO possesses potent
mutagenic activity for SeV, which is consistent with our previ-
ous in vivo experiment showing that GFP-SeV propagated in
iNOS-deficient mice had a much lower level of mutation fre-
quency than GFP-SeV grown in wild-type mice (4). No appre-
ciable antiviral effect of NO was observed on influenza virus
and SeV replicated in cells in culture. This finding again sup-
ports our earlier data obtained with mouse models of influenza
virus- and SeV-induced pneumonia (4, 7, 8). Furthermore, it is
of great importance that our present work provides the first
demonstration that 8-nitroguanosine, which is produced endo-
genously by NO or its reactive derivatives, as evidenced here
and in our earlier report (8), induced mutagenesis of GFP-SeV
in cultured cells.

The mutation frequency of GFP-SeV increased almost 10-
fold during multicycle replication of GFP-SeV in iNOS-SW480
cells compared with the GFP-SeV mutation frequency in L-
NMMA-treated iNOS-SW480 cells and in parent SW480 cells
that had no appreciable iNOS expression (Fig. 3). A similar
magnitude of increase in NO-dependent viral mutation was
observed with GFP-SeV replicated in vivo in mouse lungs,
which was reported previously (4). The mutation rates of GFP
and F protein genes were found to be similar (Table 1), which
suggests that mutation of viral genes other than the GFP and
F genes may also be accelerated by NO to the same extent
during viral replication. This NO-induced viral mutagenesis
may explain the heterogeneity and increased repertories of
variants from which a particular genotype can evolve rapidly
under selective pressure. Therefore, GFP-SeV mutation in-
duced by NO is considered biologically relevant and may have
important implications for viral pathogenesis and evolution,
particularly when a virus is replicating in vivo in the presence
of NO.

In our recent work with influenza virus- and SeV-induced
pneumonia in mice, formation of 8-nitroguanosine was found
to be localized mainly in bronchial and bronchiolar epithelial
cells of the lung (8), where viral replication primarily occurs.
The same study found an appreciable amount of 8-ni-
troguanosine in the total RNA isolated from iNOS-expressing
cells in culture. It is therefore highly plausible that NO-depen-
dent viral mutagenesis was brought about at least in part by
NO-generated 8-nitroguanosine, which is in turn incorporated
into the viral genome during replication and thus accelerates
viral mutation (Fig. 7).

Peroxynitrite formed via superoxide and NO generation dur-
ing infections possesses the potential for potent nitrating and
oxidizing effects on many biomolecules, including nucleic acids

FIG. 6. Oxidative stress induced in cells by NO and 8-ni-
troguanosine. Intensity of fluorescence related to oxidation of dihy-
drorhodamine 123, as measured by flow cytometry, is shown for iNOS-
SW480 cells treated with L-NMMA (A) and for CV-1 cells treated with
8-nitroguanosine (B). (A) iNOS-SW480 cells were incubated with di-
hydrorhodamine 123 in the presence or absence of 1 mM L-NMMA in
KRP (pH 7.4) containing 0.2% BSA and 1 mM L-arginine for 6 h at
37°C. Rhodamine fluorescence was measured as an indication of in-
tracellular peroxidation. (B) Oxidative stress was examined with CV-1
cells after treatment with 500 �M 8-nitroguanosine in KRP containing
0.2% BSA for 12 h. Each panel represents data for three different flow
cytometric measurements.
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(14, 43, 45–48). Peroxynitrite has mutagenic effects on prokary-
otic DNA, possibly via nitration of guanine residues of DNA
(35). Wogan’s group documented NO-induced mutation of an
endogenous hypoxanthine-guanine phosphoribosyltransferase
(hprt) gene in murine macrophages expressing iNOS (60). The
same group showed that mutagenicity was enhanced by NO
overproduction in vivo, as evidenced by mutation of an exog-
enously expressed lacZ with lacZ-containing pUR288 trans-
genic mice (26). Also important, Ohshima’s group reported
that p53 was inactivated by peroxynitrite, which may indirectly
increase genetic mutation related to oxidative damage of DNA
(15). Therefore, excess production of NO by iNOS induced by
proinflammatory cytokines, possibly through reactive nitrogen
intermediates, may cause nucleic acid modifications and thus
mutagenesis in various pathogens as well as hosts. This process
may occur during infections in biological systems as a result of
host defense.

In addition, oxidative stress caused by NO and 8-ni-
troguanosine may have a great impact in terms of mutagenic
potential (2, 33, 42). Our other studies have revealed that
8-nitroguanosine has strong redox activity, which stimulates
superoxide generation from NADPH-cytochrome P450 reduc-
tase and various isoforms of NOS (8, 47). It has been known
for a long time that many naturally occurring mutagens and
carcinogens may act as generators of free radicals (10). More-
over, oxygen radicals and reactive oxygen species, as endoge-
nous initiators of DNA damage and mutation, are involved in
multiple stages of carcinogenesis (11, 29, 53, 55). In fact, hu-
man leukocytes producing superoxide but not leukocytes lack-
ing superoxide-generating activity from patients with chronic
granulomatous disease caused mutation of Salmonella enterica
serovar Typhimurium TA100 (54). It is therefore logical that
NO-induced viral mutation may be mediated by NO-generated
8-nitroguanosine through two different mechanisms: direct
modification of nucleic acid (e.g., via 8-nitroguanosine forma-
tion), and indirect augmentation by 8-nitroguanosine of oxida-
tive stress via superoxide generation (Fig. 7).

It is intriguing that the mutation profile of the GFP gene in
the GFP-SeV mutants induced by 8-nitroguanosine appeared

to resemble that of the mutants occurring in mouse lungs in
vivo (with a predominant C-to-U transition), in which NO is
produced in excess from iNOS (4). A base substitution that was
relatively characteristic of the GFP mutants induced by 8-ni-
troguanosine and mutants occurring in vivo was the C-to-U
transition (Table 2). This finding suggests indirectly that 8-ni-
troguanosine formed in vivo could indeed contribute to en-
hanced viral mutation induced by NO.

The mechanism for the C-to-U point mutation may involve
incorporation of 8-nitroguanosine into the positive-strand an-
tigenomic RNA, with subsequent G-to-A (positive sense) and
C-to-U transitions in the viral genome during RNA replica-
tion. However, because a G-to-A substitution did not occur
very often in the GFP gene of GFP-SeV mutants, except for
mutants produced in vivo, other mechanisms may be involved
in the C-to-U mutation. Similarly, the exact mechanism for the
frequent A-to-G mutation, which was found in various GFP-
SeV mutants, has not yet been identified. In addition, no G-
specific alteration was detected in GFP-SeV mutants, which is
consistent with our previous analysis (4). These mutation pro-
files seem to differ from the DNA mutations induced by NO, in
which G-to-T transversion was typical in eukaryotic and pro-
karyotic DNA treated with peroxynitrite (35, 42). In fact, trans-
versions occurred much less frequently than transitions did,
and the G-to-U transversion in the GFP-SeV mutants isolated
in the present study was rare (Table 2). This result suggests
again that NO may cause RNA mutagenesis by a mechanism
different from that of NO-elicited DNA mutagenesis. Further
analyses in a cell-free replication system are needed to eluci-
date the molecular mechanism of RNA mutagenesis involving
NO and 8-nitroguanosine.

The most striking feature of a virus is its considerable adapt-
ability to various environmental stresses (21, 30). For example,
RNA viruses exist as highly heterogeneous populations, called
quasispecies, primarily because of the error-prone nature of
the replicase of the viruses. In general, RNA viruses have a
high mutation rate, ranging from 10�3 to 10�5 misincorpora-
tions/nucleotide site/replication, which is more than 104-fold
higher than the error rate for DNA viruses (20-23, 30). The low
fidelity of RNA replication has been believed to be due to the
lack of proofreading and repair functions of RNA polymerase
or reverse transcriptase (21, 36). Our earlier and present stud-
ies, however, showed that RNA viral mutation was greatly
affected by NO and its reactive derivatives and that guanosine
nitration (8-nitroguanosine formation) occurred more in RNA
than in DNA. Also, the degree of RNA viral mutation was
reportedly increased by chemical mutagens, including nitrous
acid (16, 28, 50, 51). Thus, the higher incidence of erroneous
RNA viral replication may be due to greater susceptibility of
RNA than of DNA to NO or oxidative stress.

Several reports have showed a possible association between
oxidative stress and viral mutation. For example, oxidative
stress augmented the integration of duck hepatitis B virus
DNA into genomic DNA in cells through DNA damage and
deficient DNA repair (44). Beck et al. documented that the
pathogenicity of coxsackievirus B3 is potentiated in vivo in
mice fed a selenium-deficient diet, which impairs the antioxi-
dant systems of the host (13). Similar results that were ob-
tained with animals deficient in vitamin E and glutathione
peroxidase suggest that oxidative stress facilitates the selection

FIG. 7. Schematic drawing of hypothetical mechanisms for NO-
induced viral mutagenesis proposed by the present work. NO may
accelerate viral mutation via formation of 8-nitroguanosine (8-
nitroGuo), which may be a substantial contributor to erroneous RNA
replication of the virus. NO-generated 8-nitroguanosine may cause
viral mutation via two different mechanisms: directly, through incor-
poration into template RNAs for viral replication (pathway shown on
the right), and indirectly, by enhanced oxidative stress because of its
potent redox-active property (pathway shown on the left).
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and generation of virulent mutants (13). Impaired immunolog-
ical clearance of virus that is induced by oxidative stress aids
the survival of heterogeneous mutants, which would result in
selection of highly pathogenic variants of coxsackievirus (12).
In this context, it is of great interest that NO has immunosup-
pressive and regulatory effects by modulating the T-cell im-
mune response during viral infection (39).

In conclusion, NO-induced mutagenesis may result in
greater heterogeneity of variants of RNA viruses, which would
lead to rapid viral evolution under selective pressure and to the
production of drug-resistant, immunologically tolerant, and
cell tropism-altered mutants. It is now accepted that NO is
generated during infection caused by any type of pathogen.
Therefore, further clarification of the mechanism of NO-in-
duced mutation of viruses is quite important, with particular
focus on the role of 8-nitroguanosine in NO-dependent mu-
tagenesis, as suggested by our current work.
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