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The expression of the ubiquitin-like molecule ISG15 (UCRP)
and protein modification by ISG15 (ISGylation) are strongly
activated by interferon, genotoxic stress, and pathogen infec-
tion, suggesting that ISG15 plays an important role in innate
immune responses. Inducible nitric-oxide synthase (iNOS) is
induced by the similar stimuli as ISG15 and enhances the pro-
duction of nitric oxide (NO), a pleiotropic free radical with anti-
pathogen activity. Here, we report that cysteine residues (Cys-76
and -143 in mouse, Cys-78 in human) of ISG15 can be modified
by NO, and the NO modification of ISG15 decreases the dimer-
ization of ISG15. The mutation of the cysteine residue of ISG15
to serine improves total ISGylation. The NO synthase inhibitor
S-ethylisothiourea reduces endogenous ISGylation. Further-
more, ectopic expression of iNOS enhanced total ISGylation.
Together, these results suggest that nitrosylation of ISG15
enhances target protein ISGylation. This is the first report of a
relationship between ISGylation and nitrosylation.

Interferons (IFNs)? are a group of related cytokines that have
a role in the defense against bacterial or viral infections. IFNs
are induced by several stimuli, such as LPS, lipoproteins,
lipopeptides, double-stranded RNA, double-stranded DNA,
single-stranded RNA, or unmethylated CpG motifs mainly
through Toll-like receptors (1). ISG15 (UCRP) is one of the
genes that is highly induced by IFNs (2). Furthermore, ISG15
was the first reported ubiquitin-like modifier (3). Similar to
ubiquitin, ISG15 forms covalent conjugates with cellular pro-
teins, which is similar to protein ubiquitylation (4), by utilizing
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the ISG15 E1 (UBE1L/UBA?7), E2s (UbcH6 and UbcHS), and
E3s (5-11). Besides ISG15 expression, ISG15 modification
(ISGylation) and most enzymes involved in this modification
are strongly activated by type I interferon IFN (4, 12). IFNs are
critical cytokines involved in innate immune responses (13).
These facts suggest that ISG15 modification may modulate cer-
tain immune responses related to pathogen infections and var-
ious stresses. ISG15-deficient mice show no obvious phenotype
against vesicular stomatitis virus and lymphocytic choriomen-
ingitis virus (14); however, they are more susceptible to influ-
enza A/WSN/33 and influenza B/Lee/40 virus infections (15).
ISG15-deficient mice also exhibit increased susceptibility to
herpes simplex virus type 1, murine gammaherpesvirus 68, and
Sindbis virus infection (15). The increased susceptibility of
ISG15-deficient mice to Sindbis virus infection is rescued by
expressing wild-type ISG15 but not a mutant form of ISG15
that cannot form conjugates (15), which suggests that ISGyla-
tion is quite important to resistance against the infection of
these viruses.

Inducible nitric-oxide synthase (iNOS, NOS2) is a high-out-
put NOS compared with NOS1 and NOS3. The V, . of INOS is
~10-fold greater than that of NOS1 and NOS3 (16). iNOS is not
expressed under normal conditions; however, it is induced in
response to cytokines, microbes, or microbial products, result-
ing in the sustained production of nitric oxide (NO) (16). As a
result, reactive nitrogen intermediates, such as NO, nitrite, and
nitrate, and the products of the interaction of NO with reactive
oxygen species, such as peroxynitrite and peroxynitrous acid,
are accumulated and utilized for the anti-bacterial or -viral
effects (16 —18). One of the most important molecular mecha-
nisms mediating anti-bacterial or -viral effects is protein S-ni-
trosylation, the covalent attachment of a NO moiety to the thiol
of cysteine, a post-translational protein modification. So far,
more than 100 proteins have been reported as substrates for
protein S-nitrosylation (19). Protein S-nitrosylation regulates
enzymatic activity, protein-protein interaction, and signal
transduction (19).

Given that some stimuli, such as type I IFN, can induce both
iNOS and ISG15, we were interested in the relationship
between nitrosylation and ISGylation. Here, we report that
ISG15 is able to be nitrosylated. The nitrosylation of ISG15
prevents the dimerization of ISG15, and the cysteine residue of
ISG15 contributes to stable dimerization. A mutant ISG15 in
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FIGURE 1. Nitrosylation of 1ISG15. A, nitrosylation of ISG15 by endogenously produced nitric oxide. FLAG-
tagged mouse ISG15 was expressed in 293T cells with or without mouse iNOS followed by use of the biotin
switch method to substitute biotin for nitric oxide. The amounts of expression plasmid foriNOS were indicated.
Biotin-labeled samples were pulled-down by streptavidin-agarose followed by SDS-PAGE (+2ME means
reducing conditions) and Western blotting (IB) with anti-FLAG or iNOS antibody. B, inhibition of dimerization of
ISG15 by nitrosylation. FLAG-ISG15 was expressed in 293T cells and immunoprecipitated (IP) by anti-FLAG
antibody. Immunopurified FLAG-ISG15 as well as lysates (input) were subjected to the biotin switch method
followed by SDS-PAGE (-2ME means nonreducing conditions) and Western blotting with anti-FLAG or biotin
antibody. The asterisk indicates a nonspecific band. C, disulfide bond-based dimerization of ISG15. FLAG-ISG15
was expressed in 293T cells, and then lysates were subjected to either nonreducing or reducing SDS-PAGE
followed by anti-FLAG antibody. D, Cys-76 and -143 are nitrosylated, and the stable dimerization of mouse
ISG15 is dependent on Cys-76. FLAG-tagged wild-type, C76S, C143S, or C765/C143S mutant ISG15 was
expressed in 293T cells and immunoprecipitated by anti-FLAG antibody. Immunopurified FLAG-ISG15 as well
as lysates (input) were subjected to the biotin switch method followed by SDS-PAGE (-2ME means nonreducing
conditions) and Western blotting with anti-FLAG or biotin antibody. The asterisk indicates the nonspecific
band. E, in vitro nitrosylation of ISG15 by SNOC or S-nitroso-glutathione (GSNO). FLAG-ISG15 was expressed in
293T cells, and then lysates were subjected to in vitro nitrosylation by SNOC or S-nitroso-glutathione in differ-
ent concentrations. After biotin switch, nitrosylated FLAG-ISG15 was detected by streptavidin pulldown and

anti-FLAG immunoblotting.

which the cysteine residue is replaced by a serine shows more
effective ISGylation activity than wild-type ISG15, which indi-
cates that the cysteine residue of ISG15 is an impediment to
effective ISGylation.

EXPERIMENTAL PROCEDURES

Plasmid Construction—pcDNA3.1-HA-hUBEIL, pcDNA3.1-
mUDbcHS, and pCAGGS-6XHis-mISG15 have been described
previously (10). pFLAG-CMV2 plasmid was purchased from
Sigma. iNOS (NM_010927) cDNA was amplified by reverse
transcription-PCR  using the mRNA of LPS-stimulated
RAW264.7 cells and inserted into pcDNA3.1 (Invitrogen). Site-
directed point mutation was generated by QuikChange® XL
site-directed mutagenesis kit (Stratagene).

Cell Culture and Transfection—293T cells were cultured as
described previously (20). HeLa cells were cultured as 293T
cells. 293T cells were transfected using calcium phosphate pre-
cipitation as described previously (21). For small-scale transfec-
tion, PolyFect reagent (Qiagen) or Lipofectamine™ 2000
(Invitrogen) was used according to the manufacturer’s proto-
cols. ISG15-deficient lung fibroblasts (14) were immortalized
by SV40 large T expression. HeLa cells were stimulated by 5000
units/ml of human IFNa-2a (IFN) for 36 h as reported previ-
ously (20).

NO Donors and Inhibitors—S-Nitrosocysteine (SNOC) was
produced as reported previously (22). S-Nitroso-glutathione
was purchased from Sigma-Aldrich. Cell lysates or immunopu-
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facturers. Rabbit anti-mouse ISG15
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antibody were from NitroGlo
nitrosylation detection kit (Perkin-
Elmer Life Sciences).
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RESULTS

Nitrosylation of ISGI5 Prevents

Dimer Formation by ISG15—To test whether ISG15 is able to
be nitrosylated, we expressed FLAG-tagged mouse ISG15 in
293T cells with or without iNOS. The cell lysates were sub-
jected to the biotin switch method followed by streptavidin-
agarose pulldown and immunoblotting with anti-FLAG anti-
body. The biotin switch method (24) was widely used to detect
protein nitrosylation. FLAG-ISG15 was pulled down in the
presence of iNOS expression in a dose-dependent manner (Fig.
A), which indicates that ISG15 was nitrosylated by endog-
enously produced nitric oxide (NO) synthesized by iNOS. We
further examined the nitrosylation of ISG15 using immunopu-
rified ISG15. FLAG-ISG15 was expressed in 293T cells and
purified by immunoprecipitation with anti-FLAG antibody and
protein A-agarose. The lysates and immunoprecipitates were
treated with the physiological NO donor SNOC (22, 25) for
different periods to allow detection of nitrosylation of ISG15 by
anti-biotin antibody. In this case nonreducing conditions are
required to detect the nitrosylation, because Cys-S-NO was
changed to Cys-S-S-biotin by the biotin switch method. Using
this method, nitrosylation of ISG15 was detected after SNOC
treatment (Fig. 1B). More interestingly, we also detected the
dimerization of ISG15 in vivo (Fig. 1B). It was detected in input
(lane 3) and more easily detected in immunopurified samples
(lanes 9—12), which suggested that the dimerization of ISG15
depends on ISG15 concentration. In brief, the concentration of
ISG15 was increased on the protein A-agarose by immunopre-
cipitation, and this resulted in a higher chance for interaction
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FIGURE 2.1SG15-1SG15 interaction. FLAG-tagged mouse ISG15 (WT or C765/
C143S mutant (CS)) was expressed in 293T cells with or without Hiss-tagged
wild-type mouse ISG15 and iNOS. The resulting cell lysates were subjected to
Ni-NTA-agarose pulldown to purify Hiss-tagged wild-type ISG15. The result-
ing agarose beads were subjected to SDS-PAGE and Western blotting (/B)
with anti-FLAG, iNOS, or Hise-tag antibody.

and dimer formation. Importantly, the dimerized form of
ISG15 was decreased after SNOC treatment for 1 h (Fig. 1B,
lanes 4 and 12). It has been previously reported that ISG15
forms homodimers (26). Our results confirm these findings and
indicate that nitrosylation of ISG15 prevents homodimer for-
mation. We further confirmed that dimer formation was made
by disulfide bonds (Fig. 1C). Cell lysates containing FLAG-
ISG15 were subjected to either nonreducing or reducing SDS-
PAGE followed by anti-FLAG immunoblotting. The dimer
form was detected only in the nonreducing gel. Given that cys-
teine residues are targeted for nitrosylation, we mutated two
cysteines of mouse ISG15 and checked the effect on dimeriza-
tion and nitrosylation (Fig. 1D). We found that ISG15 (C76S
and C76S/C143S) mutants did not show dimerization, which
means that Cys-76 but not Cys-143 contributes to stable dimer
formation, which is detectable by nonreducing SDS-PAGE.
The dimerization of ISG15 (wild-type (WT) and C143S) was
inhibited by SNOC treatment (Fig. 1D, lanes 4, 8, 14, and 18).
Nitrosylation was completely inhibited only by double muta-
tion of two cysteines. Nitrosylation of ISG15 was also con-
firmed by another NO donor S-nitroso-glutathione (GSNO) in
a dose-dependent manner (Fig. 1E).

iNOS Prevents 1ISG15-1SG15 Interaction—Next we investi-
gated if ISG15 molecules interact with each other, as interac-
tion is necessary for dimerization. Either FLAG-tagged wild-
type or C76S/C143S mutant ISG15 was expressed with or
without His,-wild-type ISG15 followed by Ni-NTA pulldown
to check the interaction (Fig. 2). Both wild-type and C76S/
C143S mutant ISG15 could interact with wild-type ISG15,
which demonstrates that cysteine residues are not necessary for
the interaction between individual ISG15 monomers. Interest-
ingly, co-expression of iNOS prevented the interaction.
Because we did not detect interaction between ISG15 and iNOS
(data not shown), nitric oxide (NO) itself or nitrosylation of
another protein might regulate ISG15-ISG15 interaction.
Taken together, cysteine residues are required for disulfide
bond-based dimerization but not for just interaction.

Cysteine Residues of ISGI15 Prevent ISGylation—Because
dimerized ISG15 might have a different physiological effect
from monomer ISG15, we investigated the effect of a Cys to Ser
mutation of ISG15 on ISGylation. Wild-type, C76S, C143S, or
C76S/C143S mutant mouse ISG15 was expressed with or with-
out ISG15 activating enzyme UBE1L and ISG15 conjugating
enzyme UbcHS8 in 293T cells to assess ISGylation (Fig. 3A).
Interestingly, ISG15(C76S) showed no difference in the level of
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FIGURE 3. Cysteine residues prevent effective ISGylation. A, cysteine resi-
dues of mouse ISG15 inhibit ISGylation. FLAG-tagged wild-type, C76S, C143S,
or C765/C143S mutant ISG15 was expressed in 293T cells with or without
HA-UBE1L and mUbcH8 followed by SDS-PAGE and Western blotting (/B) with
anti-FLAG, HA, or mUbcH8 antibody. B, the cysteine residue of human ISG15
inhibits ISGylation. FLAG-tagged wild-type or C78S mutant human ISG15 was
expressed in 293T cells with or without HA-UBE1L and mUbcH8 followed by
SDS-PAGE and Western blotting with anti-FLAG, HA, or mUbcH8 antibody.
G, effective ISGylation of FLAG-mouse ISG15(C765/C143S) in ISG15-deficient
lung fibroblasts. 1SG15-deficient lung fibroblasts were reconstituted by FLAG-
tagged wild-type or C765/C143S mutant mouse ISG15 followed by SDS-PAGE
and Western blotting with anti-FLAG antibody. D, the quantification of the
ratio between conjugated and free form of ISG15. The amount of ISG15 in
either conjugated or free form was determined by scanning densitometry of
the immunoblot of Fig. 3C. Data are expressed as means * S.D. from three
independent experiments. *, p < 0.01 for the indicated comparison (Stu-
dent’s t test).

ISGylation, although the C76S mutation inhibited the forma-
tion of stable ISG15 dimers (Fig. 1D). More importantly, double
mutation of both cysteine residues of mouse ISG15 enhanced
ISGylation (Fig. 34), which suggests that both cysteine residues
inhibit ISGylation. Cys-143 might result in unstable dimeriza-
tion, which is not detectable by Western blotting in Fig. 1D.
Together, these data suggest that Cys-76 and Cys-143 contrib-
uted to dimer formation (Figs. 1D and 3A) and decreased the
availability of monomer ISG15 to be used for ISGylation. We
also confirmed this result with human ISG15, which has only
one Cys in mature form. Human ISG15(C78S) has higher ISGy-
lation activity compared with wild-type ISG15 (Fig. 3B). We
further checked this idea with ISG15-deficient lung fibroblasts,
which have been immortalized with SV40 large T antigen (Fig.
3C). This cell line shows high endogenous ISGylation activity,
which means that transfection to express exogenous ISG15-
activating and -conjugating enzymes is not necessary to get
ISGylation. This cell line was reconstituted with either FLAG-
tagged wild-type mouse ISG15 or mutant mouse ISG15(C76S/
C143S) followed by Western blotting with anti-FLAG antibody,
and the resulting ratio of ISG15 conjugates and free ISG15 were
compared (Fig. 3, C and D). As a result, we found again that
ISG15(C76S/C143S) has greater effective ISGylation activity
than wild-type ISG15.

Nitrosylation Contributes to Effective ISGylation—We next
analyzed the relationship between ISGylation and nitrosyla-
tion. HeLa cells were stimulated with IFN« in the presence or
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FIGURE 4. Effective ISGylation in the presence of nitrosylation. A, de-
creased endogenous ISGylation by NOS inhibitor. HeLa cells were stimulated
by IFNa in the presence or absence of NOS inhibitor ETU. The resulting cell
lysates were subjected to either biotin switch method followed by streptavi-
din pulldown to detect nitrosylation of ISG15 or Western blotting (/B) with
anti-ISG15 antibody to detect ISGylation. Anti-tubulin immunoblotting was
shown as aloading control. B,enhancement of ISGylation by iNOS expression.
FLAG-mouse ISG15 (WT (lanes 2—4) or C765/C143S mutant (lanes 5-7)), iNOS,
HA-UBETL, and mUbcH8 were co-expressed in 293T cells in the indicated
combinations followed by SDS-PAGE and Western blotting with anti-FLAG,
iNOS, HA, or mUbcH8 antibody. The amounts of expression plasmid for iNOS
were indicated.

absence of NOS inhibitor ETU. Endogenous ISG15 nitrosyla-
tion and total protein ISGylation were examined (Fig. 4A4). The
presence of ETU decreased ISG15 nitrosylation, which is
shown in a biotin switch-streptavidin pulldown assay. Further-
more, total protein ISGylation was also substantially decreased
in the presence of NOS inhibitor ETU. These results further
support that nitrosylation promotes effective ISGylation. We
also checked ISGylation by WT or C76S/C143S mutant ISG15
in the presence or absence of the expression of iNOS. As a
result, we found that the expression of iNOS substantially
increased ISGylation of WT ISG15 (Fig. 4B, lane 4). Although
the expression of iNOS inhibited ISG15-ISG15 interaction of
both WT and C76S/C143S mutant ISG15 (Fig. 2), iINOS expres-
sion did not increase ISGylation of C76S/C143S mutant ISG15
(Fig. 4B, lane 7). Overall these data indicate that nitrosylation
enhances effective ISGylation.

DISCUSSION

NO has been shown to act as an antibacterial and antiviral
agent (16). iNOS-derived NO contributes to both early and late
phases of antibacterial activity (27). ISG15 itself and ISG15
modification also have been reported to have antiviral func-
tions (15, 28), although the details of the molecular mechanism
are not yet clear. Virus infection is one of the common stimuli
which induce nitrosylation and ISGylation (Fig. 5), which sug-
gests that there might be a correlation between nitrosylation
and ISGylation to generate the maximum immune response.
Here, we reported that nitrosylation of ISG15 prevented the
dimerization of ISG15 and increased the availability of free
ISG15 to be used for ISGylation. Given that ISG15 is able to
form a homodimer through a disulfide bond (26), it is also pos-
sible that ISG15 may form disulfide bonds with other uniden-
tified proteins. As a result, the availability of free ISG15 to be
used for ISGylation will be decreased. Furthermore, ISG15 acti-
vating enzyme UbelL null mice, which lack protein ISGylation
(29), showed the same antiviral defects as ISG15 knock-out
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FIGURE 5. A model of the relationship between ISGylation and nitrosyla-
tion. Immune response induces the expression of ISG15 and iNOS. Induced
ISG15 is used for ISG15 modification (ISGylation) of many substrates and con-
tributes to protein translation regulation and anti-virus effect. ISG15 itself can
prevent the replication of human immunodeficiency virus.1SG15 also induces
interferon-y production and has chemotactic activity. Some of the induced
ISG15 forms homodimer, which is an inactive form and cannot be used for
ISGylation. The nitric oxide produced mainly by iNOS contributes to the
nitrosylation of ISG15 and prevents the dimerization of ISG15, which means
more free monomer ISG15 is available for ISGylation.

mice.* Taken together, these data suggest that nitrosylation
might contribute to the ISGylation-dependent anti-viral path-
way. In fact, NO has been found to affect infection by more than
a dozen viruses (30). For example, iNOS-deficient mice were
significantly more susceptible to herpes simplex virus-1 infec-
tion, displayed a delayed clearance of virus, and exhibited an
increase in the frequency of virus reactivation in dorsal root
ganglia compared with similarly infected heterozygous mice
(31). Another example is that iNOS-deficient mice, which were
infected by murine cytomegalovirus (MCMYV), developed sig-
nificantly higher titers of infectious MCMV compared with the
wild-type mice (32). Coxsackie B3 virus is also regulated by NO
(33, 34). Coxsackievirus replicates to higher titers in iNOS-de-
ficient mice, and the clearance of virus is delayed in these mice
compared with wild-type mice (33, 35). Mice lacking NOS have
a severe, necrotizing pancreatitis, with elevated pancreatic
enzymes in the blood and necrotic acinar cells (35).

Recently, we have found that the mRNA cap structure bind-
ing protein eIF4E cognate 4EHP is modified by ISG15, resulting
in higher cap structure binding activity and repression of pro-
tein translation (20). Given that Drosophila 4EHP selectively
inhibits Caudal and hunchback protein translation (36, 37),
mammalian 4EHP is believed to inhibit mRNA-specific protein
translation. These data suggest that ISGylation probably con-
trols protein translation under particular conditions, for exam-
ple during the immune response to bacterial or viral infection
(Fig. 5). Given that the homodimerization of ISG15 or the for-
mation of disulfide bonds with other proteins seems to inhibit
ISGylation, it is possible that some factors which can inhibit the
formation of disulfide bonds by ISG15 would enhance total
ISGylation. Reducing agents, for example glutathione (GSH),
are the other factors which might enhance ISGylation. On the
other hand, it has been reported that hepatic glutathione syn-
thesis is decreased 24 h after injection of LPS (38). They also
showed that the ratio of GSH (reduced form)/GSSG (oxidative
form) was decreased by LPS treatment, although there was no
increase in absolute amount of GSSG, which suggests that LPS
treatment generates oxidative conditions. In this case, ISG15
should easily form disulfide bonds with itself to form
homodimers or with other proteins, and nitrosylation should
prevent disulfide bond formation by ISG15 under these condi-

4 C. Lai, J. Schneider, J. J. Struckhoff, L. Martinez-Sobrido, A. Garcia-Sastre, T.
Wolff, D.-E. Zhang and D. J. Lenschow, manuscript submitted.
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tions. This evidence suggests that nitrosylation of ISG15 may be
an emergency pathway to achieve effective ISGylation to gen-
erate a full immune response.

ISG15 has been reported to inhibit human immunodefi-
ciency virus replication (28) (Fig. 5). Interestingly, ISG15 has
also been reported to be released from cells into the culture
medium (39, 40). Furthermore, the addition of ISG15 into the
culture medium of CD3™ cells induces the secretion of inter-
feron-vy (41). It also has been reported that ISG15 has neutro-
phil chemotactic activity (42). This evidence suggests that
ISG15 has at least two physiological roles; one is post-transla-
tional protein modification under particular conditions to
enhance the immune response; another is the use of ISG15 itself
for the immune response as shown in Fig. 5. However, it is not
yet clear whether monomer or dimer forms of ISG15 are impor-
tant for these activities. Nitrosylation of ISG15 could be one of
theimportantregulatorysteps duringtheISG15and ISGylation-
dependent immune responses. However, current available
assays to study ISG15 function are limited. It is necessary to
develop new approaches to further elucidate the biological
function of ISG15.
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