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ISG15 is an IFN-α/β–induced, ubiquitin-like protein that is conjugated
to a wide array of cellular proteins through the sequential action of
three conjugation enzymes that are also induced by IFN-α/β. Recent
studies showed that ISG15 and/or its conjugates play an important
role in protecting cells from infection by several viruses, including
influenza A virus. However, the mechanism by which ISG15 modifi-
cation exerts antiviral activity has not been established. Here we
extend the repertoire of ISG15 targets to a viral protein by demon-
strating that the NS1 protein of influenza A virus (NS1A protein), an
essential, multifunctional protein, is ISG15 modified in virus-infected
cells. We demonstrate that the major ISG15 acceptor site in the NS1A
protein in infectedcells isacritical lysineresidue (K41) intheN-terminal
RNA-binding domain (RBD). ISG15 modification of K41 disrupts the
association of the NS1A RBD domain with importin-α, the protein
thatmediates nuclear import of theNS1A protein,whereas the RBD
retains its double-strandedRNA-bindingactivity.Most significantly,
we show that ISG15 modification of K41 inhibits influenza A virus
replication and thus contributes to the antiviral action of IFN-β. We
also show that the NS1A protein directly and specifically binds to
Herc5, the major E3 ligase for ISG15 conjugation in human cells.
These results establish a “loss of function” mechanism for the anti-
viral activity of the IFN-induced ISG15 conjugation system, namely,
that it inhibits viral replication by conjugating ISG15 to a specific
viral protein, thereby inhibiting its function.
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ISG15 is a ubiquitin-like molecule that is highly induced by IFN
α/β (1). It is conjugated to more than 100 cellular proteins

through the sequential action of three conjugation enzymes that
are also induced by IFN-α/β: E1 (Ube1L) (2), E2 (UbcH8) (3, 4),
and E3 (Herc5) (5, 6). The vast majority of IFN-induced ISG15
conjugation is mediated by a single E3 enzyme, Herc5, in con-
trast to the ubiquitin system that uses a large number of E3
enzymes to accomplish target selectivity (7).
ISG15 and/or its conjugation play important roles in innate

immunity against several viruses. The first clue to the antiviral
property of ISG15 conjugation was the finding that the NS1 pro-
tein of influenza B virus binds ISG15 and blocks its conjugation,
suggesting that ISG15 and/or its conjugation is inhibitory to the
replication of influenza B virus (2). Subsequently, the antiin-
fluenza activity of ISG15 and/or its conjugation was established by
thedemonstration that ISG15knockout (ISG15−/−)mice aremore
susceptible to both influenza A and B virus infection (8). Experi-
ments with Ube1L−/− mice established that ISG15 conjugation
rather than free ISG15 inhibits influenza B virus replication (9).
Further, we established that ISG15 conjugation plays a large role
in the IFN-induced antiviral state against influenza A virus in
human tissue culture cells (10). Thus, siRNA-silencing of ISG15
conjugation enzymes inhibited IFN-induced ISG15 conjugation
and partially rescued the IFN-mediated inhibition of influenza A
virus gene expression and replication in human cells. ISG15 con-
jugation has also been shown to inhibit Sindbis virus replication
(11, 12), whereas in the case of HIV-1 and Ebola virus, free ISG15
alonemost likely causes the inhibition of virus replication (13–15).
Not all viruses are inhibited by ISG15 and/or its conjugation. For

example, antivirus activity has not been detected against vesicular
stomatitis virus and lymphocytic choriomeningitis virus (8).
The mechanism by which ISG15 conjugation inhibits the repli-

cation of influenza virus or any other virus has not been estab-
lished. Here we extend the repertoire of ISG15 targets to a viral
protein by demonstrating that theNS1 protein of influenzaA virus
(NS1A protein) is targeted by IFN-induced ISG15 conjugation in
virus-infected cells. The NS1A protein is an essential viral protein
consisting of two functional domains: theN-terminalRNA-binding
domain (RBD, residues 1–73) and the effector domain (residues
74–end) (16). The RBD domain of NS1A protein binds double-
stranded RNA (dsRNA) (17–19) and also contains a nuclear
localization signal (NLS) that binds importin-α (20).We show that
themajor ISG15 attachment site is a critical lysine residue (K41) in
theRBDand that this ISG15modification disrupts the association
of the RBD with importin-α, whereas dsRNA-binding activity is
retained. Most significantly, we show that ISG15 modification of
K41 inhibits influenza A virus replication and thus contributes to
the antiviral action of IFN-β. We also show that the NS1A protein
directly and specifically binds Herc5, the major ISG15 E3 enzyme
in human cells. Our findings establish that the IFN-induced ISG15
conjugation system can exert its antiviral activity by conjugating
ISG15 to a specific viral protein in infected cell, thereby inhibiting
its function and hence virus replication.

Results
Influenza NS1A Protein Is Modified by IFN-Induced ISG15 Conjugation
in Infected Cells. To determine whether any influenza A virus pro-
tein is a potential target for ISG15 conjugation in infected cells, we
carriedout pilot experiments inwhich 293T cellswere cotransfected
with plasmids encoding a Flag-tagged viral protein, HA-tagged
ISG15, and the enzymes of the ISG15 conjugation system. The
NS1A protein of the H3N2 influenza A/Udorn/72 (Ud) virus was
ISG15 modified under these conditions, and modification required
the presence of all three enzymes of the ISG15 conjugation system
(SI Results and Fig. S1). To determine whether ISG15 conjugation
of theNS1Aprotein occurs in infected cells, A549 cells were treated
with 100U/mLof IFN-β for 24 h or left untreated. This level of IFN-
β is 10 times lower than the level thatwas previously shown to inhibit
viral protein synthesis almost totally (10). Cells with or without IFN
pretreatmentwere infectedwith 5 plaque-forming units (pfu)/cell of
Ud virus. Extracts from cells collected at 8 h after infection were
analyzed by immunoblots probed with anti-NS1A antibody. The
synthesis of the NS1A protein was inhibited ≈10-fold by pretreat-
ment with this level of IFN-β, as shown by an immunoblot using a
small amount of the extracts (Fig. S2). Using a larger amount of the
extracts, a minor IFN-β–induced NS1A species of larger size was
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also detected in the cells pretreated with IFN-β (Fig. 1, Left, lane 4;
Right, lane 2). Several lines of evidence established that this minor
species is theNS1Aprotein conjugated to ISG15. Its size is≈42kDa,
consistent with the addition of a single ISG15moiety to the 25-kDa
NS1A protein.More definitively, silencing of ISG15 conjugation by
transfection of siRNAs targeting either both Ube1L and ISG15 or
only UbcH8 eliminated this species (Fig. 1, Left). Further, siRNAs
directed against theHerc5enzymebut not against the relatedHerc6
enzyme eliminated ISG15modification of theNS1Aprotein (Fig. 1,
Right), demonstrating that this modification requires all three
known IFN-induced ISG15 conjugation enzymes.

Identification of Lysine Residue K41 as aMajor ISG15 Conjugation Site of
the NS1A Protein in Infected Cells. As the first step to elucidate the
functional impact of ISG15 modification on the NS1A protein, we
identified the ISG15 conjugation sites of the NS1A protein.
Because the level of the IFN-induced NS1A-ISG15 conjugate in
influenza A virus–infected cells is relatively low, we initiated our
identification of NS1A-ISG15 conjugation sites using transfection
experiments. Plasmids expressing Flag-tagged Ud NS1A, His-
tagged ISG15, and the three ISG15 conjugation enzymes were
cotransfected into 293T cells. The Flag-NS1A-His-ISG15 con-
jugates were purified by sequential affinity selections on Ni-NTA
resin and anti-Flag M2 matrix (Fig. 2A). Mass spectrometry
analysis of the purified NS1A-ISG15 conjugate identified eight
lysine residues that were ISG15 modified (Fig. 2B) (Table S1).
The modified lysines were located in both the RBD and the
effector domain.
To determine which of these lysines was preferentially modi-

fied in infected cells, we generated a panel of recombinant Ud
viruses expressing either Flag-tagged WT NS1A or a Flag-tagged
NS1A mutant in which one of these lysines was replaced by an
arginine residue (KR mutants). Recombinant viruses encoding a
NS1A protein with either a K196R or a K219R substitution
could not be generated, presumably because R substitutions at
either of these positions introduce a missense mutation in the
overlapping NS2 protein reading frame. All of the other KR
mutant viruses, except the K126R mutant virus, exhibited WT
virus replication, indicating that these K-to-R substitutions in the
NS1A protein were not attenuating. K126R mutant virus repli-
cated 10-fold slower than WT virus. To determine which of these
KR substitutions reduced ISG15 modification of the NS1A

protein, cells pretreated with IFN were infected with each of
these mutant viruses. The NS1A protein was immunoprecitated
from infected cell extracts by anti-Flag M2 matrix, and the
immunoprecipitates were immunoblotted using anti-NS1A anti-
body (Fig. 2C). Among all of the KR mutants, only the NS1A
K41R mutant protein showed significant decrease in ISG15
conjugation relative to the WT protein. The decrease in con-
jugation was 50–60% in several experiments. These results show
that IFN-induced ISG15 conjugation of the NS1A protein in
infected cells occurs largely on the K41 residue in the RBD.

ISG15 Conjugation of K41 Disrupts the Interaction of the NS1A RBD
with Importin-α. Previous studies showed that K41 participates in
two crucial NS1A functions. It participates in the binding of the
NS1A RBD to dsRNA (18, 19), a function that is critical for viral
replication because it causes the inhibition of the activation of the
IFN-induced 2′, 5′-oligo(A)synthetase (OAS)/RNaseL antiviral
pathway (21). The dsRNA-binding surface comprises tracks of
highly conserved basic and hydrophilic residues that are com-
plementary to the phosphate backbone of A-form dsRNA (22).
K41 is in this track and contributes to but is not essential for
dsRNA binding, whereas the R38 residue in this track is abso-
lutely required for dsRNA binding (18). In addition, K41 is part of
the NLS in the RBD (amino acids 35–41) that binds importin-α
(20). Both K41 andR38 are critical for importin-α binding and the
NLS activity of the NS1A RBD. Surprisingly, the NS1A binding
sites for dsRNA and importin-α in the RBD are not totally
overlapping, enabling both molecules to bind to the RBD at the
same time (20).

Fig. 1. InfluenzaNS1Aprotein is conjugated to ISG15 in infected cells.Where
indicated, A549 cells were transfected for 24 hwith either control siRNA (C) or
siRNA targeting ISG15 and/or its conjugation enzymes: ISG15+Ube1L (I/E),
UbcH8 (H8), Herc5 (H5); or siRNA targeting Herc6 (H6). Cells were treatedwith
IFN-β for 24 h and then infected with 5 pfu/cell of Ud virus. Cell extracts pre-
pared from cells collected at 8 h after infection were immunoblotted with
either anti-ISG15 or anti-NS1A antibody.

Fig. 2. Identification of the ISG15 conjugation sites in theNS1Aprotein. (A) Flag-
tagged Ud NS1A was expressed alone or together with His-ISG15 conjugation sys-
tem in 293T cells by transient transfection. The Flag-NS1A-His-ISG15 conjugatewas
purifiedandresolvedbygelelectrophoresis, asdescribed inMaterialsandMethods,
and was analyzed by mass spectrometry. (B) Location of the ISG15-conjugated
lysines identifiedbymass spectrometry (K20, K41, K67, K70, K110, K126, K196, and
K219) in the NS1A protein (Table S1). The positions of the binding sites of several
cellularproteinsaredenoted. (C)A549cells,withorwithout IFNpretreatment,were
infected with 5 pfu/cell of a recombinant Ud virus expressing the indicated Flag-
NS1A(F-NS1A)protein. Infectedcell extractswereselectedandpurifiedbyanti-Flag
M2 agarose, followed by immunoblotting using anti-NS1A antibody.
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We used cotransfection assays in 293T cells to determine the
effect of ISG15 conjugation of K41 on the interaction of the RBD
with dsRNA and importin-α. Because the Ud NS1A protein pos-
sesses a secondNLS at its veryC terminus that also binds importin-
α, we used a plasmid expressing aUdNS1A fragment that lacks the
C-terminal NLS for these experiments, namely, NS1A containing
amino acids 1 through 125 [NS1A(1-125)]. Approximately 30–
40% of Flag-tagged NS1A(1-125) was modified by ISG15, and the
K41R substitution led to a 70–80% reduction in ISG15 con-
jugation (Fig. 3A), demonstrating that K41 is the predominant site
of ISG15 conjugation in the NS1A(1-125) molecule, as is the case
in the full-length NS1A protein. TheK41Rmutant protein did not
inhibit overall ISG15 conjugation (Fig. S3). The 293T extracts
expressing both unmodified Flag-tagged NS1A(1-125) and its
ISG15 conjugates were incubated with either poly(I:C)-agarose
(Fig. 3B) or glutathione beads containing bacteria-expressedGST-
importin-α (Fig. 3C), and the bound proteins were analyzed by
immunoblots with either anti-Flag or anti-NS1A antibody. As a
negative control for both assays, extracts expressing the R38A
mutant of NS1A(1-125) were subjected to the same procedures.
Poly(I:C) pulled down the same relative amounts of unmodified
and ISG15-modified NS1A(1-125) that were present in the input
extract (compare lanes 3 and 6 in Fig. 3B). In contrast, as com-
pared with the input protein pattern, the GST-importin-α pull-
down sample showed a remarkable decrease in the amount of the
NS1A(1-125)-ISG15 conjugate relative to the unmodified protein
(compare lanes 3 and 6 in Fig. 3C). These results demonstrate that
the ISG15 modification of NS1A(1-125), predominantly on the

K41 residue, disrupts its interaction with importin-α, whereas its
dsRNA-binding activity is retained.

ISG15 Modification of K41 of the NS1A Protein Inhibits Influenza A
Virus Replication. To determine whether ISG15 modification of
K41 of the NS1A protein inhibits influenza A virus replication, it
was essential to use a virus that encodes anNS1Aprotein with only
one NLS, the one containing K41. The NS1A protein encoded by
the H1N1 influenza A/WSN/33 virus (WSN) is such an NS1A
protein. In cells pretreated with IFN-β (+IFN), the WSN NS1A
protein was ISG15 modified to a similar extent in cells infected
with theWSNvirus orwith aUd recombinant virus inwhich theUd
NS gene was replaced by the WSN NS gene (Ud/NS-WSNWT)
(Fig. 4A, lanes 2 and 3). A K41R substitution in the WSN NS1A
protein in theUd recombinant virus (Ud/NS-WSNK41R) led to an
80–90% decrease in ISG15 conjugation of the NS1A protein (Fig.
4A, lane 4), demonstrating that K41 is the major ISG15 mod-
ification site of the WSN NS1A protein in infected cells.
Elimination of overall IFN-β–induced ISG15 conjugation in

human cells only partially protects influenza A virus against the
antiviral action of IFN-β because there are several other IFN-β–
induced activities that also inhibit influenza A virus replication
(10). Our goal was to determine whether the elimination of ISG15
modification ofK41 in theWSNNS1Aprotein (i.e., by introducing
a K41R mutation) protects influenza A virus against IFN-β to an
extent that is comparable to that provided by overall elimination of
ISG15 conjugation. Fig. 4B shows a representative experiment.
HeLa Tet-on cells were infected with 0.1 pfu/cell of either of the
two Ud/NS-WSN recombinant viruses. In the absence of IFN-β
pretreatment (-IFN) the two Ud recombinant viruses, the K41
(WT) and K41R viruses, had indistinguishable kinetics of repli-
cation and achieved the same virus yield, demonstrating that the
K41R mutation did not cause an inherent defect in virus repli-
cation. In contrast, in cells pretreated for 24 h with IFN-β, there
was a substantial difference in the replication of the two viruses:
the rate of replication and yield of theK41 (WT) virus was reduced
100-fold, whereas the rate of replication and yield of the K41R
mutant virus was reduced only 10-fold. Consequently, the K41R
mutation in theWSNNS1A protein provided approximately a 10-
fold protection against the antiviral actionof IFN-β, comparable to
that provided by overall elimination of ISG15 conjugation (10).
On the basis of this protective effect of the K41R mutation, we
conclude that ISG15 modification of K41 of the NS1A protein
inhibits influenza A virus replication in IFN-β−treated cells.

NS1A Protein Specifically Binds Herc5, the Major ISG15 E3 in Human
Cells. Some ISG15 cellular target proteins have been shown to
associate with the Herc5 E3 ligase (6). To determine whether the
Ud NS1A protein specifically binds Herc5, we carried out GST-
pulldown assays between GST-NS1A and several 35S-labeled E3
ligases synthesized in vitro (Fig. 5A). GST-NS1A specifically
pulled down Herc5, but not the related Herc4 and Herc6 proteins
nor the Nedd4 ligase. To determine whether the NS1A protein in
infected cells binds Herc5, 293T cells were transfected with a
plasmid expressing Flag-Herc5, and the cells were then infected
with the Ud virus. Immunoprecipitation of Herc5 with anti-Flag
antibody pulled down the NS1A protein (Fig. 5B), demonstrating
that the NS1A protein in infected cells binds Herc5.
To identify the Herc5 interaction surface on NS1A, we tested the

Herc5bindingof variousNS1A truncationmutants inGSTpulldown
assays (Fig. 5C).TheNS1ARBD[NS1A(1-73)] boundHerc5almost
as well as the full-length protein, and its binding was only slightly
reduced by the R38A mutation that eliminates dsRNA-binding
activity, indicating that the NS1A RBD-Herc5 interaction is direct
and not mediated by RNA. Considerably less Herc5 binding was
observed in the full-length NS1A effector domain [NS1A(74-238)]
andwasalmost totally absent inanNS1Aeffectordomain lacking the
22 C-terminal amino acids [NS1A(74-215)]. These results indicate

Fig. 3. ISG15 conjugation of K41 of the NS1A protein selectively disrupts the
interaction of its RBDwith importin-α. (A) Flag-NS1A(1-125), its K41Rmutant, or
its R38A mutant were expressed in 293T cells by transfection in the presence or
absence of the ISG15 conjugation system, and cell extracts were analyzed using
an immunoblot probed by anti-Flag antibody. (B) Extracts of 293T cells trans-
fectedwith the indicatedplasmidswereboundtoagarosebeadscoupled topoly
(I:C), and theeluantwas immunoblottedusinganti-NS1Aantibody. (C) The same
extracts were bound to glutathione beads containing GST-importin-α, and the
eluant was immunoblotted using anti-Flag antibody.
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that there is a major Herc5 binding site in the NS1A RBD and
apparently aminor binding site in theC-terminal regionof theNS1A
effector domain.
By analyzing the ability of Herc5 deletions to bind GST-NS1A

(Fig. 5D), we determined that the N-terminal regulation of
chromosome condensation (RCC) domain of Herc5 (plus the
short adjacent N-terminal region) was necessary and sufficient
for binding the NS1A protein.

Discussion
Here we established that the IFN-induced ISG15 conjugation sys-
tem targets the NS1A protein of influenza A virus in infected cells.
We showed that the NS1A protein is conjugated to ISG15 in
infected cells that were pretreated with IFN-β and that the pre-
dominant conjugation site is K41 in the NS1A RBD. ISG15 mod-

ification of K41 results in the loss of a function of the RBD,
specifically the binding of its NLS to importin-α. This NLS is
essential for thenuclear import ofNS1Aproteins that lack a second,
C-terminalNLS (20, 21),which includes thoseencodedbyWSNand
all human influenza A viruses isolated after 1989 (20). A defect in
theNLS function of the RBD is not as crucial for theNS1A protein
of Ud virus because it has a second, C-terminal NLS (20).
In contrast to its effect on importin-α binding, ISG15 mod-

ification ofK41did not eliminate dsRNA-binding, as assayedusing
poly(I:C) to pull down a Ud NS1A(1-125) protein that was
expressed at high levels in transfected 293T cells. This transfection
result, however, does not necessarily indicate that ISG15 mod-
ification of K41 does not affect the dsRNA-binding activity of the
NS1A protein that is synthesized in infected cells. It has been
shown that assays of the dsRNA-binding activity of the NS1A

Fig. 4. ISG15 modification of K41 of the NS1A protein inhibits influenza A virus replication. (A) IFN-β–pretreated A549 cells were infected with the indicated
viruses:Ud,WSN,and recombinantUdvirusesexpressingeither theWSNNS1Aprotein (Ud/NS-WSN)or theWSNNS1AK41Rmutantprotein (Ud/NS-WSNK41R).Cell
extractswere immunoblottedusing anti-NS1Aantibody. (B) HeLa Tet-on cells,with (+IFN) orwithout (-IFN) pretreatmentwith IFN-β, were infectedwith0.1 pfu/cell
of either Ud/NS-WSNwt or Ud/NS-WSNK41R virus, and virus production was determined by plaque assay in MDCK cells.

Fig. 5. The NS1A protein interacts directly with Herc5 ISG15 E3 ligase. (A) 35S-labeled Herc5 protein and three other E3 ligases (Herc4, Herc6, and Nedd4) were
subjectedtoapulldownassaywithglutathionebeads containingeitherGSTorGST-NS1Aproteinpurifiedfrombacteria. (B) 293Tcellswere transfectedwithaplasmid
expressingFlag-taggedHerc5 (F-Herc5) and then infectedwithUd virus. Cell extractswere immunoprecipitatedwith anti-FlagM2agarose, followedby immunoblots
probedwith anti-Flag or anti-NS1A antibody. (C) 35S-labeled Herc5 pulldown assay performedwith GST-NS1A protein and GST fused to the indicated NS1Amutant
proteins. (D) Pulldown assays performed between purified GST-NS1A and 35S-labeled Herc5 deletion mutants. For A–D, the input represents 10% of the total.
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protein using overexpression in transient transfection experiments
overestimate the actual weak dsRNA-binding activity exhibited by
the NS1A protein during influenza A virus infection (21). Con-
sequently, it is possible that ISG15 modification of K41 of the
NS1Aprotein in infected cells could result in a reduction or even a
loss of NS1A dsRNA-binding activity. If dsRNA-binding were
reduced or lost in infected cells, this would limit or eliminate the
ability of the NS1A protein to inhibit the activation of the IFN-
induced OAS/RNase L pathway (21).
Most significantly, we showed that ISG15 modification of K41 of

the NS1A protein inhibits influenza A virus replication and thus
contributes to the antiviral action of IFN-β. Using a virus encoding
the WSN NS1A protein that contains only one NLS, the NLS that
includes K41, we demonstrated that changing K41 to R rendered
the virus ≈10-fold more resistant to the antiviral action of IFN-β.
This level of protection is comparable to that provided by elimi-
nating overall ISG15 conjugation (10), indicating that eliminating
the ISG15 modification of this single NS1A amino acid is respon-
sible for a large part of the protection. Consequently, ISG15 mod-
ificationofK41 significantly inhibits virus replicationdespite the fact
that only a small fraction (2–5%) of the steady-state amount of the
NS1A protein contains an ISG15-modified K41 amino acid, Sim-
ilarly, it was recently reported that ISG15 conjugation of filamin B,
which impacts only a small fraction of the steady-state amount of the
protein, abrogates a major function of filamin B (23). These ISG15
results are similar to those obtained with another ubiquitin-like
protein, SUMO,whereby low steady-state levels ofmodificationofa
protein affect its function (24). It has been postulated that rapid
modification by SUMO is followed by equally rapid deconjugation,
resulting in a low steady-state level of a SUMO-modified protein,
but that the initial modification by SUMO leads to a permanently
altered function of the protein. It is not known whether the SUMO
model applies to the ISG15 modification of the NS1A protein in
influenza A virus–infected cells.
We also showed that the NS1A protein specifically and directly

binds Herc5, the major E3 ligase for ISG15 conjugation. This inter-
action, which is independent of the dsRNA-binding activity of the
NS1A protein, is mediated largely by a protein–protein interaction
betweena regionof theNS1ARBDandtheRCCdomainofHerc5. It
is reasonable to postulate that IFNpretreatment leads to comparable
amounts of Herc5 and NS1A proteins in infected cells, because this
pretreatment induces a 10–30-fold increase inHerc5 expression (5, 6)
and inhibits the synthesis of the NS1A protein 10–30-fold (10). It is
therefore likely that in infected cells pretreated with IFN-β the
majority of both Herc5 and the NS1A protein are complexed with
each other. A possible consequence is that the NS1A protein
sequesters Herc5 away from catalyzing the ISG15 modification of
other influenzaAvirusproteins, thereby explainingat least inpart our
finding that the NS1A protein is the major influenza A virus protein
that is targeted by the IFN-β–induced ISG15 conjugation system in
infectedcells.Wehave found thatonlyoneother viral protein, theM1
(matrix) protein, undergoes detectable ISG15 conjugation in infected

cells pretreated with IFN-β (Fig. S4). Conversely, Herc5 might
sequester the NS1A protein away from carrying out its functions
during infection. Future identification of an NS1A mutant defective
in Herc5 binding will be required to test these possibilities.
In conclusion, we have shown that IFN-induced ISG15 mod-

ification of the K41 residue of the NS1A protein causes a loss of
function of the NS1A protein and the inhibition of influenza A virus
replication. It is interesting that the NS1A protein, which is respon-
sible for countering key components of the host antiviral system (25),
is itself targeted by amajor host antiviral system, IFN-induced ISG15
conjugation. These results establish a “loss of function” mechanism
for the antiviral activity of the IFN-induced ISG15 conjugation sys-
tem,namely, that it inhibits viral replicationbyconjugating ISG15 toa
specific viral protein, thereby inhibiting its function.

Materials and Methods
Recombinant influenzaAvirusesweregenerated usingplasmid-based reverse
genetics, as described in SI Materials and Methods. To identify NS1A-ISG15
conjugates in virus-infected cells. A549 cellswere treatedwith 100U/mLof IFN-
β for 24 h and then infected with 5 pfu/cell of the indicated influenza A virus
expressing either untagged or N-terminal Flag-tagged NS1A protein. Infected
cell extracts were analyzed for the presence of NS1A-ISG15 conjugates as
described in the legends of Figs. 1 and 2. Where indicated, siRNAs (20 mM)
were transfected into the cells 24 h before IFN treatment, as described pre-
viously (10). The siRNAs targetingHerc5, Herc6, ISG15, Ube1L, andUbcH8were
described previously (5, 10). As shown previously (10), siRNA knockdown of
UbE1L alone in A549 cells did not achieve efficient inhibition of ISG15 con-
jugation, and it was necessary to include an siRNA directed against ISG15.

To identify ISG15 conjugation sites in the NS1A protein, 293T cells were
cotransfectedwithplasmidsexpressingFlag-UdNS1A,His-ISG15,andthe three
ISG15 conjugation enzymes. The Flag-NS1A-His-ISG15 conjugate in the
transfected cell extract was purified using sequential affinity selection on Ni-
NTA resin andanti-FlagM2agarose (26), followedbyelectrophoresis on a10%
SDS polyacrylamide gel. The purified protein band was analyzed by mass
spectrometry to identify ISG15-modified lysines (Table S1). To determine
whether the NS1A-ISG15 conjugate binds dsRNA or importin-α, a plasmid
expressing Flag-UdNS1A(1-125), with orwithout the four plasmids expressing
ISG15 and its conjugation enzymes, was tranfected into 293T cells, and cell
extracts were subjected to affinity selection using either poly(I:C)-coupled
agarose beads or glutathione beads containing GST-importin-α fusion (pro-
vided by Krister Melén) (20). The eluates were analyzed by immunoblots
probed with anti-NS1A or anti-Flag antibody to detect the presence of
unmodified and ISG15-conjugated NS1A protein. To determine whether the
K41R mutation protected influenza A virus against IFN-induced ISG15 con-
jugation, HeLa Tet-on cells, with or without prior treatment with IFN-β, were
infected with 0.1 pfu/cell of either the Ud/NS-WSNwt or Ud/NS-WSNK41R
recombinant virus, and the amount of virus produced was determined by
plaque assays in Madin-Darby canine kidney (MDCK) cells.

In vitro and in vivo assays for the interaction of the NS1A protein with
Herc5 were carried out as described in the legend of Fig. 5 and in SI Materials
and Methods.
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