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Type I interferon production represents one of the first lines of
defense against invading viral pathogens (1, 2). Pathogens induce
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EXPERIMENTAL PROCEDURES
Protein Expression and Purification—All constructs expressing the NS1B N-terminal fragment, human ISG15, and its
mutants were generated using a standard PCR-based cloning
strategy. Recombinant full-length human ISG15 (1–158) with a
C78S mutation and a C-terminal arginine cap was expressed
with the pGEX-6P-1 vector in Escherichia coli strain BL21
(DE3). ISG15 and its mutants with an N-terminal glutathione
S-transferase (GST) tag were collected with glutathione-Sepharose 4 Fast Flow (GE Healthcare) followed by digestion with
PreScission protease (GE Healthcare) to remove the tag and
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ISG15 (interferon-stimulated gene 15), the first ubiquitin-like
protein (UBL) identified, has emerged as an important cellular
antiviral factor. It consists of two UBL domains with a short linker
between them. The covalent attachment of ISG15 to host and viral
proteins to modify their functions, similar to ubiquitylation, is
named ISGylation. Influenza B virus NS1B protein antagonizes
human but not mouse ISGylation because NS1B exhibits species
specificity; it only binds human and non-human primate ISG15.
Previous studies have demonstrated that the N-terminal UBL
domain and linker of ISG15 are required for the binding by NS1B
and that the linker plays a large role in the species specificity, but
the structural basis for them has not been elucidated. Here we
report the crystal structure of human ISG15 in complex with NS1B
at a resolution of 2.0 Å. A loop in the ISG15 N-terminal UBL
domain inserts into a pocket in the NS1B dimer, forming a high
affinity binding site. The nonspecific van der Waals contacts
around the ISG15 linker form a low affinity site for NS1B binding.
However, sequence alignment reveals that residues in the high
affinity site are highly conserved in primate and non-primate
ISG15. We propose that the low affinity binding around the ISG15
linker is important for the initial contact with NS1B and that the
stable complex formation is largely contributed by the following
high affinity interactions between ISG15 N-terminal UBL domain
and NS1B. This provides a structural basis for the species-specific
binding of ISG15 by the NS1B protein.

many of which help establish the antiviral responses in target cells
(2, 3). One of the most prominent ISGs to be induced during viral
infection and the ensuing type I interferon response is the ⬃15kDa protein ISG15. It is a member of the ubiquitin-like (UBL)
protein family, which is covalently attached to target proteins to
modify their functions (4–6). As ISG15 modifies proteins in a
manner similar to ubiquitylation, protein conjugation by ISG15 is
termed ISGylation, and proteins are sequentially catalyzed by
E1-activating enzyme Ube1L, E2-conjugating enzyme UbcH8, and
E3 ligases such as human HerC5 and mouse HerC6 (5–7). ISG15
consists of two UBL domains linked by a short linker. Both
domains share sequence and structural similarities to ubiquitin
and are required for efficient conjugation of ISG15 to target proteins (8, 9).
ISG15 has recently emerged as an important cellular factor
against different viral pathogens (10, 11). The antiviral activities
associated with cellular and viral protein ISGylation in vitro
and/or in vivo have been reported for both DNA and RNA
viruses, including influenza A and B, Sindbis, herpes simplex
virus type I (HSV-1), and murine ␥ herpesvirus 68 (␥HV68) (12,
13). On the other side of the host-pathogen interaction, viruses
evolve different mechanisms to escape from the antiviral activity of ISG15 (6, 10). Influenza B virus strongly induces ISG15
during infection but specifically blocks protein ISGylation by
the NS1B protein, which interacts with ISG15 and inhibits its
conjugation to target proteins in vitro as well as in infected cells
(14). The binding site for human ISG15 is located in the N-terminal 103 residues of NS1B (14). The NS1B protein also exhibits species-specific binding; it binds ISG15 from human and
non-human primates but not from other mammalian species
including mouse and dog (7, 15). It has been shown that the
N-terminal UBL domain and linker region in human ISG15 are
important for NS1B binding (7, 15). There are residues in the
ISG15 linker region that are highly conserved among primates
but divergent in other mammalian species (15). Substitution of
these residues in human ISG15 with corresponding mouse residues abolished its binding with NS1B (15). Although previous
studies have provided invaluable information (7, 14 –16), the
complex structure of human ISG15 with NS1B is still needed to
definitively elucidate the structural basis for the binding and its
species specificity. Here we report the crystal structure of the
full-length human ISG15 in complex with the N-terminal 103
residues of NS1B.
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TABLE 1
Data collection and refinement statistics
Data collection
Beamline
Wavelength
Space group
Cell dimensions
a, b, c (Å)
␣, ␤, ␥ (°)
Resolution (Å)
Rmerge (%)
I/I
Completeness (%)
Redundancy
Refinement
Resolution (Å)
No. of reflections
Rwork/Rfree (%)
No. of atoms
Protein
Water
Succinic acid
B-factors (Å2)
Protein
Water
Succinic acid
r.m.s. deviations
Bond lengths (Å)
Bond angles (°)
Ramachandran plot
Most favored
Additionally allowed
Generously allowed
Disallowed
a

SSRF BL17U
0.9793
C2
93.68, 39.15, 74.70
90, 90.5, 90
50-2.00 (2.05-2.00)a
12.0 (32.3)
14.4 (3.0)
91.5 (86.2)
4.0 (2.5)
46.8-2.00
16316
18.9/24.3
1950
85
2
40.7
42.6
68.9
0.007
1.045
93.9
6.1
0.0
0.0

Values in parentheses are for highest resolution shell.

concentrations at a 30 l/min flow rate. The ISG15-NS1B complex was allowed to associate for 60 s and dissociate for 120 s. Data
were analyzed with the BIAcore T100 evaluation software by fitting to a 1:1 Langmuir binding fitting model.

RESULTS AND DISCUSSION
The ISG15-NS1B complex structure was determined by the
molecular replacement method and refined at 2.0 Å with a final
Rwork and Rfree of 18.9 and 24.3%, respectively (Table 1). The
asymmetric unit contains one NS1B molecule and one ISG15
molecule (Fig. 1A). By applying symmetrical operation, two
NS1B monomers (A and B) form a closely packed homodimeric
six-helix fold (Fig. 1B), which has the same architecture as
unbound NS1B dimer structure previously determined (supplemental Fig. S1A) (18). The NS1B dimer binds two ISG15
molecules symmetrically (Fig. 1B). The gel filtration analysis
showed that the NS1B exists as dimer (molecular mass 25.4
kDa) in solution (Fig. 1C). To examine the binding stoichiometry of the NS1B dimer with ISG15 in solution, we performed
gel filtration analyses of the ISG15-NS1B complex four times
from high to low protein concentration, which was facilitated
by repeatedly loading the peak fraction of previous ISG15NS1B elution to the column. With a starting concentration of
⬃10 mg/ml, the peak volume of the ISG15-NS1B complex is
14.9 ml (Fig. 1C) in the first run. The elution volume of the
ISG15-NS1B complex decreased to 15.3 and 15.7 ml in the second and third run (Fig. 1C). In the fourth run, the peak volume
did not decrease and remained to be 15.7 ml (Fig. 1C). The
molecular mass standards BSA (66 kDa) and ovalbumin (44
kDa) have peak volumes of 14.6 and 15.7 ml, respectively, indicating that the molecular mass of the ISG15-NS1B complex
changed from close to 66 to 44 kDa with decreased protein
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further purification by Superdex 200 HR 10/30 gel filtration
(GE Healthcare). The N-terminal fragment of NS1B (residues
1–103) was expressed with the pET-22b vector in E. coli BL21
(DE3). NS1B with a C-terminal His6 tag was purified using nickelnitrilotriacetic acid affinity resin (Qiagen) followed by Superdex 200 HR 10/30 gel filtration (GE Healthcare). The purified
ISG15 and NS1B were incubated on ice for 30 min, and the
stable ISG15-NS1B complex was further purified by Superdex
200 HR 10/30 gel filtration (GE Healthcare).
Crystal Growth—The ISG15-NS1B complex in the buffer
containing 0.01 M HEPES, pH 7.2, 0.5 M NaCl was concentrated
to ⬃20 mg/ml for initial screening of crystallization conditions.
Crystals were grown at 18 °C by the sitting drop vapor diffusion
method, using equal volumes of protein and crystallization
solution over a 0.6-ml reservoir composed of 20% PEG 8000,
0.1 M HEPES, pH 7.5, 0.01 M succinic acid. Crystals were cryoprotected in well solution plus 20% (v/v) glycerol and then
flash-frozen in the liquid nitrogen before data collection.
Data Collection and Structural Determination—A 2.0 Å
dataset was collected on beamline BL17U at the Shanghai Synchrotron Research Facility (SSRF) and processed with
HKL2000 (17). The structure was determined by the molecular
replacement method with human ISG15 structure (Protein
Data Bank (PDB) code: 1Z2M) (8) and NS1B structure (PDB
code: 1XEQ) (18) as search models in the program PHASER
(19). Iterative refinement and model building were conducted
with the programs PHENIX (20) and COOT (21), respectively.
All structural figures were made with PyMOL (22).
Gel Filtration Analysis—Size-exclusion chromatography
with a Superdex 200 10/300 column on an ÄKTA FPLC (GE
Healthcare) was carried out to access the apparent molecular
mass of the ISG15-NS1B complex in solution at 4 °C. The column was equilibrated with a buffer containing 0.01 M HEPES,
pH 7.2, 0.15 M NaCl at a flow rate of 0.5 ml/min. The ISG15NS1B complex with a starting concentration of ⬃10 mg/ml
(0.5-ml volume) was loaded to the column, and fractions of 0.5
ml each were collected. The fraction corresponding to the peak
of the ISG15-NS1B complex elution (0.5 -ml volume) was
loaded again to the column. The same analysis was performed
two more times until the UV280 absorbance of the peak went
down to ⬃20 milliabsorbance units. Aliquots of fractions from
all four gel filtration analyses were subjected to SDS-polyacrylamide gel electrophoresis (PAGE), and proteins were visualized
by Coomassie Blue staining. The column was calibrated with
molecular mass standards.
BIAcore Analysis—Real-time binding and the following analysis by surface plasmon resonance (SPR) were carried out on a
BIAcore T100 instrument (GE Healthcare) at 25 °C. The NS1B
protein was immobilized on a research-grade CM5 sensor chip by
the amine-coupling method. Flow cell 1 was left blank as a reference. NS1B (10 g/ml) in sodium acetate buffer (10 mM, pH 5.0)
was immobilized to 300–400 response units on the flow cell, and
the surface was then blocked with an injection of 1 M ethanolamine, pH 8.0, for 7 min. An injection of 10 mM NaOH for 10 s was
carried out to remove non-covalently bound NS1B. For the collection of data for kinetic or equilibrium analyses, ISG15 and all its
mutants in a buffer of 0.01 M HEPES, pH 7.2, and 0.5 M NaCl, plus
0.005% (v/v) Tween 20, were injected over the flow cells at various
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FIGURE 1. Structure of the ISG15-NS1B complex and gel filtration analysis in solution. A, ribbon diagram of one NS1B molecule (cyan) and one ISG15
molecule (green) in the asymmetric unit. N-UBL, N-terminal UBL; C-UBL, C-terminal UBL. B, the NS1B dimer (monomers A and B colored with cyan and magenta,
respectively) bound with two ISG15 molecules after applying the symmetrical operation. C, gel filtration analyses of the ISG15-NS1B complex in solution. The
top left panel shows the gel filtration profile after an injection of 0.5 ml of ISG15-NS1B complex (⬃10 mg/ml). The top right panel shows the gel filtration profile
of the second run after injecting the peak fraction (0.5 ml) from the first run. The bottom left panel shows the gel filtration profile of the third run after injecting
the peak fraction (0.5 ml) from the second run. The bottom right panel shows the gel filtration profile of the fourth run after injecting the peak fraction (0.5 ml)
from the third run (black curve). The elution volumes of the NS1B dimer (red curve, molecular mass 25.4 kDa) and ISG15 monomer (blue curve, molecular mass
17.7 kDa) are 16.9 and 17.7 ml, respectively. In all 15% SDS-PAGE gels showing the components of the ISG15-NS1B complex elution, the NS1B monomer (12.7
kDa) migrated slower than ISG15 (17.7 kDa), which was further confirmed by peptide mass fingerprinting after enzymatic digestion of both bands.

concentration. The calculated molecular mass of the NS1B
dimer bound with two ISG15 molecules including extra residues after PreScission cleavage and His6 tag is 60.8 kDa. The
calculated molecular mass of the NS1B dimer bound with
one ISG15 molecule is 43.1 kDa. These results collectively
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indicate that in solution, the NS1B dimer may bind two
copies or one copy of ISG15, depending on the protein
concentration.
The overall structure of the NS1B monomer did not change
substantially upon binding ISG15 when compared with
VOLUME 286 • NUMBER 35 • SEPTEMBER 2, 2011
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TABLE 2
Affinities of ISG15 wild type and its mutants binding to immobilized
NS1B
All measurements were performed two independent times except for ISG15 D76Q/
K77N/D79S mutant.
Fit model
WT
L10A
D76Q
K77N
D79S
D76Q/K77N/D79S

unbound NS1B monomer (18), with an r.m.s. deviation of 0.58
Å for C␣ atoms (residues 9 –90). However, there is a large conformational change of the C-terminal tail (residues 91–103) of
NS1B in the complex to facilitate interactions with ISG15,
which will be described below (supplemental Fig. S1B). The
overall structure of ISG15, consisting of N- and C-terminal
UBL domains and the linker between them, also did not change
substantially upon binding NS1B when compared with free
ISG15 (supplemental Fig. S1C) (8). The r.m.s. deviation for 152
C␣ atoms is ⬃0.82 Å. The N-terminal UBL domain and the
following linker region of ISG15 have contact with the NS1B
dimer in the complex (Fig. 1B), and the C-terminal UBL domain
of ISG15 is away from the NS1B dimer without any interaction
(Fig. 1B). This is consistent with previous studies showing the
importance of the N-terminal UBL domain and linker region of
human ISG15 in NS1B binding (7, 15).
Because the two binding interfaces between the NS1B dimer
and two ISG15 molecules in the crystal structure are identical,
we only analyze one interface in the following description and
discussion. At the binding interface, a protruding loop (Met-9 –
Gly-12) from the ISG15 N-terminal UBL domain inserts into a
pocket contributed by both NS1B monomers (Fig. 2A). At a 4 Å
distance cutoff, residues Met-9, Leu-10, Ala-11, and Gly-12
from this loop have extensive interactions with residues Gln-37
and Ala-39 from NS1B monomer A and residues Ala-19, Met84, Leu-88, Gly-99, Phe-100, and Pro-102 from NS1B monomer
SEPTEMBER 2, 2011 • VOLUME 286 • NUMBER 35

koff
(mean ⴞ S.D.)

KD
(mean ⴞ S.D.)

⫺1 ⫺1
M s
⫻ 105
1.6 ⫾ 0.1

s⫺1 ⫻ 10⫺2
3.0 ⫾ 0.2

2.2 ⫾ 1.0

4.0 ⫾ 0.2

M
0.18 ⫾ 0.01
50 ⫾ 13
6.2 ⫾ 2.3
1.7 ⫾ 0.6
0.20 ⫾ 0.10
5.2

B (supplemental Table S1). The overall property of interactions
in the pocket is hydrophobic. ISG15 residue Leu-10 is the central
interacting residue in the pocket, which has interactions with Met84, Leu-88, and Phe-100 of the NS1B monomer B and contributes
to nearly 20% of the total buried surface upon complex formation
(Fig. 2B and supplemental Fig. S2A). Mutation of this residue
(L10A) decreased the binding affinity with NS1B from 0.18 to 50
M (Table 2 and supplemental Fig. S3). Other hydrophobic residues including Ile-36, Leu-72, Leu-73, Val-74, and Val-75 in the
ISG15 N-terminal UBL domain also have contacts with NS1B at
the binding interface (supplemental Table S1).
The previously identified critical linker region (Asp-76 –
Asp-79) contacts the NS1B dimer at the binding interface (Fig.
2A) (7, 15). Replacing residues Asp-76, Lys-77, and Asp-79 in
human ISG15 with corresponding mouse residues Gln, Asn,
and Ser abolished the binding with NS1B in GST pulldown
assay (15). At a 4 Å distance cutoff, residues Asp-76 and Lys-77
from ISG15 have contacts with Met-91 from NS1B monomer A
and Trp-36 from NS1B monomer B (Fig. 2C and supplemental
Fig. S2B). The interactions are characterized by the van der
Waals packing of side chains without specific hydrogen-bonding or salt bridge interactions (Fig. 2C). Residue Asp-79 does
not interact with any NS1B residues (Fig. 2C). Our SPR analysis
supports the structural characteristics, showing that single
D76Q and K77N mutations decreased the NS1B binding affinity from 0.18 M to 6.2 and 1.7 M, respectively (Table 2 and
supplemental Fig. S3). Mutant D79S still had a binding affinity
of 0.20 M, which is close to that of wild type ISG15 (0.18 M)
(Table 2 and supplemental Fig. S3). We also made a human
ISG15 with a D76Q/K77N/D79S triple mutation, which
induced the same level of affinity decrease (5.2 M) as the single
D76Q mutation (Table 2 and supplemental Fig. S3).
In the ISG15-NS1B complex, the NS1B 1–103 fragment consists of three helices (␣1, ␣2, and ␣3), two connecting loops (L1
and L2), and the N- and C-terminal tails (supplemental Fig.
S4A). When compared with unbound NS1B, the C-terminal tail
of NS1B in the complex has a close to 180° degree rotation
(supplemental Fig. S1B), enabling residues on it to interact with
ISG15. Among the 15 ISG15-interacting residues on NS1B,
seven of them are located in the C-terminal tail including Met91, Pro-93, Ser-94, Ile-97, Gly-99, Phe-100, and Gly-101 (supplemental Table S1), and Met-91 and Phe-100 are extensively
involved in the hydrophobic interactions with the protruding
ISG15 loop (Met-9 –Gly-12) in the pocket (Fig. 2B). This
explains the previous observation that both the RNA-binding
domain (RBD, the N-terminal 93 residues) and the 94 –103
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 2. The binding interface in the ISG15-NS1B complex. A, overall
view of the binding interface. The NS1B dimer is shown in surface representation. One binding site is around the Met-9 –Gly-12 loop in ISG15. Another
binding site is around the linker connecting the N-terminal UBL (N-UBL) and
C-terminal UBL (C-UBL) in ISG15. B, ISG15 residue Leu-10 in the N-terminal
UBL domain and surrounding interacting residues of NS1B in the pocket.
Residues from NS1B monomer A and monomer B are labeled in parentheses.
C, ISG15 residues Asp-76 and Lys-77 in the linker have van der Waals contacts
with Met-91 and Trp-36 of NS1B.

Kinetics
Steady state
Steady state
Steady state
Kinetics
Steady state

kon
(mean ⴞ S.D.)
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Addendum—While this manuscript was under review, the crystal
structure of human ISG15 in complex with NS1B (PDB code: 3R66)
determined by R. Guan, L. C. Ma, R. M. Krug, and G. T. Montelione
at the Northeast Structural Genomics Consortium was released from
the PDB. This structure is in space group P1 and has one NS1B dimer
bound with two ISG15 molecules in the asymmetric unit.
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region of NS1B are required for ISG15 binding (14). The NS1B
RBD (residues 1–93) and corresponding influenza virus A
NS1A RBD (1–73) share a similar homodimeric six-helix fold
(18). In the architecture, six helices ␣1, ␣2, ␣3, ␣1⬘, ␣2⬘, and ␣3⬘
are conserved in both length and position, whereas the L2 loop
is eight amino acids longer in NS1B (supplemental Fig. S4A).
The unique Arg-38 –Arg-38 pair and two Arg-35–Arg-46 pairs
in the NS1A RBD dimer for dsRNA binding are strictly conserved in the NS1B RBD (supplemental Fig. S4A) (23), indicating that the NS1B RBD binds dsRNA similarly as the NS1A
RBD. The ISG15 and dsRNA binding sites are on different sides
of the NS1B dimer, which is consistent with a previous study
showing that dsRNA and ISG15 can bind to NS1B simultaneously (supplemental Fig. S5) (16).
Our mutagenesis and SPR analysis showed that mutation of
Leu-10 in the ISG15 N-terminal UBL domain decreased the
NS1B binding affinity close to 300-fold (Table 2), whereas
mutation of residues in the ISG15 linker decreased the NS1B
binding affinity 10 –30-fold (Table 2). This indicates that
the binding around the ISG15 linker by NS1B is weaker than the
binding around the ISG15 N-terminal UBL domain by NS1B.
However, the ISG15 linker plays a very significant role in the
species-specific binding by NS1B (15). Sequence alignment
shows that hydrophobic ISG15 residues Met-9, Ile-10, Ile-36,
Leu-72, Leu-73, Val-74, and Val-75 forming the high affinity
binding site on the N-terminal UBL domain are highly conserved among primates and non-primates (supplemental Fig.
S4B). Therefore, most probably the N-terminal UBL domain
would not determine the species-specific binding by NS1B.
These observations lead us to speculate that although the binding around the ISG15 linker by NS1B is relatively weak, it may
provide contact to bring NS1B and ISG15 close, and then the
high affinity binding between the ISG15 N-terminal UBL
domain and NS1B may provide the following extensive interactions for stable complex formation. In this binding model, the
initial contact of NS1B with the linker region of ISG15 is critical
not only for bringing these two molecules close but also for
positioning them in the appropriate orientation to facilitate
extensive interactions between the ISG15 N-terminal UBL
domain and NS1B. This also provides a structural basis for the
species-specific binding of ISG15 by NS1B.
The ISG15 C-terminal UBL has a C-terminal conserved LRLRGG motif that is covalently linked to target proteins (supplemental Fig. S4B). The ovarian tumor (OTU) domain proteases
encoded by nairoviruses and arteriviruses help counteract both
ubiquitylation and ISGylation by cleaving ubiquitin and ISG15
from target proteins (24). Structural studies showed that the
ovarian tumor protease binds to the ubiquitin and C-terminal
UBL domain of ISG15 (25, 26). Previous biochemical study and
the ISG15-NS1B complex structure shown here reveal that
NS1B just targets the N-terminal UBL domain and the linker of
ISG15 (9). It supports the previous proposal that the N-terminal UBL domain of ISG15 mainly functions in the ligation step
of ISGylation and that NS1B inhibits ISGylation by competing
with E3 ligase for binding to the N-terminal UBL domain (9).

