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Interferon-stimulated gene 56 (ISG56) family members play important roles in blocking viral replication and reg-
ulating cellular functions, however, their underlying molecular mechanisms are largely unclear. Here, we present the 
crystal structure of ISG54, an ISG56 family protein with a novel RNA-binding structure. The structure shows that 
ISG54 monomers have 9 tetratricopeptide repeat-like motifs and associate to form domain-swapped dimers. The C-
terminal part folds into a super-helical structure and has an extensively positively-charged nucleotide-binding chan-
nel on its inner surface. EMSA results show that ISG54 binds specifically to some RNAs, such as adenylate uridylate 
(AU)-rich RNAs, with or without 5′ triphosphorylation. Mutagenesis and functional studies show that this RNA-
binding ability is important to its antiviral activity. Our results suggest a new mechanism underlying the antiviral 
activity of this interferon-inducible gene 56 family member.
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Introduction

Type I interferon (IFN) can block virus replication 
by stimulating the expression of various antiviral genes 
termed interferon-stimulated genes (ISG), including 
IFN-stimulated gene 56 family members (also known as 
IFN-induced tetratricopeptide repeats, IFITs) [1-6]. The 
human ISG56 family includes 4 members, ISG54 (IFIT2), 
ISG56 (IFIT1), ISG58 (IFIT5) and ISG60 (IFIT3), which 
have overlapping functions but distinct induction pat-
terns [7-9]. 

ISG56 family members have been predicted to be 
tetratricopeptide repeat (TPR)-containing proteins [10]. 
TPR-containing proteins are well known for their ability 
to mediate protein-protein interactions. The TPR motif 
is defined by the presence of 34 amino acids contain-
ing two anti-parallel helices, helix-A and helix-B [11]. 

Eight loosely conserved residues, W4, L7, G8, Y11, A20, 
F24, A27, and P32, at stringently conserved positions, me-
diate the interaction between helix-A and helix-B [11, 
12]. Tandem anti-parallel helix-turn-helix arrays gener-
ate a right-handed helical channel; helix-A is situated 
inside the channel while helix-B is on the outside of the 
channel, providing a complementary binding surface for 
other proteins [13]. The TPR motifs form a super helical 
structure and the amino acids in the channel often change 
considerably, determining the specificity of the protein 
for its protein substrates [11]. Many TPR-containing 
proteins have been shown to specifically recognize their 
partners and form complexes such as molecular chaper-
ones, anaphase promoting complexes, and protein trans-
port complexes [14-16].

Studies investigating the mechanism of this family of 
proteins have yielded inconsistent results. Early results 
indicated that ISG54 and ISG56 can interact with eIF3e 
and eIF3c to inhibit translation [10, 17]. In contrast, it 
was later found that ISG56 family proteins inhibit vi-
ruses by recognizing viral mRNA lacking 2′-O methyla-
tion [18]. Recently, it was reported that ISG56 inhibits 
viral replication through its 5′-triphosphate RNA-binding 
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ability [19]. In addition, it has been suggested that ISG56 
family proteins are involved in cellular processes such 
as IFN signaling [20], inhibition of apoptosis and cell 
migration, and regulation of the production of cytokines 
in the inflammation process [20-23], but the mechanisms 
are largely unknown. Detailed structural information is 
required to elucidate the molecular mechanisms underly-
ing all these functions. 

Here, we report the crystal structure of human ISG54. 
ISG54 monomers have 9 TPR-like motifs and form do-
main-swapped dimers. It has an exclusively positively-
charged C-terminus for RNA binding. Mutation of the 
residues that are important for the RNA-binding ability 

of ISG54 disrupts its antiviral activity. We show that 
ISG54 can specifically bind to RNAs such as adenylate 
uridylate (AU)-rich RNAs in vitro. In addition, we found 
that ISG54 can bind some cellular RNA motifs such as 
AU-rich elements (AREs) [24], suggesting the cellular 
function of this protein. Our results shed light on how 
ISG54 functions as an antiviral protein and carries out its 
cellular functions.

Results

Overall fold of ISG54
We determined the 2.8 Å crystal structure of human 

Figure 1 Overall structure of ISG54. (A) Cartoon diagram of the ISG54 dimer, showing the front and top view. The dimen-
sions of the protein, the C-terminus, and the RNA-binding channel are given. The N-terminal region (blue), domain-swapped 
region (green) and C-terminal region (yellow) are labeled in monomer A and monomer B is in gray. (B) Cartoon diagram of 
the ISG54 monomer A. The secondary structural elements are labeled. (C) Sequence alignment of ISG54 TPR-like motifs 
with typical TPR and PPR motifs. The 172-208 sequence forms a swapped TPR-like motif as described in the main text. The 
conserved residues in the standard TPR/PPR motifs are labeled in gray, blue, green and purple representing the hydropho-
bic, charged, small and terminal residues, respectively.
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ISG54 by the single-wavelength anomalous disper-
sion (SAD) method using a selenomethionine (SeMet)-
derivative protein crystal (Figure 1 and Table 1). Most 
residues of the protein, except for the first 5 residues at 
the N-terminus, the last 22 residues at the C-terminus 
and amino acids on several loops, fit well to the electron 
density map. ISG54 forms a dimer in our structure (Figure 
1A). Each ISG54 monomer consists of 22 tandem anti-
parallel α-helices, most of which are involved in the for-
mation of TPR-like motifs. Helices 3 to 6, 7 and 8, and 
11 to 22 can be recognized as a TPR-like motif (Figure 
1B and 1C). However, ISG54, unlike some known TPR 
proteins, does not form a continuous extended super-
helix as predicted by previous reports [8, 19], but rather 
is grouped into three regions; helices 1-6 form the N-
terminal region, helices 7-9 the middle region and heli-
ces 10-22 the C-terminal region (Figure 1B). These three 

regions are linked by long loops, L2 (between helices 6 
and 7) and L3 (between helices 9 and 10), and have few 
interactions between them. They form a triangle, leaving 
an empty space in the center. In the N-terminal region, 
helix 1 is short, covering only six residues (residues 10-
15) and interacts with both helices 5 and 6 at the bottom 
of the protein structure. Many conserved hydrophobic 
residues in helix 1 and loop L1 (between helices 1 and 
2), such as L9, L13, L16, H19, F20, W22 and L24, inter-
act with residues Y59, Y105, V117 and V120 in helices 
3-6 to stabilize the N-terminal conformation (Figure 2). 
Helix 2 is located on top of this region and functions as 
a bridge to interact with both the N-terminal and the C-
terminal regions. The middle region is linked with the N- 
and C-terminal regions by loops L2 and L3 but is located 
at some distance from them. In this region, helices 7-9 
interact with each other to form an anti-parallel helix 
bundle-like structure. The distance between helices 7 and 
9 is greater than that between helices 7 and 8 or between 
helices 8 and 9. The C-terminal region covers helices 10-
22, which are involved in forming a partial right-handed 
super-helix. 

ISG54 forms a swapped dimer
In contrast to previously described TPRs that exist as 

monomers in solution [13, 15], ISG54 monomers in our 
structure formed a tightly associated homodimer (Fig-
ure 1A). The N-terminal region and the middle region 
are involved in the interaction between monomers. In 
the ISG54 dimer, the middle region from one monomer 
inserts into the empty space surrounded by the three re-
gions in the other monomer, forming a domain-swapped 
conformation. In total, the swap interface is about 4 240 
Å2 as computed by PISA [25], suggesting a very strong 
interaction between the monomers. The dimer structure 
of ISG54 looks like a binocular telescope, an eyepiece 
consisting of the two N-terminal regions and the two 
middle regions (helices 1-9) from two monomers, and an 
objective lens consisting of the C-terminal spiral region 
(helices 10-22). In the swapped dimer of ISG54, the two 
middle regions interact with each other through their 
helix 8 (Figure 2). Helix 9 of the middle region from one 
monomer interacts in an anti-parallel manner with helix 
10 of the C-terminal region from the other monomer, 
linking the two regions as a continuous hybrid super-
helix running from helix 7 to helix 22. Both electrostatic 
and hydrophobic interactions play important roles in the 
domain-swapped dimer conformation (Figure 2). Two 
pairs of electrostatic interactions, E155/K158′ and E162/
R156′ between helix 8 of each monomer, where E155 
and R162 are from monomer A and K158′ and E156′ 
are from monomer B, are observed. A strong interaction 

Table 1 Data collection and refinement statistics (SAD)

Data collection
Beam Line
Space group
Cell dimensions
a, b, c (Å)
α, β, γ (°) 
Resolution (Å)
Rmerge

I/σI
Completeness (%)
Redundancy

Refinement
Resolution (Å)
No. reflections
Rwork / Rfree

No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s. deviations
Bond lengths (Å)
Bond angles (°)

Native

SSRF_BL17U
P212121

80.02,95.21,155.90
90.00, 90.00, 90.00
50-2.8(2.85-2.80) *
0.08 (0.49)
27.7 (1.95)
98.9 (87.1)
7.0 (4.7)

40-2.8
296917
23.1% / 28.9%
6810
6783
0
27

68.67
0
51.47

0.009
1.20

Se Derivative

KEK_BL5A
P212121

79.65, 94.69, 153.34
90.00, 90.00, 90.00
50-3.0 (3.05-3.00)
0.10 (0.79)
23.7 (4.17)
100 (100)
13.7 (13.9)

*Values in parentheses are for the highest-resolution shell.
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between D186 in helix 9 from monomer A and K218′ in 
helix 11 from monomer B is present. Hydrophobic inter-
actions, for example, between residues I180 and Y183 
in helix 9 of monomer A and L198′, L214′ and L217′ in 
helices 10 and 11 of monomer B, also seem to be impor-
tant.

ISG54 is a novel RNA-binding protein
The tertiary structure of the continuous hybrid super-

helix that constitutes almost three-quarters of a turn in-
cludes helices 7-9 of one monomer and helices 10-22 of 
the other monomer. The super-helix surrounds an open 

cylindrical space, which is approximately 50 × 20 × 20 
Å3 in size. In a domain-swapped dimer, the open sides of 
the C-terminus stand face to face and have no interac-
tions with each other. Interestingly, the inner side of the 
super-helix is exclusively positively charged and involves 
many basic residues (Figure 3A). Some conserved posi-
tively-charged residues, such as K37, R184, K255, R259, 
R292 and K410, are located along the super-helix. They 
form a continuous long positively-charged region. This 
feature strongly implies that ISG54 probably serves as 
a nucleotide-binding protein. In our initial experiments, 
we noted that large amounts of host cell polynucleotides 

Figure 2 Close-up views of the interactions in the ISG54 structure. The conserved residues in the N-terminal region are 
shown as sticks (panel in purple box). Residues L9, L13, L16, H19, F20, W22 and L24 on Loop 1 are stabilized by residues 
Y59, Y105, V117 and V120 from helices 3-6 in the N-terminal domain. The domain-swapped region in ISG54 are shown in 
cyan box. The blue net represents the 2Fo-Fc electron density map contoured at 1.0 σ (upper panel). Residues are shown as 
sticks and helices are shown as cylinders. Conserved residues in helices 8, 9, 10 and 11 are shown as sticks and labeled 
(bottom panel). The helices and residues in monomer B are indicated with a prime. For clarity, only half of the duplicate inter-
actions between monomers A and B are shown.
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were extracted together with the recombinant GST-fused 
wild-type protein during the purification process when a 
low-salt buffer (20 mM HEPES, pH 7.4, 150 mM NaCl) 
was used. When the protein sample was treated with nu-
cleases, nucleic acids were largely digested by RNase but 
not by DNase (Figure 3B). We tested the RNA-binding 
ability of ISG54 and found that it could pull-down poly 
(IC), a synthetic viral RNA analogue (Supplementary in-
formation, Figure S3). Electrophoretic mobility shift as-
say (EMSA) was also performed using 12-, 14- and 16-
nt model poly (AU) RNAs and a 12-nt poly (AT) DNA. 
A 5′ triphosphorylated 14-nt poly (AU) was also tested. 
Our results showed that ISG54 binds to poly (AU) but 

not model DNA, showing no selectivity for the 5′ phos-
phate state (Figure 3C). On the basis of these results, we 
suggest that ISG54 is an RNA-binding protein. 

To find the RNA-binding sites of ISG54, we mutated 
the positively-charged residues K37, R184, K255, R259, 
R292, and K410 on the inner surface of the super-helix 
to negatively-charged glutamic acids, and constructed 
two double mutants, K255E/R259E (DM1) and R292E/
K410E (DM2). Using 14-nt poly (AU) as a substrate 
RNA, we found that RNA-binding ability was abolished 
in the ISG54 mutants R184E, R292E, K410E and double 
mutant DM2 (Figure 3D). Single mutations at K255 and 
R259 had little effect on RNA-binding ability; however, 

Figure 3 RNA-binding ability of ISG54. (A) The ISG54 structure shows a nucleotide-binding region. Positively-charged resi-
dues along the channel of monomer A (cartoon diagram, green), which are thought to be involved in RNA binding, are la-
beled and shown as sticks (blue). The electrostatic potential surface of monomer A is shown in the right panel (red, negative 
charge; blue, positive charge; white, neutral). (B) A large amount of host cell RNA and a small amount of DNA were extracted 
with recombinant ISG54 during the purification process. After treatment with RNase or DNase and incubation at room temper-
ature for 30 min, the samples were separated by a 1% agarose gel and the nucleotides were stained with ethidium bromide. (C) 
ISG54 binds to poly (AU) independent of its 5′ triphophosphate state (sequences shown in Supplementary information, Table 
S1). Only the RNA used in lane 8 labeled as 14dsRNA_5′pppAU was triphosphorylated. (D) The effect of mutations on the 
RNA-binding ability of ISG54. Purified ISG54 wild type (lane 2) and mutants (lanes 3-10) were pre-incubated with annealed 
synthetic 14-nt poly (AU). RNA alone was loaded in lane 1. Equal amounts of protein were loaded in each lane, as shown at 
the bottom of the panel.
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the double mutation K255E/R259E (DM1) impaired 
RNA-binding activity significantly. Based on our struc-
ture, the fragment covering the last three TPR-like motifs 
(helices 17-22) has a higher overall B factor than other 
parts of the protein (Supplementary information, Figure 
S4A), and tends to be less restrained by the other parts 
of the protein. We therefore made a truncation at residue 
334, which separates ISG54 into two mutants, N-334 
and 335-C. The RNA-binding ability of 335-C was sig-
nificantly reduced (Figure 5B). Although we did not test 
the RNA-binding ability of mutant N-334 as it cannot 
be expressed and well purified from E. coli, we suppose 
that it should also lose its RNA-binding ability since the 
residue K410 in ISG54 is important for RNA binding. 
Taken together, these results suggest that ISG54 can bind 
RNA and that the residues on the inner face of the ISG54 
super-helix are important for this function. 

RNA-binding ability is involved in the antiviral activity 
of ISG54

To test whether the RNA-binding ability of ISG54 is 
related to its antiviral function, we transfected a GFP-
labeled Newcastle virus into HEK293T cells overex-
pressing ISG54 or its mutants (DM1, DM2, N-334 and 
335-C). The GFP fluorescence of the cells was measured 
after 48 h of viral infection to determine viral produc-
tion. Viral replication was partially inhibited in wild-
type ISG54-transfected cells. The fluorescence of GFP in 
HEK293T cells transfected with mutant ISG54 proteins 
whose RNA-binding ability was destroyed, however, 
increased significantly, suggesting increased replication 
of the virus (Figure 4A). To explore whether ISG54’s 
antiviral mechanism is the same for different viruses, we 
tested the effect of ISG54 on inhibiting the replication 
of the Sendai virus. Translation levels of Sendai viral 
phosphate protein (P protein) were monitored in ISG54-

Figure 4 ISG54’s antiviral activity is related to its RNA-binding ability. (A) Replication of the GFP-labeled Newcastle virus in 
HEK293T cells overexpressing ISG54 and its mutants. The GFP fluorescence of the cells was monitored by microscopy 48 h 
after viral infection (left panel). Protein expression levels were quantified by western blotting (right panel). (B) Production of 
Sendai viral P protein in cells overexpressing ISG54 and its mutants as detected by immunoblotting. (C) ISG54 binds to the 
mRNA of the P protein of NDV. RNA-binding ability was destroyed by DM1 and DM2.
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expressing HEK293T cells. Western blotting showed that 
overexpression of the ISG54 mutants cannot effectively 
inhibit the production of P protein (Figure 4B). Our re-
sult suggests that the RNA-binding ability of ISG54 is 
involved in its antiviral activity. 

Since ISG54 is an RNA-binding protein, we speculate 
that its antiviral activity relies on its ability to bind viral 
RNA directly. To test whether ISG54 can bind to virus 
RNA directly and independently, we developed an in vitro 
pull-down assay. The mRNA of P protein from New-
castle disease virus was prepared using an in vitro tran-
scription system. The purified GST-tagged ISG54 and its 
mutants DM1 and DM2 were loaded onto the GST bind-
ing beads using a GST-tagged luciferase fusion protein 
as a control. After incubating with viral mRNA, the GST 
beads were extensively washed to remove overloaded 
mRNA. The RNA pulled down by ISG54 proteins was 
separated by 1% agarose gel electrophoresis, stained by 
ethidium bromide, and quantified using ImageQuant™ 
software. The results showed that ISG54 can bind to 
the viral mRNA (Figure 4C). RNA-binding ability was 
destroyed in DM1 and DM2, consistent with the loss of 
antiviral functions in DM1 and DM2. Thus, we suggest 
that ISG54 probably inhibits viral replication through its 
ability to bind to viral RNAs, such as viral mRNAs. 

Figure 5 The RNA-binding specificity of ISG54. (A) EMSA results of ISG54 binding with synthetic model RNAs (sequences 
shown in Supplementary information, Table S1). ISG54 binds to Poly (AU) but not to GC-rich RNAs and poly (AT). (B) ISG54 
cannot bind to 14ssRNA_A, 14ss RNA_U, or the annealed 14ssRNA_A+U (left panel). ISG54 binds to the ARE sequence, 
using a 14dsRNA_AU as a positive control and 12dsRNA_GC as a negative control (right panel). RNAs alone are shown 
in lanes 1, 4 and 7. Wild-type ISG54 (lanes 2, 5 and 8) and mutant 335-C (lanes 3, 6 and 9) were pre-incubated with poly 
(AU), 12dsRNA_GC and ARE, respectively. The RNA-binding ability of truncation mutant 335-C with both 14dsRNA_AU and 
ARE (lanes 3 and 9) was destroyed. (C) Flexibility of ISG54 structures. Superimposition of the N_terminus (residues 31-91), 
domain-swapped regions (residues 136-187) and C_terminus (residues 194-334) of monomers A (purple) and B (blue) in the 
ISG54 dimer. The superimposition was performed using the helix 7-9 bundle as a basis and shows an angle between the two 
monomers at both helices 6 and 10, which alters the positions of the N- and C-terminus. The superimposition was performed 
with COOT [46] and the angles were measured with PyMOL (http://www.pymol.org/).

RNA-binding specificity of ISG54
Recently, it was reported that ISG54 cannot directly 

bind to 5′ triphosphorylated RNA, and may associate 
with RNA indirectly by forming a complex with ISG56 
[19]. Our results, however, suggest that ISG54 can di-
rectly bind to RNA. In contrast to ISG56, the binding 
ability of ISG54 does not depend on the triphosphoryla-
tion of the 5′ end of the RNA (Figure 3C). To further 
clarify the molecular mechanism of ISG54, we attempted 
to examine whether it recognizes viral RNA with specific 
sequences.

To study the specificity of ISG54 for substrate RNA, 
we performed EMSA using model RNAs that had previ-
ously been applied in RIG-I RNA-binding analysis [26, 
27] (Supplementary information, Table S1). In contrast to 
RIG-I, which exhibits no sequence selectivity for dsRNA 
[26, 27], our results show that ISG54 does not bind to the 
tested GC-rich RNA or dsDNA, but instead tends to bind 
to poly (AU) RNA (Figure 5A). While it is impossible to 
test all the RNA-binding possibilities of ISG54 using an 
in vitro EMSA assay, our results indicate that ISG54 has 
a previously unknown RNA selective mechanism, which 
is quite different from RIG-I and ISG56 [19, 27]. We 
propose that this protein can specifically recognize some 
viral RNAs in vivo.
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ISG54 can bind ARE sequences in vitro
It has been reported that ISG54 can regulate the pro-

duction of cell cytokines, such as TNFα and IL6, pro-
mote apoptosis and inhibit the migration of oral cancer 
cells [21-23], but the mechanisms are unknown. We hy-
pothesize that these cellular functions of ISG54 are also 
correlated with its RNA-binding ability. Unique RNA 
fragment AREs, which are reported to mediate the rapid 
degradation of host cell mRNA [24], attracted our atten-
tion since ISG54 tends to bind to AU-rich RNA. AREs 
are found at the 3′ ends of the mRNAs of many genes in 
eukaryotic cells and are characterized by a tandem repeat 
AUUUA sequence. More importantly, ARE-containing 
mRNAs encode proteins that regulate both cell growth 
and acute responses, such as inflammatory factors TNFα 
and interleukins, apoptotic factor Bcl2 and cell growth 
factors [24, 28, 29]. These reports are consistent with the 
reported cellular functions of ISG54. 

The ARE sequence, poly(A) and poly(U) were also 
tested as AU rich model RNAs in the ISG54 RNA-bind-
ing experiments. Surprisingly, EMSA results showed that 
ISG54 can bind to the ARE sequence but not to poly(A), 
poly(U) or annealed dsRNA poly(A) and poly(U) 
(poly(A+U)) (Figure 5B). Our results indicate that ISG54 
may bind motifs in RNA such as the ARE sequence and 
thereby regulate cytokine production. Although this 
needs to be elucidated further, our results imply a pos-
sible mechanism underlying the cellular functions of 
ISG54. 

Discussion

The ISG56 family proteins are well-known interferon-
stimulated antiviral host factors with additional cellular 
functions; however, their underlying functional mecha-
nisms are largely unknown. From its structure, we see 
that ISG54, quite different from other known TPR-
containing proteins, has a positively-charged spiral that 
we show here to be an RNA-binding region. Our bio-
chemical experiments suggest that ISG54 has high RNA-
binding specificity. It selectively binds to AU-rich RNA. 
We proposed a new mechanism for ISG54 in which its 
high RNA-binding ability and selectivity is related to its 
antiviral and cellular functions.

The domain-swapped dimer conformation may exist in 
other ISG56 family members

Different from other reported TPR-containing proteins 
[15, 30], ISG54 is a domain-swapped dimer in solution. 
Results from both gel filtration and ultra-centrifugation 
experiments support this conclusion (Supplementary in-
formation, Figure S1). Since the residues in the domain-

swapped interface are conserved in ISG56 family mem-
bers (Supplementary information, Figure S2), we suggest 
that the swapped architecture observed in ISG54 may 
also exist in some other ISG56 family proteins. Recent 
reports have suggested that ISG54 can form multi-pro-
tein complexes with ISG56 [19, 21]. We also observed a 
putative dimer-dimer interaction surface in the structure 
(Supplementary information, Figure S1C). Based on this 
structural evidence, we suggest that the dimer-dimer in-
teraction surface may also mediate interactions between 
ISG56 family members.

Different mechanisms for the antiviral functions of ISG54
Members of the ISG56 family proteins have differ-

ent functions and their underlying mechanisms are both 
unclear and controversial. Early results indicated that 
ISG54 and ISG56 can interact with eIF3 to inhibit trans-
lation [17, 31]. However, a recent report showed that 
ISG54 does not inhibit translation even at a concentration 
of 35 μM [19]. Consistent with this result (Supplementary 
information, Figures S5 and S6), we suggest that rather 
than recognizing eIF3 and inhibiting translation, ISG54 
binds to viral RNA directly and has an as-yet-undiscov-
ered mechanism underlying its antiviral activity. 

In addition, one recent report has suggested that 
ISG54 may associate with RNA indirectly by form-
ing a complex with ISG56, since it cannot directly bind 
to 5′-triphoshpate RNA [19]. It has also been reported 
that ISG54 recognizes viral 5′ mRNAs from all viruses 
except those producing 2′-O methylated mRNAs [18]. 
However, we did not detect direct interactions of ISG54 
with m7GTP analogs in vitro using Isothermal Titration 
Calorimetric (ITC) and Surface Plasmon Resonance 
(SPR) (data not shown). Since we found that ISG54 
can bind to specific AU-rich RNA directly and that the 
antiviral function of ISG54 is lost if RNA-binding sites 
are mutated, we suggest that ISG54 may bind directly in 
cells to viral RNA with special sequences.

ISG54 may function as a PPR-like protein
It has been predicted that members of the ISG56 fam-

ily are TPR motif-containing proteins. TPR proteins 
have been reported to mediate protein-protein interac-
tions. However, quite different from other TPR proteins, 
ISG54 has a positively-charged spiral that has been 
shown here to be an RNA-binding region. Pentatricopep-
tide repeat (PPR) motif-containing proteins, which have 
TPR-like motifs, have been identified mainly in plants 
and are reported to be sequence-specific RNA-binding 
proteins, which probably play important roles in post-
transcriptional regulation [32, 33]. No detailed structural 
information is available yet for PPR proteins, although 
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computational methods have predicted that PPR and 
TPR motifs have very similar structural elements [34, 
35] (Figure 1C). Just like PPR proteins, ISG54 has the 
same RNA-binding characteristics and tends to assemble 
into homodimers in the functional state. We thus hypoth-
esize that ISG54 might function as a PPR protein in post-
transcriptional regulation.

The RNA-binding model of ISG54
Based on the structure, we have shown that ISG54 is 

a novel RNA-binding protein. The inner channel of the 
C-terminus is involved in RNA binding. From the align-
ment of the two domain-swapped monomers by superim-
posing helices 7-9 from the two monomers (Figure 5C) 
we can see that the N-terminal region and C-terminal 
spiral have different opening angles. We suggest that the 
C-terminus of ISG54 may have the ability to open or 
close using the L3 loops as hinges when it binds to RNA. 
Helix 22 has low density and a high model B factor 
(Supplementary information, Figure S4). The interface 
between the last two helices, helix 21 and helix 22, is 
smaller and the cross angle between them is larger than 
that of other TPR motifs in the protein. This implies that 
helix 22 tends to move away from the position shown in 
the crystal structure and thus open or close the entrance 
of the cylinders when ISG54 binds to target RNAs. How 
RNA binds to the ISG54 dimer is still a mystery. Since 
residues that are involved in RNA binding locate along 
the positively-charged track of the ISG54 super-helix, 
we propose two possible models for the RNA binding of 
ISG54 protein. In the first model, RNA is inserted into 
the opening super helical cylinders along the positively-
charged track; while in the second model, RNA is 
clamped by the two C-terminal helical domains. Further 
study is needed to determine which model is correct. 

In summary, we have presented the first crystal struc-
ture of an ISG56 family protein, ISG54. We have shown 
that this protein is a novel RNA-binding protein. Its 
selective RNA-binding ability serves as an important 
molecular basis for both its antiviral activity and cellular 
functions. This work provides not only a novel structure 
for RNA-binding proteins, but also a platform for further 
study of the functional mechanisms of the ISG56 family.

Materials and Methods

Constructs, protein expression and purification
The full-length ISG54 gene was cloned into a pGEX6p-1 vec-

tor (Invitrogen) with an N-terminal GST tag. Mutations were in-
troduced using PCR with primers containing mutated residues and 
were confirmed by plasmid sequencing. The plasmid was trans-
formed into E. coli strain BL21 (DE3) cells. Cells were cultured 
in LB medium at 37 °C with 100 mg/L ampicillin, and when the 

OD600 reached 0.6-0.8, they were induced at 16 °C with 0.5 mM 
isopropyl-thio-D-glactosidase (IPTG). Cells were harvested after 
20 h of incubation by centrifugation at 5 000 rpm for 10 min. The 
selenomethionyl-derivative protein was derived using the same 
construct and E. coli strain, grown in cultures containing 50 μg/
ml SeMet [36]. Cells were resuspended in a high-salt buffer (20 
mM HEPES, pH 7.4, 1 M NaCl) and lysed by sonication. The 
lysate was separated by centrifugation at 16 000 rpm for 30 min 
and the supernatant was applied to a GST affinity column (GE 
Healthcare) followed by intensive washing with binding buffer. 
The GST tag was removed by precision digestion on the column at 
4 °C overnight in low-salt buffer (20 mM HEPES, pH 7.4 and 150 
mM NaCl). The ISG54 eluted from the GST column was further 
purified by anion exchange and then by Superdex-200 gel filtration 
chromatography (GE Healthcare).

Crystallization and structure determination
Protein samples used for crystallization were concentrated to 

about 10 mg/ml. A crystallization trial was set up using the hang-
ing-drop vapor diffusion method. Crystals were obtained in buffer 
containing 0.2 M NaSCN and 20% PEG3350, and were flash-fro-
zen with 60% glycerol as a cryoprotectant. 2.8 Å native diffraction 
data was collected at the Shanghai Synchrotron Radiation Facility 
beamline BL17U (SSRF, China, λ = 0.979 Å), and 3.0 Å anoma-
lous diffraction data was collected at the High Energy Accelerator 
Research Organization beamline BL5A (KEK-PF, Japan, λ= 0.978 
Å), using a selenomethionyl-derivative crystal. Both sets of data 
were processed using HKL2000 [37]. Phasing was performed 
using SAD method with Se-derivative data. A total of 16 heavy 
atoms were located by SHELXD [38]. The program Phenix [39] 
was used to calculate the initial phase, and the improved phase. 
Approximately 60% of the residues were traced automatically by 
Phenix using 2.8 Å native data. The resulting protein model was 
completed manually by COOT [40] and refined using Phenix. In 
the Ramachandran plot generated using PROCHECK [41], 92.3% 
of the residues in the final model were in the favored regions and 
7.4% residues were in the allowed region. The atomic coordinates 
and diffraction data have been deposited in the Protein Data Bank 
(4G1T). All the structural figures were prepared by COOT and Py-
MOL (http://www.pymol.org/).

EMSA assay
Model RNAs were purchased from Takara Biotechnology Inc. 

and DNA was chemically synthesized by Sangon Biotech Co., Ltd. 
(Shanghai). Double-stranded DNA and RNAs were annealed by 
heating and slow cooling. The wild-type and mutant proteins were 
expressed and purified as described above. For results in Figure 
3, annealed poly (AU) was mixed with ISG54 at a molar ratio of 
protein to RNA of 1:2, i.e., about 200 pmol : 400 pmol. The mix-
ture was kept at room temperature for 30 min and then loaded on 
a pre-run native 8% acrylamide:bisacrylamide (29:1) gel in boric 
acid buffer without EDTA, which was run at 12 V cm-1, keeping 
the temperature under 60 °C. The gel was stained with ethidium 
bromide and visualized using a gel imaging system (Tanon 1600, 
Tanon Inc.). For results in Figure 5, we used γ-32P-labeled RNA in 
the EMSA since single-stranded RNAs are not as clear as double-
stranded RNAs when stained with ethidium bromide. Annealed 
nucleotides were radio-labeled at their 5′ ends with γ-32P ATP us-
ing T4 polynucleotide kinase (NEB) and mixed with purified pro-
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tein at a molar ratio of 5 pmol : 20 pmol. The mixture was kept at 
room temperature for 30 min and then loaded on a pre-run native 
6% acrylamide:bisacrylamide (29:1) gel in boric acid buffer with-
out EDTA. Radioactive signals were detected after electrophoresis 
at 12 V cm-1 for 2 h.

NDV-GFP assay
HEK293T cells (~1 × 105) were seeded in 6-well plates over-

night and then transfected with 1.0 μg of ISG54 plasmids. The 
culture medium was replaced 18 h after transfection by serum-free 
DMEM (Invitrogen), and NDV-GFP [42] was added to the me-
dium. After 1 h, the medium was removed and cells were cultured 
in DMEM containing 10% FBS (ExCell). NDV-GFP replication 
in HEK293T cells was visualized by fluorescence microscopy 
(Olympus). Immunoblotting was wlso performed to test the pro-
duction of viral protein as previously described [43]. The GFP 
polyclonal antibody and the mouse monoclonal antibody for actin 
were purchased from Sigma.

Immunoblotting of Sendai virus
HEK293T cells (~2 × 105) were seeded in 6-well plates overnight 

and then transfected with 1 μg of ISG54 plasmids by a standard 
calcium phosphate precipitation method [44]. The Sendai virus 
was added 20 h after transfection. After 24 h, immunoblotting was 
performed to test the production of viral P protein as previously 
described [43]. The rabbit polyclonal antibody for the Sendai virus 
were purchased from Sigma.

In vitro pull-down assay
The cDNA of ZJ1-NDV was a kind gift from Dr XF Liu [45]. 

The cDNA sequence of P protein was cloned into pET-28a (Nova-
gen) for amplification. The purified plasmid was digested with 
the restriction enzyme HindIII to give linear DNA and was used 
for in vitro transcription. In vitro transcription experiments were 
performed using a Large Scale T7 RNA Production System kit 
(Promega RiboMAX™). GST-tagged ISG54 proteins were pre-
purified using high-salt buffer (20 mM HEPES, pH 7.4, 1 M NaCl) 
to remove non-specifically bound RNA from E. coli and bound 
to GST beads (GE Healthcare). An excess amount of transcribed 
RNA was added to the proteins and incubated for 30 min at 4 °C in 
a low-salt buffer (20 mM HEPES, pH 7.4, 150 mM NaCl) before 
the beads were centrifuged and extensively washed with low-salt 
buffer. The RNA pulled down by the ISG54 proteins was separated 
by 1% agarose gel electrophoresis, stained by ethidium bromide, 
and quantified using ImageQuant™ software (GE).
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