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ABSTRACT Currently, an effective therapeutic treatment for porcine reproductive
and respiratory syndrome virus (PRRSV) remains elusive. PRRSV helicase nsp10 is an
important component of the replication transcription complex that plays a crucial
role in viral replication, making nsp10 an important target for drug development.
Here, we report the first crystal structure of full-length nsp10 from the arterivirus
PRRSV, which has multiple domains: an N-terminal zinc-binding domain (ZBD), a 1B
domain, and helicase core domains 1A and 2A. Importantly, our structural analyses
indicate that the conformation of the 1B domain from arterivirus nsp10 undergoes a
dynamic transition. The polynucleotide substrate channel formed by domains 1A
and 1B adopts an open state, which may create enough space to accommodate and
bind double-stranded RNA (dsRNA) during unwinding. Moreover, we report a unique
C-terminal domain structure that participates in stabilizing the overall helicase struc-
ture. Our biochemical experiments also showed that deletion of the 1B domain and
C-terminal domain significantly reduced the helicase activity of nsp10, indicating
that the four domains must cooperate to contribute to helicase function. In addition,
our results indicate that nidoviruses contain a conserved helicase core domain and
key amino acid sites affecting helicase function, which share a common mechanism
of helicase translocation and unwinding activity. These findings will help to further
our understanding of the mechanism of helicase function and provide new targets
for the development of antiviral drugs.

IMPORTANCE Porcine reproductive and respiratory syndrome virus (PRRSV) is a ma-
jor respiratory disease agent in pigs that causes enormous economic losses to the
global swine industry. PRRSV helicase nsp10 is a multifunctional protein with translo-
cation and unwinding activities and plays a vital role in viral RNA synthesis. Here, we
report the first structure of full-length nsp10 from the arterivirus PRRSV at 3.0-Å res-
olution. Our results show that the 1B domain of PRRSV nsp10 adopts a novel open
state and has a unique C-terminal domain structure, which plays a crucial role in
nsp10 helicase activity. Furthermore, mutagenesis and structural analysis revealed
conservation of the helicase catalytic domain across the order Nidovirales (families
Arteriviridae and Coronaviridae). Importantly, our results will provide a structural basis
for further understanding the function of helicases in the order Nidovirales.
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Porcine reproductive and respiratory syndrome virus (PRRSV) is a positive single-
stranded RNA virus belonging to the family Arteriviridae (a family that also includes

equine arteritis virus [EAV], lactate dehydrogenase-elevating virus, and simian hemor-
rhagic fever virus) in the order Nidovirales (1, 2). A worldwide outbreak of PRRSV in 2006
posed a threat to swine and resulted in decreased reproductive performance and
increased respiratory problems in pigs (3–5). Unfortunately, there is still no effective
treatment for PRRSV infection (6, 7). Therefore, it is important to explore the process
and mechanisms of PRRSV genome replication to aid the development of new strate-
gies for PRRSV prevention and therapy.

Similar to that of other nidoviruses, the genomic RNA of PRRSV is approximately
15.6 kb in length (8). Arterivirus genomes encode an exceptionally large number of
nonstructural protein domains, which mediate the key functions required for genomic
RNA synthesis (1, 8). The PRRSV genome encodes six structural proteins (the GP2 to
GP5, M, and N proteins) (9, 10) and at least 16 distinct nonstructural proteins (nsp1�,
nsp1�, nsp2 to nsp6, nsp7�, nsp7�, nsp8, nsp9, nsp10, nsp11, and nsp12) via ribosomal
frameshift sites and four proteinases: the papain-like cysteine proteinases 1� (PLP1�;
nsp1�), PLP1� (nsp1�), and PLP2 (nsp2) and the main serine proteinase (SP; nsp4) (1,
8, 11, 12). The structural proteins are the components of viral particle assembly, and the
nonstructural proteins carry out viral replication. Among nidoviruses, arteriviruses and
coronaviruses use a similar discontinuous transcription mechanism to produce a nested
set of subgenomic mRNAs for structural gene expression (1, 8, 13). RNA-dependent RNA
polymerases (arterivirus nsp9 and coronavirus nsp12) and helicases (arterivirus nsp10
and coronavirus nsp13) are particularly important components of the Nidovirus RNA
synthetic machinery and have therefore attracted much attention (1, 8, 14–16).

Helicases are nucleoside triphosphate (NTP)-dependent motor proteins and are
classified into six superfamilies (SF1 to SF6) (17). SF1 helicases can be divided into two
classes based on mechanism: SF1A helicases, which translocate along their nucleic acid
substrates with 3=–5= polarity, and SF1B helicases, which translocate in a 5=–3= direction
(17). Nidovirus helicases (arterivirus nsp10 and coronavirus nsp13) belong to the SF1B
helicase family (14–16). To date, many crystal structures of SF1 helicases have been
reported, such as those of the Escherichia coli Rep helicase (18), the eukaryotic RNA
helicase Upf1 (19, 20), and the helicases of the RNA viruses tomato mosaic virus (21),
chikungunya virus (22), Zika virus (23), EAV (16), severe acute respiratory syndrome
coronavirus (SARS-CoV) (14), and Middle East respiratory syndrome coronavirus (MERS-
CoV) (15). Structural data obtained for Upf1 in complexes with phosphate, ADP, and
ADPNP (hydrolysable ATP analog) reveal that a conformational change accompanies
binding of ATP (19). EAV nsp10 has an N-terminal zinc-binding domain (ZBD), a 1B
domain, and an SF1 helicase core (containing 1A and 2A domains), but the C-terminal
structure has not been determined (16). The 1B domain of EAV nsp10 undergoes a large
conformational change upon substrate binding, and the 1B and 1A domains of the
helicase core together form a channel that accommodates single-stranded nucleic acids
(16). The nsp13 of coronaviruses (SARS-CoV and MERS-CoV) similarly consists of mul-
tiple domains: a ZBD, a stalk domain, a 1B domain, and 1A and 2A domains, which have
been shown to coordinate in conducting the final unwinding process (14, 15). Further-
more, structural analyses have shown that the domain organizations of EAV nsp10 and
coronavirus nsp13 are closely related to the equivalent domains of the eukaryotic Upf1
helicase (14–16).

Previous research has shown that UPF1 exhibits RNA-dependent ATPase activity
essential for the complete degradation of NMD substrates (24). Upf1 from human and
yeast has RNA-dependent ATPase and 5= to 3= helicase activities (25, 26), and human
Upf1 is an RNA-binding protein, the RNA-binding activity of which is modulated by ATP
(26). In the order Nidovirales, EAV nsp10 has ATPase activity that is strongly stimulated
by poly(dT), poly(U), and poly(dA) (27). Coronavirus nsp13 can hydrolyze nucleoside
triphosphates and deoxynucleoside triphosphates, can unwind DNA and RNA duplexes
with a 5=–3= directionality, and has RNA 5=-triphosphatase activity (28, 29). In SARS-CoV
nsp13, the active sites of NTP hydrolysis are located in the cleft at the base between the
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1A and 2A domains (14). Moreover, all the domains (ZBD, 1B, 1A, and 2A) in SARS-CoV
are involved in the double-stranded DNA (dsDNA) unwinding process, and the �19-�20
loop on the 1A domain is directly involved in the unwinding process (14). Moreover, the
interaction between nsp12 (RdRp) and nsp13 (helicase) is critical for the unwinding
process in SARS-CoV (14). Previous research also indicated that the Nsp9- and Nsp10-
coding regions of highly pathogenic PRRSV (HP-PRRSV) together contribute to replica-
tion efficiency in vitro and in vivo and are related to the increased pathogenicity and
fatal virulence of HP-PRRSV in piglets (30). However, the specific position of the key
active site in the structure of PRRSV nsp10 and how the helicase functions are
coordinated between domains remain unclear. Hence, analysis of the structure of
full-length nsp10 provides not only a structural basis for studying the molecular
mechanism of PRRSV replication but also a new target for drug design.

At present, the structure of PRRSV nsp10 has not been determined, and structural
information regarding PRRSV nsp10 remains lacking, especially in the C-terminal do-
main of the arteriviruses nsp10. In this study, we performed structural and functional
analyses of nsp10 to elucidate the mechanism underlying the function of the PRRSV
helicase. We report the first crystal structure of the PRRSV helicase nsp10 and demon-
strate that the fold of the helicase active sites is widely conserved among members of
the order Nidovirales (families Arteriviridae and Coronaviridae). Importantly, we found
that the 1B domain may undergo dynamic conformational changes during the execu-
tion of helicase function and a unique C-terminal domain structure that participates in
stabilizing overall helicase structure. Here, we elaborate on the structural mechanism
underlying this finding.

RESULTS AND DISCUSSION
Structure determination. To investigate the structure of nsp10, recombinant full-

length PRRSV nsp10 was expressed and purified (�55 kDa, Fig. 1A). nsp10 was crystal-
lized in the P41212 space group and diffracted to a resolution of 3.0 Å, and the electron
density was of sufficient quality to trace the entire chain (Ser4 to Glu441, excluding
Gly1-Lys3 and the N- and C-terminal His6 tags) (Fig. 1B and C). Structural data analysis
showed two molecules in the asymmetric unit with the 1A and 2A domains providing
the interaction interface (Fig. 1E). However, the results of gel filtration chromatography
showed that nsp10 (alone or with dsDNA) was a monomer (Fig. 1A and F). Moreover,
in the dimer structure, the interaction between the two molecules through the 1A and
2A domains may affect the binding of nucleic acid substrates (Fig. 1E), indicating that
the arrangement of the two nsp10 molecules may be attributed to crystal packing.
Similarly, other nidovirus helicases (SARS-CoV nsp13 and MERS-CoV nsp13) also per-
form unwinding functions in a monomer form (14, 15). Data collection and refinement
statistics are summarized in Table 1.

The crystal structure of nsp10 can be divided into three major parts: the N-terminal
ZBD (Ser4-Val71), the intermediate 1B domain (1B, Thr78-Thr123), and the C-terminal
helicase core domains 1A (Asn133-Thr275) and 2A (Ile276-Glu441) (Fig. 1B and C). The
1B domain is connected to the ZBD and the catalytic domain (1A and 2A) through a
linker loop (Pro72 to Arg77 and Ala124 to Ile132, respectively). The two domains 1B and
1A form a cavity to be positively charged, which is associated with binding to the
nucleic acid substrate (16) (Fig. 1D). Although the functions of nidovirus helicases are
conserved, their structures are diverse; alignment of the C� atoms of PRRSV nsp10 with
those of EAV nsp10 (16), SARS-CoV Nsp13 (14), and MERS-CoV Nsp13 (15) yielded
RMSDs of 2.8, 5.2, and 5.3 Å, respectively (Table 2). Unexpectedly, compared to the
nidovirus helicase structure, domain 1B in our structure adopted a novel open confor-
mation (1B domain away from 1A and 2A domains) (Fig. 1C). Moreover, previous
research indicated that the C-terminal 65 amino acids of EAV nsp10 may regulate nsp10
helicase-mediated functions in vivo and communicate with the nsp10 active site (16).
However, the only available helicase structure among the arteriviruses family is trun-
cated at its C-terminal end (EAV nsp10) (16); therefore, our structure is the first to reveal
the C-terminal conformation (Asp382-Glu441) (Fig. 1B and C).
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Structural comparison of PRRSV nsp10 with other nidovirus helicases. The
N-terminal ZBD, which is composed of two �-helices and two �-sheets, binds three zinc
ions (Zn1 to Zn3). The ZBD can be subdivided into three molecules: ring-like molecules
containing Zn1 and Zn2, a third zinc finger containing Zn3, and a linker loop connected

FIG 1 Overall structure of PRRSV nsp10. (A) Oligomerization state of nsp10. Nsp10 was eluted from a Superdex 75 10/300 GL column precalibrated with gel
filtration standards (thyroglobulin, 670 kDa; �-globulin, 158 kDa; ovalbumin, 44 kDa; myoglobin, 17 kDa; vitamin B12, 1.35 kDa). The results of SDS-PAGE analysis
are also shown. (B) Chart showing the domain organization of the arterivirus (PRRSV and EAV) helicases. (C) Cartoon model of PRRSV nsp10 containing the ZBD
(blue) and 1B (magenta), 1A (cyan), and 2A (red) domains. Zinc ions are shown as blue balls. (D) Nsp10 is shown as a molecular surface model colored according
to electrostatic potential (red for negatively charged regions and blue for positively charged regions). The putative nucleic acid binding groove is highlighted
with a yellow square. (E) Crystal packing arrangement of two nsp10 molecules. The ZBD and 1B, 1A, and 2A domains are shown as in panel C. (F) Oligomerization
state of the nsp10 incubated with dsDNA. The details are as described in panel A.
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to the 1B domain. As shown in Fig. 2A, Zn1 binds the first zinc finger via Cys7, Cys10,
and His28; Zn2 binds the second zinc finger via Cys20, His32, His34, and Cys35; and Zn3
binds the third zinc finger via Cys41, His43, Cys50, and Cys53. The structure of the ZBD
is relatively conserved, with a root mean square deviation (RMSD) between the C�

atoms of monomeric PRRSV Nsp10 and EAV Nsp10 of 2.7 Å (Fig. 2B; Table 2). However,
the amino acid sequence of the arterivirus nsp10 ZBD is shorter than that of the
coronavirus nsp13 ZBD (Fig. 2C), and their structures are significantly different (Fig. 2B;
Table 2). In addition, Zn1 and Zn2 are located at the interface between the ZBD and 1A
domains, and Zn3 is oriented away and does not interact with other regions of the
protein. Previous studies have shown that the ZBD is critical for the ATP-hydrolysis and
unwinding functions of nidovirus helicases (14, 16, 31). Indeed, site mutations (H32A)
of PRRSV nsp10 impaired both ssDNA- and dsDNA-binding and dsDNA-unwinding
activities but no obvious influence on ATPase activity (31). In our structure, His32
stabilizes the binding of Zn2 through hydrogen bonding (Fig. 2A).

The 1B domain consists of four �-sheets, which are connected with the ZBD and
helicase core structure domain (1A and 2A) by a long loop. Structure comparison
showed that the overall structure of PRRSV nsp10 1B is conserved relative to that of EAV
nsp10 (with an RMSD of 1.4 Å) but significantly different from those of SARS-CoV nsp13
and MERS-CoV nsp13 (Fig. 3C; Table 2). Furthermore, amino acid sequence alignment
revealed significant differences in the nidovirus 1B domain sequences, and coronavi-
ruses had a longer 1B amino acid sequence than arteriviruses (Fig. 3B). Importantly,
analysis of the overall structure of the nidovirus helicases (EAV nsp10, SARS-CoV
nsp13, and MERS-CoV nsp13) showed that the 1B domain adopts a “down” confor-
mation (14–16), while the PRRSV helicase 1B domain adopts an “up” conformation
(Fig. 3A and 4A).

TABLE 1 Statistics of data collection and refinement

Parameter

Valuea

nsp10 Se-Met nsp10

Data collection statistics
Space group P 41212 P 41212
Cell parameter

a, b, c (Å) 93.62, 93.62, 357.41 117.55, 117.55, 365.86
�, �, � (°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00

Wavelength (Å) 0.97918 0.97918
Resolution (Å) (range) 48.57–3.00 47.76�3.50
Completeness (%) 99.4 (100.0) 97.4 (100.0)
Rmerge

b (%) 8.60 (66.10) 21.10 (76.50)
I/� (last shell) 51.29 (3.15) 29.78 (2.17)
Redundancy (last shell) 24.80 (23.70) 24.90 (25.30)

Refinement statistics
Resolution range (Å) 46.81–3.00
No. of reflections 32,988
Rwork/Rfree

c (%) 22.52/28.07
No. of atoms

Protein 6,877
Solvent 110

RMSD
Bond length (Å) 0.01
Bond angle (°) 1.23

Avg B factor (Å2) 56.96
Ramachandran plot (%)

Core 91.34
Allowed 6.83
Disallowed 1.82

aThe highest-resolution values are indicated in parentheses.
bRmerge � ��|Ii –〈I〉|/��Ii, where is Ii the intensity measurement of reflection h and 〈I〉is the average
intensity from multiple observations.

cRwork � ��Fo| – |Fc�/�|Fo|, where Fo and Fc are the observed and calculated structure factors, respectively,
and Rfree is equivalent to Rwork, but 5% of the measured reflections have been excluded from the
refinement and set aside for cross-validation.
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The C-terminal domain is poorly conserved among nidovirus helicases (Fig. 1B and
4C). Sequence alignment of amino acids showed that arterivirus helicases are approx-
imately 50 amino acids longer than coronavirus helicases (Fig. 4C). The C-terminal
structure presents a novel composition: three �-folds and two vertical �-helices con-
nected to the upstream structure by a long loop (Fig. 4A). However, our analysis
revealed that the C-terminal is far from the active core region of helicase. Hence, the
C-terminal may be not directly involved in the helicase’s function. To further study its
role, the segment was analyzed in terms of its structural interactions with other
domains, as shown in Fig. 4B. The C-terminal domain and the 2A domain interact via
many hydrogen bonds and hydrophobic interactions (Fig. 4B), showing that the
C-terminal domain is very important for maintaining the stability of the helicase
structure. To investigate the effect of the C-terminal domain on helicase function, we
expressed mutant nsp10 protein in which the C-terminal domain had been deleted
(nsp10-ΔCTD) (Fig. 4D). As shown in Fig. 4E and F, the wild-type (WT) PRRSV nsp10
protein had very high ATPase activity and helicase activity. However, nsp10-ΔCTD
exhibited significantly reduced function, suggesting that the C-terminal domain is
crucial for the PRRSV helicase function. The results of our structural analysis and
biochemical experiments are consistent and indicate that the C-terminal domain can
promote the hydrolysis and unwinding activity of nsp10 through interaction with the
2A domain.

Movements of the 1B domain between PRRSV nsp10 and other nidovirus
helicases. To analyze the effect of 1B conformation on helicase function, we used an
EAV nsp10 complex structure to simulate the conformations of ssDNA-bound EAV and
PRRSV (Fig. 5A). The results indicated that when EAV nsp10 does not bind ssDNA, the
binding cavity formed by 1B and 1A domains is small (with a distance between ssDNA
and the 1B domain of �8.0 Å). In contrast, when EAV nsp10 binds ssDNA, the binding
cavity formed by the 1B and 1A domains becomes smaller (with a distance between
ssDNA and the 1B domain of �3.9 Å). However, PRRSV nsp10 is in an open state, and
the binding cavity formed by domains 1B and 1A is large (with a distance between
ssDNA and the 1B domain of �26.4 Å). Moreover, we observed that the helicase core
domains (1A and 2A) of PRRSV match well with EAV, SARS-CoV, and MERS-CoV (Fig. 5B

TABLE 2 Pairwise comparison of the isolated ZBD/CH, 1B, and helicase core (1A and 2A)
domains of PRRSV nsp10, EAV nsp10, SARS-CoV nsp13, and MERS-CoV nsp13a

Domain Comparison Dali Z-score RMSD (Å)

ZBD/CH PRRSV vs EAV 6.3 2.7
PRRSV vs SARS-CoV 3.3 2.4
PRRSV vs MERS-CoV 3.2 3.0

1B PRRSV vs EAV 7.0 1.4
PRRSV vs SARS-CoV �2.0
PRRSV vs MERS-CoV 2.0 2.6

1A/RecA1 PRRSV vs EAV 20.7 1.7
PRRSV vs SARS-CoV 12.9 2.4
PRRSV vs MERS-CoV 13.0 2.4

2A/RecA2 PRRSV vs EAV 19.0 1.3
PRRSV vs SARS-CoV 9.6 2.6
PRRSV vs MERS-CoV 11.2 3.0

Helicase core domains (1A and 2A) PRRSV vs EAV 28.7 2.0
PRRSV vs SARS-CoV 19.3 2.9
PRRSV vs MERS-CoV 20.9 3.2

Overall structure PRRSV vs EAV 32.7 2.8
PRRSV vs SARS-CoV 17.6 5.2
PRRSV vs MERS-CoV 14.3 5.3

aPDB ID numbers: PRRSV nsp10 (PDB ID 6LKX), EAV nsp10 (PDB ID 4N0N), SARS-CoV nsp13 (PDB ID 6JYT),
and MERS-CoV nsp13 (PDB ID 5WWP).
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FIG 2 Structural characterization of the PRRSV ZBD. (A) PRRSV nsp10 ZBD. Zn1, Zn2, and Zn3 are colored red, green, and blue, respectively. The intermolecular
interactions between Zn1, Zn2, and surrounding amino acid sites were analyzed. (B) Structural comparison of the ZBDs from PRRSV, EAV, SARS-CoV, and
MERS-CoV helicases. (C) Sequence alignment of arterivirus and coronavirus helicase ZBDs. Secondary structure elements of PRRSV nsp10 are marked on the top
of the alignment (helices with squiggles, �-strands with arrows, and turns with the letters TT). The sequences were aligned using ClustalW2, and the alignment
was drawn with ESPript 3.0.
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and Table 2). However, the 1B domain of PRRSV deviated significantly from EAV,
SARS-CoV, and MERS-CoV by approximately 24.4, 26, and 31.8 Å, respectively (Fig. 5B).
Previous research has also shown that conformational changes in the structure of the
EAV DNA-helicase complex occurs between the 1B domain and helicase structures,
which are rotated relative to one another by 28.7 Å (16). Because the 1B domain
connects with the ZBD and 1A domain through two long loops, the 1B domain may
undergo large rotational movements. In addition, when the helicase binds dsDNA, it
requires a large binding cavity to accommodate the nucleic acid substrate. Hence, we
speculate that during the process of unwinding, the 1B domain binds the substrate
mainly by conformational changes. The open state of the 1B domain may be an
intermediate state in the process of substrate binding.

To further investigate the effect of 1B on helicase function, we expressed mutant
nsp10 protein in which the 1B domain had been deleted (nsp10-Δ1B) (Fig. 6A). As
shown in Fig. 6B, the WT PRRSV nsp10 protein had a very high ATPase activity and a fast
reaction rate and could completely hydrolyze ATP. However, nsp10-Δ1B exhibited
obviously reduced hydrolysis, suggesting that the 1B domain of the PRRSV helicase is

FIG 3 Structural characterization of the PRRSV 1B domain. (A) Conformational states of the 1B domains from PRRSV, EAV (PDB ID 4N0N), SARS-CoV (PDB ID 6JYT),
and MERS-CoV helicases (PDB ID 5WWP). The 1B domain is shown as a yellow ribbon. (B) Sequence alignment of arterivirus and coronavirus helicase 1B domains.
The sequence alignment shown is marked as in Fig. 2C. (C) Structural alignment of 1B domains from PRRSV nsp10 (magenta), EAV nsp10 (yellow), SARS-CoV
nsp13 (green), and MERS-CoV Nsp13 (cyan). The PDB ID is consistent with panel A.
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crucial for the nsp10’s ATPase activity. Electrophoretic mobility shift assay (EMSA)
confirmed that deletion of the 1B domain decreased nucleic acid-binding capacity (Fig.
6C). Furthermore, nsp10-Δ1B exhibited obviously reduced helicase activity (Fig. 6D).
Our experimental results confirmed that the 1B domain is important for the function of
nsp10. Previous research has shown that two nonenzymatic domains (ZBD and 1B) may
regulate helicase function (14). In the EAV nsp10-DNA complex, the polynucleotide
substrate channel formed by domains 1A and 1B is capable of holding and binding
ssDNA but not dsDNA (16). However, nidovirus helicases can bind dsDNA/dsRNA,
although how they do so is unclear. In contrast to the structure of other nidovirus
helicases (14–16), our structure of PRRSV nsp10 reveals an alternative 1B conformation
that would potentially allow this domain to create enough space to accommodate and
bind dsDNA/dsRNA during unwinding. Since the dsRNA has a diameter �20 Å, in the
process of nsp10 unwinding dsRNA, the distance between 1B and 1A may be a
changing process. Hence, we speculate that when nsp10 binds dsRNA, the distance
between the 1B and 1A domain will become smaller in order to stably bind dsRNA.

FIG 4 Structural characterization of the PRRSV nsp10 C-terminal domain. (A) Structural alignment of PRRSV nsp10 and EAV nsp10 (PDB ID 4N0N). The structures
of PRRSV nsp10 and EAV nsp10 are shown as cyan and yellow, respectively, and the 1B domains are shown as magenta. The electrostatic potential surface of
the C-terminal domain is also shown as in Fig. 1D. (B) Analysis of the intermolecular forces between the C-terminal and 2A domains. All of the residues in the
C-terminal (D382-E441) and 2A (ILe276-Phe381) domains that interact were determined using LIGPLOT. Carbon, nitrogen, and oxygen atoms are shown as black,
blue, and red spheres, respectively. Hydrogen bond interactions are shown as blue dashed lines between the respective donor and acceptor atoms along with
the bond distance. Hydrophobic interactions are indicated by arcs with rods radiating toward the atoms they contact. (C) Sequence alignment of arterivirus
and coronavirus helicase C-terminal domains. The sequence alignment shown is marked as in Fig. 2C. (D) SDS-PAGE analysis of the nsp10 ΔCTD. (E) Analysis
of the ATPase hydrolysis activities of nsp10 and nsp10 ΔCTD. Each protein was assayed at different concentrations (0, 0.78125, 1.5625, 3.125, 6.25, 12.5, 25, and
50 �M). (F) Analysis of the helicase activity of nsp10 ΔCTD. The reaction with nsp10 WT or without protein are indicated as as “Mock (�)” or “Mock (–),”
respectively.
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In addition, domain movements are also observed in the complexes structure of the
E. coli Rep helicase bound to ssDNA or ssDNA, and the ADP and 2B domain undergoes
very large movements in the Rep monomer (18). Previous research indicated that the
relative movements would facilitate the translocation of the Rep dimer (18, 32).
Therefore, during the unwinding process of nidovirus helicases, the overall closed and
open conformational state of the 1B domain may also exist in other nidovirus helicases.
Furthermore, we analyzed the causes of the novel conformation of 1B. It is possible that
we obtained only one of many conformations of 1B by crystallographic methods.
Therefore, it is necessary to determine whether there is a dynamic change process
during the functioning of 1B in helicase. A second possibility is that this conformational
state of 1B exists during the helicase unwinding process and that we happened to
capture this conformational state. Due to the prokaryotic expression system we use,
whether the folding and processing of the protein after production is completely

FIG 5 Dynamic conformational states of the 1B domain in arterivirus helicases. (A) The structures of PRRSV nsp10
and EAV nsp10 (PDB ID 4N0N and 4N0O) are shown and are colored according to electrostatic potential as
described in Fig. 1D. The ssDNA from the EAV nsp10 complex (PDB ID 4N0O) was docked into PRRSV nsp10 and
EAV nsp10 (PDB ID 4N0N). The distance between the ssDNA substrate and the 1B domain was measured by using
PyMOL software. (B) Structural alignment between PRRSV and other nidovirus helicases (EAV nsp10, SARS-CoV
nsp13, and MERS-CoV nsp13). The PDB ID is consistent with Fig. 3A.
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consistent with the protein produced during virus replication requires experimental
determination.

ATP activity and helicase activity. Although the amino acid sequences of the
nidovirus helicases exhibit low homology, the composition and orientation of the core
(1A and 2A) domains are well conserved (Fig. 7A to C). The structures of the helicase
catalytic (1A and 2A) domains can be nearly perfectly superimposed (the RSMDs
following alignment of PRRSV nsp10 with EAV nsp10, SARS-CoV nsp13, and MERS-CoV
nsp13 are 2.0, 2.9, and 3.2 Å, respectively), especially in the ATP hydrolysis and helicase
active sites (Fig. 7A and B; Table 2). To identify the key amino acids that affect helicase
function, we identified potential ATP hydrolysis and helicase active sites by structural
comparison and amino acid sequence alignment (Fig. 7A to C). Structural comparison
demonstrated that residues in the potential ATP hydrolysis active sites from nsp10
(Lys155, Thr156, Asp225, and Glu226) superimposed well with the corresponding
residues of SARS nsp13 (Fig. 7A). In addition, the potential helicase active-site residues
Thr173, His174, Ile211, Tyr320, and His321 superimposed well with the corresponding
residues in EAV nsp10 (Fig. 7B). These nine residues are clustered together in the cleft
at the base between the 1A and 2A domains in Fig. 7A and B. Furthermore, our
biochemical experiments showed that the ATPase activity level was significantly lower
in mutant (T156A and E226A) nsp10 than in WT nsp10 (Fig. 7D), indicating that these
residues are important ATPase active sites. However, the mutation of residues in the
helicase active sites did not appear to affect ATP hydrolytic activity (Fig. 7D). The
helicase activities of the two mutants (T156A and E226A) were consistent with their
ATPase activities, indicating that the unwinding activity of PRRSV nsp10 is dependent
on ATP hydrolysis. Our results show that active-site residues are highly conserved
between arteriviruses and coronaviruses and that similar substrate recognition and
helicase mechanisms are shared among nidoviruses within the families Arteriviridae and
Coronaviridae.

FIG 6 Deletion of the 1B domain attenuates nsp10 helicase activity. (A) SDS-PAGE analysis of WT and mutants (K155A, T156A, D225A, E226A, P255A, L416A;
T173A, H174A, I211A, Y320A, H321A, and Δ1B) nsp10. Molecular weight markers are shown. (B) Analysis of the ATPase hydrolysis activities of nsp10 and nsp10
Δ1B. Each protein was assayed at different concentrations (0, 0.78125, 1.5625, 3.125, 6.25, 12.5, 25, and 50 �M). (C) The dsDNA binding abilities of nsp10 and
nsp10-Δ1B were determined by EMSA. Each protein was assayed at different concentrations (0, 12.5, 25, and 50 �M) with 1 �M Cy5-labeled dsDNA. (D) Analysis
of the helicase activity of nsp10 Δ1B. The reaction with nsp10 WT or without protein was used are indicated as “Mock (�)” or “Mock (–),” respectively.
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Implications for PRRSV replication. During arterivirus replication, the viral genome
can be directly used to complete viral RNA synthesis in the first round. Then, the dsRNA
intermediate product must be untwisted by nsp10 to complete the synthesis of viral
RNA. Undoubtedly, nsp10 plays a crucial role in arterivirus replication. Moreover, nsp10
participates in the formation of replication transcription complexes (RTCs) as a helicase.
The 1B and C-terminal domains play an important role in the function of nsp10.
Meanwhile, in RTCs, they may interact with other nonstructural proteins and play a key
role in the arterivirus replication. Therefore, the mechanisms by which the 1B and
C-terminal domains affect the function of nsp10 in PRRSV replication need further
study.

Conclusions. In summary, we provide here the first structural information regarding
the multiple functions of the PRRSV helicase nsp10, which contains a 1B domain with
a novel conformation that distinguishes it from EAV nsp10 and coronavirus nsp13. The

FIG 7 The structures of the 1A and 2A domains reveal the conservation of the nidovirus helicases. (A) Structural alignment of the 1A and 2A domains from
PRRSV nsp10 and SARS-CoV nsp13. The potential ATPase hydrolysis sites in PRRSV nsp10 are labeled and shown as sticks (red), and those in SARS-CoV nsp13
are labeled and shown as sticks (blue). (B) Structural alignment of the 1A and 2A domains in PRRSV nsp10 and EAV nsp10. The potential helicase sites in PRRSV
nsp10 and EAV nsp10 are labeled as in panel A. (C) Relationships between the sequences of arterivirus and coronavirus helicase domains. The key potential
residues at the ATPase hydrolysis and helicase active sites of PRRSV nsp10 are marked with blue and orange arrows at the bottom. (D and E) Mutagenesis studies
of PRRSV nsp10 ATPase hydrolysis and helicase activities.
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1B domain of PRRSV nap10 adopts an open state, and the cavity in which the nucleic
acid substrate binds is large and sufficient to hold dsDNA/dsRNA for unwinding. Hence,
the open state of the 1B domain probably represents an intermediate state during
binding to a nucleic acid substrate. Moreover, our results showed that the unique
structure of the C-terminal domain helps stabilize the helicase structure. In addition, our
analyses demonstrated that the 1A and 2A domains of PRRSV nsp10 are conserved
relative to those of EAV nsp10, SARS-CoV nsp13, and MERS-CoV nsp13, especially with
regard to the key amino acids in the active sites. These results enhance our under-
standing of nsp10 helicase activity and provide a novel structure that may aid the
structure-based design of drugs against PRRSV in the future.

MATERIALS AND METHODS
Plasmid construction. The sequence encoding the 441-residue nsp10 gene corresponds to nucle-

otides 10851 to 11520 in the genome of the PRRSV WUH3 strain (GenBank accession no. HM853673) (33).
Wild-type (WT) nsp10 flanked by an N-terminal His6 tag and S tag and a C-terminal His6 tag was cloned
into pET-30a(�) between the BamHI and XhoI restriction sites. The point mutant Δ1B (missing Pro75-
Thr128), ΔCTD (missing Val390-Glu441), and point mutations in the predicted ATPase hydrolysis sites
(K155A, T156A, D225A, E226A, P255A, and L416A) and predicted helicase sites (T173A, H174A, I211A,
Y320A, and H321A) were engineered using overlap-extension PCR, and the fragments were cloned into
pET-30a(�) via the same method. All constructs were validated by DNA sequencing.

Protein expression and purification. To express WT and mutant nsp10, the recombinant plasmids
were transformed into E. coli strain BL21(DE3) (Beijing TransGen Biotech Co., Ltd.). Transformed cells were
cultured at 37°C in Luria-Bertani medium containing 50 �g/ml kanamycin. Protein expression was
induced with 0.8 mM isopropyl �-D-1-thiogalactopyranoside (IPTG) when the culture density reached an
optical density at 600 nm of 0.8, and cell growth continued for an additional 16 h at 18°C. To solve the
phase problem, selenomethionine (SeMet)-labeled nsp10 was expressed in BL21(DE3) cells according to
our previously reported procedure (34).

Protein purification was performed as described previously (34). Briefly, the cell supernatant was
filtered with a 0.45-�m filter and loaded onto a nickel-charged HisTrap HP column (GE Healthcare). The
proteins were eluted with elution buffer (20 mM Tris-HCl, 500 mM NaCl, 500 mM imidazole [pH 7.4]). The
harvested protein was then concentrated to approximately 2.0 ml and filtered using a Superdex 200 gel
filtration column (GE Healthcare) equilibrated with buffer (20 mM Tris-HCl and 200 mM NaCl [pH 7.4]). For
crystallization, the purified protein was concentrated to approximately 7 mg/ml, flash-frozen with liquid
nitrogen, and stored at – 80°C. The concentration of purified PRRSV nsp10 was determined based on the
absorbance at 280 nm (A280) using a NanoDrop 2000c UV-Vis spectrophotometer (Thermo Fisher Scien-
tific).

Oligomerization of the WT nsp10 protein (alone or with dsDNA) was analyzed using a Superdex 75
10/300 GL column (GE Healthcare) with a buffer containing 20 mM Tris-HCl (pH 7.4) and 200 mM NaCl at
a flow rate of 0.5 ml/min (4°C). The dsDNA was formed by chains (5=-TTTTTTTTTTTTTTTCGAGCACCGCT
GCGGCTGCACC-3= and 5=-GGTGCAGCCGCAGCGGTGCTCG-3=). The eluted nsp10 proteins were then
analyzed by SDS-PAGE. Equal volumes (200 �l) of Bio-Rad size exclusion standards (catalog no. 151-1901;
1 ml/vial) were analyzed under the same buffer conditions. The results were analyzed using Origin 8.0
software.

Crystallization, data collection, and structure determination. Crystallization screening, data
collection, and structure determination were performed as described previously (34). The best crystalli-
zation conditions for both WT and SeMet-labeled nsp10 were crystallization by vapor diffusion in
hanging drops consisting of 3 �l of reservoir solution (0.1 M HEPES [pH 7.5]; 2.0 M NaCl) and 3 �l of
concentrated protein solution (7 mg/ml protein in 20 mM Tris-HCl and 200 mM NaCl [pH 7.4]), followed
by incubation at 20°C for 7 days. Then, the crystals were flash-cooled in liquid nitrogen in a cryopro-
tectant solution containing 30% ethylene glycol and 70% reservoir solution (0.1 M HEPES [pH 7.5]; 2.4 M
NaCl). Data collection was performed at the Shanghai Synchrotron Radiation Facility (SSRF) with beam
line BL17U1 (wavelength, 0.97918 Å; temperature, 100 K). Reflections were integrated, merged, and
scaled using HKL-3000 (35), and the resulting statistics are listed in Table 1. The structure of nsp10 was
solved from a SeMet derivative of nsp10 by the single-wavelength anomalous dispersion method. All
nine potential selenium atoms in the nsp10 monomer were located, and the initial phases were
calculated using the program AutoSol from the PHENIX software suite (36). Manual model rebuilding and
refinement were performed using COOT (37) and the PHENIX software suite.

Structural analysis and sequence alignment. The RMSD between arterivirus nsp10 and coronavirus
nsp13 was determined using Dali server (http://ekhidna2.biocenter.helsinki.fi/dali/) (38), and structure
figures were generated using PyMOL (Schrödinger). Detailed molecular interactions were determined
using LIGPLOT (39). In addition, the amino acid sequences of arterivirus nsp10 and coronaviruses nsp13
were aligned using ClustalW2 (40) and visualized with the ESPript 3 server (http://espript.ibcp.fr) (41). The
GenBank accession numbers of the sequences used are as follows: EAV nsp10 (NP_705591.1), SARS-CoV
nsp13 (AY291315), and MERS-CoV nsp13 (YP_009047202).

ATPase activity assay. The ATPase activity of PRRSV nsp10 was detected with a Kinase-Glo
luminescent kinase assay platform kit according to a previously reported procedure (31). Briefly,
Kinase-Glo buffer was added to the Kinase-Glo substrate bottle, mixed well, and stored at –20°C. The
following were added to a 96-well plate and protected from light: 15 �l of 0.9 mM ATP, 3.9 �l of nsp10
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(1 mg/ml), and 26.1 �l of buffer C solution (20 mM Tris-HCl [pH 8.0], 50 mM NaCl, 5% glycerinum, 10 mM
MgCl2). The reaction was then mixed by shaking and incubated at 37°C for 30 min; the same volume of
kinase reagent was added and mixed by shaking, and the chemiluminescence was measured with a
multifunction microplate reader. Four replicates of each experimental group were used, and three data
replicates were selected for statistical analysis using GraphPad Prism 5 software.

Helicase activity assay. Fluorescence resonance energy transfer was used as described previously
(31) to detect nsp10 helicase activity. The following fluorescently labeled single-stranded DNA fragments
were chemically synthesized by Sangon Biotech (Shanghai): chain F, 5=-TTTTTTTTTTTTTTTCGAGCACCGC
TGCGGCTGCACC-(Cy5)-3=; and chain Q, 5=-(BHQ-2)-GGTGCAGCCGCAGCGGTGCTCG-3=. Chains F and Q
were mixed at a ratio of 1:1.5 and then slowly annealed by PCR (95°C, 20 min; 60°C, 10 min; 37°C, 10 min;
20°C, 10 min) to form a dsDNA substrate. Meanwhile, to prevent the formation of double-stranded chains
F and Q, capture chain C (5=-CGAGCACCGCTGCGGCTGCACC-3=) was used to immediately capture the Q
chain, avoiding detection of the Cy5 fluorophore. Initial fluorescence in the reaction system in a 96-well
plate was detected with a multifunction microplate reader at an excitation wavelength of 625 nm
(excitation) and an emission wavelength of 670 nm (emission). The unwinding reaction was carried out
at 37°C. Four replicates from each experimental group were assessed, and three data replicates were
selected for statistical analysis using GraphPad Prism 5 software.

EMSA. An electrophoretic mobility shift assay (EMSA) was performed as described previously (42).
Briefly, protein (at a final concentration of 50, 25, 12.5, or 0 �M) and 5=-Cy5-labeled dsDNA (formed by
chains F and Q [without 5=-BHQ-2], 1 �M) were added to a PCR tube, mixed by gentle pipetting, and
incubated at room temperature in the dark for 45 min. Samples were then run on 6.5% nondenaturing
Tris-borate/EDTA polyacrylamide gels for 37 min at a voltage of 180 V, and the results were determined
with an FLA-2000 fluorescent image analyzer (Fuji, Stamford, CT).

Data availability. Coordinates and structure factors for PRRSV nsp10 were deposited in the RCSB
Protein Data Bank under accession number 6LKX.
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