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Abstract: Porcine reproductive and respiratory syndrome virus (PRRSV) is prevalent throughout the
world and has caused great economic losses to the swine industry. Nonstructural protein 10 (nsp10)
is a superfamily 1 helicase participating in multiple processes of virus replication and one of the
three most conserved proteins in nidoviruses. Here we report three high resolution crystal structures
of highly pathogenic PRRSV nsp10. PRRSV nsp10 has multiple domains, including an N-terminal
zinc-binding domain (ZBD), a β-barrel domain, a helicase core with two RecA-like domains, and a
C-terminal domain (CTD). The CTD adopts a novel fold and is required for the overall structure and
enzymatic activities. Although each domain except the CTD aligns well with its homologs, PRRSV
nsp10 adopts an unexpected extended overall structure in crystals and solution. Moreover, structural
and functional analyses of PRRSV nsp10 versus its closest homolog, equine arteritis virus nsp10,
suggest that DNA binding might induce a profound conformational change of PRRSV nsp10 to exert
functions, thus shedding light on the mechanisms of activity regulation of this helicase.

Keywords: porcine reproductive and respiratory syndrome virus; crystal structures; helicase; novel
domain; zinc-binding domain; SAXS

1. Introduction

Porcine reproductive and respiratory syndrome (PRRS) is characterized by reproductive failure
in sows and respiratory diseases in piglets [1,2]. This disease is one of the most infectious diseases
in the swine industry worldwide and has brought great economic losses since it was first reported
in the late 1980s [3,4]. The etiological agent, porcine reproductive and respiratory syndrome virus
(PRRSV), is a single positive-stranded RNA virus, which is classified into two genotypes: the type 1
PRRSV (PRRSV-1) and type 2 PRRSV (PRRSV-2) with approximately 40% difference at the nucleotide
level [5,6]. Recently, PRRSV-1 and PRRSV-2 have been taxonomically classified into the species
Betaarterivirus suid 1 and 2 belonging to the genus Betaarterivirus of the family Arteriviridae in the
order Nidovirales [7]. The PRRSV genome is approximately 15.4 kb in length and includes at least 12
open reading frames (ORFs). The ORF1a and ORF1b encode polyproteins pp1a and pp1ab, which
are subsequently processed into many functional nonstructural proteins (nsps) essential for virus
replication, genomic transcription, viral pathogenesis, and virulence [8–12].
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In 2006, a large-scale atypical PRRS outbreak caused by the highly pathogenic PRRSV (HP-PRRSV,
belonging to PRRSV-2) emerged in China [13,14]. Yan Li and her colleagues demonstrated that nsp9 and
nsp10 together contributed to the replication efficiency and the high virulence of HP-PRRSV [15]. Nsp9
contains an RNA-dependent RNA-polymerase (RdRp) domain [16]. Nsp10 belongs to the superfamily
1B (SF1B) Upf1-like family of helicases, which could unwind both DNA and RNA duplexes [17–19].
In addition, this family of helicases contains an N-terminal predicted zinc-binding domain (ZBD)
which is conserved in all nidovirus helicases, including 12 or 13 conserved Cys and His residues [20].
However, the C-terminal domain (CTD) is variable among nidoviruses. Besides, nsp10 can vary up
to approximately 42% on the amino acid level between the two genotypes, and the strains within
PRRSV-2 also vary considerably with amino acid differences as high as 8% [21,22]. We previously
reported the first structure of the nidovirus helicase, equine arteritis virus (EAV; family Arteriviridae)
nsp10, and demonstrated that the CTD perhaps exerts a regulatory function on the helicase core,
facilitating coupling between NTPase and polynucleotide binding activities [23]. Another solved
structure of nidovirus helicase is Middle East respiratory syndrome coronavirus (MERS-CoV; family
Coronaviridae) nsp13 [24]. While the domain organization of nsp13 is similar to EAV nsp10, structural
comparisons of the individual domains showed that nsp13 is closely related to Upf1. The N-terminal
Cys-His-rich domain (CH domain) of nsp13 is more related to the CH of Upf1 than to the ZBD of EAV
nsp10. The helicase core of EAV nsp10 is more compact than that of MERS-CoV nsp13 which has a
similar size as Upf1. Meanwhile, MERS-CoV nsp13 does not contain a C-terminal regulatory domain
homologous to the CTD of EAV nsp10.

Reflecting its importance, PRRSV nsp10 is considered to be a major drug target. However, despite
extensive efforts, the three-dimensional structure of PRRSV nsp10 remained unresolved, which brought
about the difficulty to structure-based drug design. In this paper, we present the structure of HP-PRRSV
nsp10 in full length and truncation, which has a different domain arrangement compared with other
helicases. From our structures, combined with structural and biochemical analyses, a number of
interesting features are revealed. Firstly, we present the first structural insight into the CTD of nidovirus
helicases. Secondly, our structures demonstrate that PRRSV nsp10 adopts an unexpected extended
overall structure in crystals and solution. Thirdly, structural and functional analyses suggest that DNA
binding might induce a profound conformational change of PRRSV nsp10.

2. Materials and Methods

2.1. Cloning, Expression, and Purification of PRRSV nsp10

The DNAs encoding full-length PRRSV nsp10 were amplified from the cDNAs of the HP-PRRSV
strain HV (GenBank Accession number JX317648.1) [25] and low pathogenic PRRSV (LP-PRRSV)
strain CH-1R (GenBank Accession number EU807840.1) [26] and ligated into a modified pET-28a in
which the thrombin recognition site was replaced by a tobacco etch virus (TEV) protease recognition
site [27]. The DNA encoding the C-terminally truncated version comprising residues 1–366 (nsp10∆)
was amplified from the cDNA of the PRRSV strain HV (GenBank Accession number JX317648.1) [25]
and inserted into a modified pET-28a encoding a cleavable N-terminal small ubiquitin-like modifier
(SUMO) tag. Point mutations were introduced on nsp10 expression constructs using site-directed
PCR-based mutagenesis and subcloning. The method of protein expression was similar to the previous
publication [23]. The cultures were centrifuged and cell pellets were collected and resuspended in
lysis buffer (20 mM HEPES pH 7.0, 500 mM NaCl) and then disrupted by sonication. The lysate was
centrifuged at 47,000× g for 30 min to remove cell debris. The soluble fraction was applied to a Ni2+

chelating resin. After sample loading, the resin was washed with washing buffer (20 mM HEPES pH
7.0, 500 mM NaCl and 40 mM imidazole). The protein was eluted with elution buffer (20 mM HEPES
pH 7.0, 500 mM NaCl and 200 mM imidazole). After changing the buffer to remove the imidazole,
the protein was digested with 10% (w/w) TEV protease at 4 ◦C overnight to remove N-terminal His-tag.
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Further purification was performed by size-exclusion chromatography (SEC) using Superdex 75 10/300
GL (GE Healthcare, Uppsala, Sweden). Peak fractions were collected and analyzed by SDS-PAGE.

2.2. Reductive Methylation

The protein eluted from Ni2+ chelating resin was diluted into buffer (50 mM HEPES pH 7.6,
500 mM NaCl) and concentrated to 1 mg/mL. For each 1 mL of protein, 10µL 1 M borane dimethylamine
complex was added followed by 20 µL 1 M formaldehyde [28]. The addition of borane dimethylamine
complex and formaldehyde was repeated after 2 h. After another 2 h, 5 µL 1 M borane dimethylamine
complex was added and the reaction was incubated overnight. To terminate the reaction, Tris-HCl pH
8.0 was added to the solution to 100 mM. The methylated protein was subsequently purified by gel
filtration using the same conditions as used for holo PRRSV nsp10. The peak fractions were analyzed
by SDS-PAGE.

2.3. DNA Preparations

All DNA oligonucleotides were synthesized from Invitrogen (Shanghai, China). DNA duplexes
used for crystallization (top strand: 5′–TTTTTTTTTTCGAGCACCGCTGCGGCTGCACC–3′, bottom
strand: 5′–GGTGCAGCCGCAGCGGTGCTCG–3′), electrophoretic mobility shift assay (EMSA)
and ATPase assay (top strand: 5′–TTTTTTTTTTCGAGCACCGCTGCGGCTG*–3′, bottom strand:
5′–GGTGCAG CCGCAGCGGTGCTCG–3′, asterisk indicates the position of the FAM label), and
unwinding assay (top strand: 5′–TTTTTTTTTTGCCTCGCTGCCGTCGCCACC–3′, bottom strand:
5′–*GGTGGCGAC GGCAGCGAGGC–3′, asterisk indicates the position of the FAM label) were
dissolved in the buffer containing 10 mM Tris-HCl pH 8.0 and 100 mM NaCl. Annealing was performed
by heating the mixture at 95 ◦C for 5 min and slowly cooling to room temperature in 2 h.

2.4. Crystallization and Data Collection

To obtain the crystals of HP-PRRSV nsp10, 7 mg/mL methylated nsp10 was mixed with a well
solution containing 28% PEG 400, 0.1 M HEPES pH 7.5 and 0.2 M CaCl2. To obtain crystals of the
nsp10-DNA complex, purified nsp10 and partially double-stranded DNA (dsDNA) described above
or single-stranded DNA (ssDNA) used for Small-angle X-ray scattering (SAXS) measurement of the
nsp10-DNA complex (5’–TTTTTTTTTTCGAGCACCGCTGCGGCTG–3’) were mixed in a 1:1.2 molar
ratio and incubated at 4 ◦C overnight. The condition of crystals of full length nsp10 in the presence
of DNA was the same as the methylated nsp10. Crystals of the truncated nsp10 were achieved in
reservoir buffer containing 10% (v/v) PEG 5000 MME, 12% (v/v) 1-propanol, 0.1 M MES pH 6.5. For
data collection, crystals were cryoprotected in mother liquor supplemented with 20% (v/v) glycerol
and flash cooled to −173 ◦C.

X-ray diffraction data of PRRSV nsp10 were collected on beamlines BL17U and BL18U at the
Shanghai Synchrotron Radiation Facility (SSRF), and were processed with HKL2000 [29]. Data collection
and processing statistics are shown in Table 1.

2.5. Structure Determination

The structure of methylated PRRSV nsp10 was solved by single wavelength anomalous dispersion
(SAD) method, with three zinc ions per asymmetric unit. The initial phase was obtained by the program
autoSHARP [30]. The figure of merit from the SAD phasing was 0.19. A crude partial model was
traced automatically using the program Buccaneer [31]. The final resulting map was in good quality
to clearly show the molecular boundary and α-helix bundles. The model was built manually in the
program COOT [32], and refinement was carried out with REFMAC5 [33]. The structures of holo
nsp10 and truncated nsp10 were solved by molecular replacement using methylated PRRSV nsp10
as the search model. The initial models were obtained by MOLREP and Balbes, respectively [34,35].
Data refined parameters are summarized in Table 1. Atomic coordinates and structure factors for the
reported crystal structures have been deposited with the Protein Data Bank (PDB) under accession
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numbers 6JDR, 6JDU, and 6JDS. All figures in this article displaying molecular structure were made
using PYMOL [36].

Table 1. Data collection and refinement statistics of PRRSV nsp10.

Parameters Methylated PRRSV
nsp10 (6JDR)

PRRSV nsp10
(6JDU)

Truncated PRRSV
nsp10 (6JDS)

Data collection
Wavelength 0.979 0.979 0.979

Space group P43212 P43212 P43212

Cell dimensions

a, b, c (Å) 93.16, 93.16, 148.11 92.91, 92.91, 147.70 99.98, 99.98, 83.37

α, β, γ (◦) 90, 90, 90 90, 90, 90 90, 90, 90

Resolution (Å) 1 50.00–2.50
(2.54–2.50)

50.00–2.80
(2.85–2.80)

50.00–2.50
(2.54–2.50)

Rmerge (%) 9.9 (85.4) 11.9 (70.3) 8.0 (82.7)

I/σ 31.1 (2.5) 19.9 (2.7) 36.4 (4.8)

Completeness
(%) 99.9 (99.9) 97.7 (81.9) 99.6 (93.6)

Total No. of
reflections 1492609 1424962 518654

Unique
reflections 23333 16581 15236

Redundancy 64.0 85.9 34.0

Refinement

Resolution (Å)
50.00–2.50
(2.56–2.50)

50.00–2.81
(2.88–2.81)

50.00–2.50
(2.57–2.50)

No. of reflections 21997 (1513) 15074 (877) 14161 (853)

Rwork/Rfree (%) 23.5/27.2 22.5/23.8 21.1/23.1

No. of atoms

Protein 3254 3162 1908

Ligand/ions 10 6 4

Water 193 168 174

B-factors (Å2)

Protein 65.9 51.0 38.7

Ligand/ion 65.5 39.0 30.9

Water 55.0 35.0 38.1

rms deviations

Bond lengths (Å) 0.004 0.007 0.004

Bond angles (◦) 0.897 1.147 0.846

Ramachandran
Plot (%) 2 96.7/2.8/0.5 96.2/3.3/0.5 97.6/2.4/0

1 Statistics for highest resolution shell. 2 Residues in favored regions, allowed regions, outliers in Ramachandran plot.

2.6. NTPase Assay

ATPase activity was measured using a direct colorimetric assay as previously described [37,38].
Briefly, in a 20 µL reaction volume, 0.02 µM nsp10, 0.2 µM partially dsDNA (top strand: 5′–T
TTTTTTTTTCGAGCACCGCTGCGGCTG–3′, bottom strand: 5′–GGTGCAGCCGCAGCGGTGC
TCG–3′), 40 mM HEPES pH 7.5, 2.5 mM MgCl2, 2 mM DTT, 50 mM NaCl, and 0.8 µL ATP at
various concentrations were mixed and incubated at 28 ◦C for 20 min. The reaction was stopped
by adding EDTA to a final concentration of 25 mM and 80 µL of dye solution. Then 10 µL of 30%
sodium citrate was added and the absorbance at 620 nm was measured after 15 min by using a UV-VIS
Spectrophotometer (TECAN, Shanghai, China). Lineweaver-Burk plots were drawn and the Km and
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kcat values were determined. To avoid exceeding the detection limit, the reactions to detect the NTPase
activities of mutants and WT nsp10 were carried out as above except that the final concentrations of
protein, dsDNA, and NTP were adjusted to 0.005 µM, 0.05 µM, and 0.4 mM, respectively.

2.7. Unwinding Assay

The reaction mixture (20 µL) containing 6 µM protein, 0.2 µM FAM labelled partially dsDNA
described above, 2 µM unlabeled trap ssDNA (5′–GGTGGCGACGGCAGCGAGGC–3′), 40 mM HEPES
pH 7.0, 50 mM NaCl, 2 mM MgCl2, 2 mM DTT, 0.01 mg/mL BSA, 0.02% Triton X-100 and 5% glycerol
was incubated for 10 min at 28 ◦C. After the binding phase, unwinding was started by adding 2 mM
NTP and incubating at 28 ◦C for 60 min. The reaction was stopped by addition of 5 µL loading buffer
(100 mM Tris-HCl pH 7.5, 20 mM EDTA, 0.5% SDS, 0.1% bromophenol blue, and 0.1% Triton X-100).
Samples were resolved by 10% native-PAGE running on ice. The gel was scanned with ChemiDoc MP
Imaging System (BIO-RAD, Shanghai, China) at the wavelength of 520 nm.

2.8. Electrophoretic Mobility Shift Assay

EMSA assay was performed to detect the nucleic acid binding ability of PRRSV nsp10 and nsp10
mutants. The reaction mixture (20 µL) containing 4 µM protein, 2 µM FAM labelled partially dsDNA
described above, 40 mM HEPES pH 7.0, 125 mM NaCl, 2 mM MgCl2, 2 mM DTT, 0.01 mg/mL BSA
was incubated for 60 min at 28 ◦C. After incubation, 3 µL 50% glycerol was added to each sample to
prepare for the electrophoretic mobility. The gel was scanned with ChemiDoc MP Imaging System
(BIO-RAD) at the wavelength of 520 nm.

2.9. Model Generation

The model of PRRSV nsp10-ssDNA complex was generated based on the superposition of each
individual domain of PRRSV nsp10 with that of EAV nsp10-DNA complex [23]. Minor manual
adjustments were performed according to the calculations of SASREF [39].

2.10. Small-Angle X-ray Scattering

SAXS measurements of the nsp10 and nsp10-DNA complex were performed at the beamline
BL19U2 of SSRF using previously published methods [40]. The complex was obtained by incubating
3.0 mg/mL nsp10 with ssDNA (5’–TTTTTTTTTTCGAGCACCGCTGCGGCTG–3’) in a 1:1.2 molar ratio
at 4 ◦C overnight. The complex was further purified by SEC (Superdex 75 10/300 GL, GE Healthcare,
Uppsala, Sweden). Software BioXTAS-RAW (Version 1.6.0) was used to process individual data [41].
Comparison of the scattering of nsp10 and complex model with SAXS experimental data was computed
with FoXS [42].

3. Results

3.1. Overall Domain Organization of HP-PRRSV nsp10

The diffraction of the crystals of full-length HP-PRRSV nsp10 was poor after extensive optimization.
However, after conducting the lysine methylation protocol [28], the resolution was greatly improved
from 10 to 2.5 Å. Basic Local Alignment Search Tool (BLAST) searches of the PRRSV nsp10 sequence
among the solved structures in the PDB database revealed that the sequence identities with known
structures were low, with the highest value being only 30%. Moreover, the structure could not be
solved using the closest homologs as search models after extensive trials by molecular replacement.
We determined the structure by single-wavelength anomalous dispersion (SAD) phasing using the
signals from the Zn atoms. Then we obtained crystals yielded from nsp10 incubated with a partially
double-stranded DNA (dsDNA) or a single-stranded DNA (ssDNA) substrate. With the methylated
nsp10 as a model, we determined the structures of full-length HP-PRRSV nsp10 and a truncated form
(residues 4–273) by molecular replacement (Figure 1A–C; Table 1). However, no additional electron
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density for DNA could be identified. Comparison of these three structures showed that all the overall
domain arrangement was similar (Figure S1A), except that the truncated form lacked the C-terminal
168 residues due to the degradation during the period of crystallization. Therefore, the full-length
holo structure of HP-PRRSV nsp10 was used for further analysis. To differentiate HP-PRRSV nsp10
from LP-PRRSV nsp10, we will hereafter refer to the former as PRRSV nsp10 for simplicity, which
was used throughout this study unless otherwise specified. The final model is composed of multiple
functional domains (Figure 1A). The N-terminal ZBD has 13 conserved Cys/His residues, twelve of
which participate in the coordination of three zinc ions. The middle helicase core belongs to the SF1
helicase family and consists of two RecA-like domains, referred to as 1A and 2A. Domain 1A folds as a
parallel six-stranded β-sheet sandwiched between five and two α-helices on the sides, while domain
2A is comprised of a parallel four-stranded β-sheet and four α-helices. A characteristic β-barrel fold
referred to as 1B consists of four β-strands arranged as two tightly packed anti-parallel β-sheets.
We compared the crystal structure of PRRSV nsp10 with all structures in the PDB database using the
Dali server [43]. The top two hits were different chains of EAV nsp10 complexed with DNA (PDB code
4N0O; Chain G/A; Z-score, 17.9/17.8; root mean square deviation (RMSD), 15.1/15.1 Å) and the third
hit was EAV nsp10 (PDB code 4N0N; Z-score, 17.3; RMSD, 12.4 Å). We also compared each domain of
PRRSV nsp10 with those of EAV nsp10 and MERS-CoV nsp13 (Table S1) and found that domains of
PRRSV nsp10 were structurally more related to the domains of EAV nsp10 than to those of MERS-CoV
nsp13. The ZBD domains 1B, 1A and 2A aligned well with their equivalents in EAV nsp10, with the
Z-score of 6.9 (RMSD, 2.9 Å), 9.4 (RMSD, 1.8 Å), 17.5 (RMSD, 2.5 Å) and 18.0 (RMSD, 1.6 Å). However,
the overall structure of EAV nsp10 is more compact, while PRRSV nsp10 adopts an extended structure.
To rule out the possibility that the structure is a crystal stacking artefact, SAXS analysis was performed
on PRRSV nsp10 (Figure 1D). The fit of the structure in solution with the crystal structure of PRRSV
nsp10 gave a χ2 of 1.16 (Table S2). Hence the conformation of PRRSV nsp10 in solution is close to the
one observed in the crystal structure. Taken together, these results reveal that PRRSV nsp10 adopts a
different domain distribution relative to other helicases, such as EAV nsp10.

3.2. Biochemical Characterization of PRRSV nsp10

Since PRRSV nsp10 has an unusual extended structure comparing with EAV nsp10 (Figure S1B),
we performed NTP hydrolysis and DNA unwinding assays to verify whether the recombinant protein
was functionally active. PRRSV nsp10 could hydrolyze all NTPs and the activities could be stimulated
by the presence of dsDNA (Figure 2A–C). We also performed a mutagenesis study focusing on key
residues necessary for NTP binding and hydrolysis (Figure 2D). As expected, the mutations of three
conserved residues, K155A within Walker A motif (motif I), E226Q within Walker B motif (motif II) and
R363A within motif VI, abolished the ATPase activity [44,45]. This confirmed that the observed ATPase
activity was completely attributed to PRRSV nsp10 used rather than to potential contaminations. Since
the observed differences in different NTPs hydrolysis were minor, ATP was used in the experiments
measuring the kinetic parameters of NTP hydrolysis. The data show that nsp10 displays ATPase
activity with a turnover number (kcat) of 8.50 ± 1.17 s–1 and the catalytic efficiency (kcat/Km) of 0.047 ±
0.001 s–1

·µM–1 (Figure 2E and Figure S2A). To determine whether the extended structure of PRRSV
nsp10 influence ATPase, we also performed ATP hydrolysis assay with EAV nsp10 which exhibited
ATPase activity with kcat = 27.60 ± 2.16 s–1 and kcat/Km = 0.045 ± 0.002 s–1

·µM–1 (Figure 2E and Figure
S2B). Although the catalytic efficiency of PRRSV nsp10 was comparable with that of EAV nsp10, PRRSV
nsp10 was approximately threefold slower in hydrolyzing ATP. We speculated that PRRSV nsp10 had
to change its non-productive conformation to hydrolyze NTP and the process resulted in the lower ATP
hydrolysis velocity. Next, we assessed helicase activity with partial DNA duplex containing 5’ overhang.
PRRSV nsp10 was able to utilize different NTPs to unwind the substrate (Figure 2F). Meanwhile,
mutant K155A completely abolished helicase activity, indicating that the activity is dependent on NTP
hydrolysis. In addition, we compared the enzymatic activities of HP-PRRSV and LP-PRRSV nsp10
(Figure 2G,H). The comparisons suggest that although the unwinding efficiency and ATPase activity
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of LP-PRRSV nsp10 were comparable with those of HP-PRRSV nsp10 in the presence of nucleic acid
substrate, the latter was more efficient in hydrolyzing ATP without nucleic acid substrate. Taken
together, our results demonstrate that PRRSV nsp10 expressed in bacteria is functionally active and
shares the properties reported for helicases of other members of nidovirus.
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Figure 1. Overall structures of the full-length highly pathogenic porcine reproductive and respiratory
syndrome virus (HP-PRRSV) nonstructural protein 10 (nsp10) and a truncated form. (A) Domain
organization of PRRSV nsp10. PRRSV nsp10 contains an N-terminal zinc-binding domain (ZBD)
(yellow), domain 1B (purple), two RecA-like domains 1A (green) and 2A (blue), and a C-terminal
domain (CTD) (grey). Structures of (B) full-length nsp10 and (C) a truncated form lacking domains
2A and CTD. (D) Comparison of the calculated scattering profiles of nsp10 structure with small-angle
X-ray scattering (SAXS) experimental data. Experimental data are represented in black.

3.3. Structure of the ZBD of PRRSV nsp10

Our structure revealed that the ZBD of PRRSV nsp10 is a compact domain with three zinc-binding
motifs stabilizing the fold (Figure 3A). The ZBD contains an N-terminal cross-braced module and a
C-terminal treble-clef zinc finger (Figure S3A,B). The cross-braced module has two zinc ions. The first
zinc ion (Zn1) is coordinated by three cysteine residues and one histidine residue (Cys7, Cys10, Cys25,
and His28). Residues Cys7 and Cys10 are positioned at the loop L1, and Cys25 is located on the loop
L3, while His28 comes from the α1 helix. The second zinc ion (Zn2) is coordinated by two cysteine
residues and two histidine residues (Cys20, Cys35, His32, and His34). Residue Cys20 is cross-braced
from the loop L2 in the first zinc finger, whereas Cys35, His32, and His34 are located on the loop L4
between helices α1 and α2. The N-terminal cross-braced module aligned with the RING-like module
of EAV nsp10, with the Z-score of 5.1 (RMSD, 1.7 Å). The third zinc ion (Zn3) is coordinated by the
C-terminal C3H type zinc finger, and the four chelated residues (Cys41, Cys50, Cys53, and His43) are
from the loop L4. Superimposition of PRRSV nsp10 zinc-binding motifs and corresponding motifs in
EAV nsp10 aligned with the Z-score of 5.4 and a RMSD of 2.2 Å (Figure S3C). Moreover, sequence
alignment also demonstrates that the residues of the zinc-binding motifs are mostly conserved among
PRRSV nsp10 and EAV nsp10 (Figure S3D).
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Figure 2. PRRSV nsp10 in vitro enzymatic activity assays. (A) NTPase activity of PRRSV nsp10 in
the absence of nucleic acid substrate. HP-PRRSV nsp10 is called as PRRSV nsp10 unless otherwise
specified. The final concentration of protein was 5 nM unless noted. (B) NTPase activity of PRRSV
nsp10 in the presence of partially double-stranded DNA. (C) Effects of nucleic acid substrate on the
ATPase activity of nsp10. (D) ATPase activities of different nsp10 variants compared with the activity
of WT nsp10. (E) Determination of the kinetic parameters of ATPase reactions. A plot of velocity
versus ATP concentration in ATPase reactions for nsp10 and equine arteritis virus (EAV) nsp10 is
shown. The final concentrations of PRRSV nsp10 and EAV nsp10 were 20 nM. (F) Helicase assay shows
that PRRSV nsp10 can utilize different NTPs to unwind dsDNA. (G) ATPase activity comparison of
HP-PRRSV nsp10 and low pathogenic PRRSV (LP-PRRSV) nsp10. (H) Unwinding activity comparison
of HP-PRRSV nsp10 and LP-PRRSV nsp10. No enzyme (w/o protein) and heat denatured controls are
indicated. DNA strand with FAM label is marked with an asterisk. Error bars represent SD values
from three separate experiments. ** P < 0.01; ns, not significant (Student’s unpaired t-test).
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simplicity, we hereafter referred to this truncated protein as PRRSV nsp10Δ, which was used 
throughout this study. nsp10Δ could not be expressed in soluble form, lacking the CTD resulted in 
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hydrolysis assay, EMSA, and DNA unwinding assay to verify whether nsp10Δ was enzymatically 
active. The results revealed that nsp10Δ completely abolished ATPase, DNA binding activity, and 
consequentially also dsDNA unwinding activity (Figure 4B–D). To rule out the possibility that the 
potential steric clashes between the SUMO tag and PRRSV nsp10 resulted in the deficiencies in the 
enzymatic activities, we also evaluated the enzymatic activities of Sumo tagged full-length PRRSV 
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Figure 3. Structural characterization of the PRRSV nsp10 ZBD. (A) The topology (left) and ribbon
model (right) of the ZBD. (B) Overview of the spatial orientation of the helix α2 of ZBD. Domains 2A
and CTD are omitted for clarity. (C) Close-up view of the domain interface between ZBD and domain
1A. Residues engaged in interactions are shown as sticks. Domain colors are the same as in Figure 1A.

The ZBD of nidovirus helicases is important not only for the function but also for the interaction
with other domains [23]. The EAV nsp10 ZBD affects the fold and activity of helicase core through
extensive hydrophobic and hydrophilic interactions. The total interface area between ZBD and the
helicase core is 769.9 Å2, as determined by the Protein Interfaces, Surfaces and Assemblies (PISA)
server [46]. However, the corresponding area in PRRSV nsp10 is only 331.1 Å2. A major part of
this interface involves the α2 helix (Figure 3B,C). The interface area between α2 and domain 1A is
188.1 Å2, smaller than the corresponding area in EAV nsp10 (535.4 Å2). Helix α2 interacts with the
rest of the ZBD mainly through hydrophilic interactions, while interacting with domain 1A through
hydrophobic interactions. Besides, the ZBD interacts with domain 1A through the hydrogen bond
formed by main chains of Gly8 and Met134. ZBD may also interact with other viral proteins or cellular
proteins [23,24,47], since having a putative protein interaction surface similar to the protein-binding
surface of the Upf1 CH domain [48], which is also found in EAV and MERS-CoV. However, this
hydrophobic pocket on the surface of PRRSV nsp10 ZBD is covered by the domain 1B, which may
affect the function of ZBD (Figure S4).

3.4. The Novel CTD Essential for the Overall Structure and Enzymatic Activities

The CTD adopts a novel fold as a search of the PDB using the Dali server revealed no significant
similarity to other domains (Figure 4A). The sequence conservation analysis showed that the CTD is
poorly conserved among the family Arteriviridae and absent in family Coronaviridae [23,24]. Since the
PRRSV nsp10 structure shows that the CTD is a flexible domain, we then tried to design truncated
constructs to find out the role of the CTD in regulating enzymatic activities. We cloned and expressed
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nine truncated variants that are based on the domain boundary (Table S3). Only one truncated form
(residues 1–366) which contained all characteristic SF1 helicase motifs was soluble upon cell lysis.
For simplicity, we hereafter referred to this truncated protein as PRRSV nsp10∆, which was used
throughout this study. nsp10∆ could not be expressed in soluble form, lacking the CTD resulted
in protein degradation, unless by fusing this truncated protein to SUMO tag. We performed ATP
hydrolysis assay, EMSA, and DNA unwinding assay to verify whether nsp10∆ was enzymatically
active. The results revealed that nsp10∆ completely abolished ATPase, DNA binding activity, and
consequentially also dsDNA unwinding activity (Figure 4B–D). To rule out the possibility that the
potential steric clashes between the SUMO tag and PRRSV nsp10 resulted in the deficiencies in the
enzymatic activities, we also evaluated the enzymatic activities of Sumo tagged full-length PRRSV
nsp10 (Sumo-nsp10). It was found that the enzymatic activity of Sumo-nsp10 was comparable with
that of the protein with an authentic N terminus (Figure 4B,D and Figure S5A). Thus, the differences in
function between nsp10 and nsp10∆ were more due to the lack of CTD. To find out the role of CTD in
regulating the enzymatic activities, we performed a mutagenesis study. The interface area between
domain 2A and CTD is 622.2 Å2, mainly contributed by hydrophilic interactions (Figure 4A). For
instance, both Lys427 and Arg428 form hydrogen bonds with Asp340, which is a conserved residue of
motif Va coupling between NTP and nucleic acid binding sites [49,50]. The mutant variant D340A
displayed reduced ATPase activity (Figure 4B). However, the mutation had no obvious influence on
the ATPase activity in the presence of nucleic acid substrate, suggesting that the reduction in ATPase
activity caused by the mutation in the interface area between domain 2A and CTD could be offset by
the stimulation of nucleic acids. Thus, we speculated that the deficiencies in the enzymatic activities of
nsp10∆ might be due to a misfolded protein, rather than due to lack of a critical domain. Taken together,
these results suggest that CTD may stabilize the fold of nsp10 and regulate enzymatic activities.
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the same as in Figure 1A. (B) ATPase activities of PRRSV variants. The final concentrations of PRRSV
nsp10 variants were 5 nM. (C) The binding affinity of PRRSV nsp10∆ to dsDNA is demonstrated
through EMSA. (D) Helicase assay shows that PRRSV nsp10∆ cannot unwind dsDNA. No enzyme
(w/o protein) and heat denatured controls are indicated. DNA strand with FAM label is marked with an
asterisk. Error bars represent SD values from three separate experiments. ** P < 0.01; ns, not significant
(Student’s unpaired t-test).

3.5. Regions Critical for Enzymatic Activities

NTP hydrolysis assays demonstrated PRRSV nsp10 could hydrolyze different NTPs (Figure 2A).
The NTP binding pocket of SF1 helicases located between domains 1A and 2A includes several
conserved motifs—motifs I, II, IIIa, and VI, which are well conserved in PRRSV nsp10 (Figure 5A,B).
These four conserved motifs should form a cavity to accommodate NTP. However, in our solved
PRRSV nsp10 structure, although mutants of key residues failed to hydrolyze ATP, these four motifs
line up since domain 2A rotates about 110 degrees relative to domain 1A comparing with domain 2A
of EAV nsp10 (Figure 5C). Besides, due to this large rotation of domain 2A, motifs devoted to nucleic
acid binding are far apart instead of being located on the opposite face of the helicase core relative
to the nucleotide binding site, including motifs Ia, Ic, IV, and V (Figure 5A). This conformational
arrangement inhibits the formation of a nucleic acid-binding channel involving both helicase core
domains and domain 1B. Surface electrostatic potential also demonstrates that domains 1A and 2A in the
solved PRRSV nsp10 structure cannot form a positively charged channel to accommodate nucleic acid
(Figure 5D). Since PRRSV nsp10 does bind nucleic acid substrates in vitro (Figure S5A,B), we speculate
that PRRSV nsp10 would undergo a conformational change when forming contacts with substrates.
Thus we generated a model of PRRSV nsp10-ssDNA complex based on the superposition of each
individual domain of PRRSV nsp10 with that of the EAV nsp10-DNA complex (Figure 6A and Figure S6).
The model shows that motifs I, II, and VI together with the residues essential for NTP recognition and
hydrolysis surround the cleft between domains 1A and 2A (Figure 6B). To verify the complex model,
we superimposed it onto the structure of the helicase core of human Upf1-ADP-AlF4

− [51]. The ATP
analogue is accommodated well by the cleft (Figure 6C). The key residues necessary for NTPase activity
were located close to the modeled ATP analogue and were conserved between PRRSV nsp10 and
Upf1 (Figure 6D). Meanwhile, motifs Ia, Ic, IV, and V together with the domain 1B form a nucleic
acid-binding channel in which the 5’ and 3’ ends of the substrate are located in domains 2A and 1A,
respectively (Figure 6E). The residues essential for DNA-recognizing in EAV nsp10, e.g., the histidine
in motif Ia, the tyrosine in motif IV, and the threonine in motif V, are well conserved in PRRSV nsp10
and located close to the modeled ssDNA (Figure 6F). To verify our complex model, we constructed six
double mutants including Y73A/R94A, T173A/H174A, I211A/V256A, Y320A/H321A, T330A/S333A, and
D332A/R356A at the binding interface. We detected their binding activity for dsDNA using EMSA and
all the mutants failed to bind the substrate (Figure 5E). Furthermore, we performed SAXS experiments.
PRRSV nsp10-DNA complex was obtained by incubating PRRSV nsp10 with ssDNA and demonstrated
by SEC (Figure S5C). The fit of the scattering of the complex model with experimental data gave a χ2

of 2.6 (Figure S7; Table S2), significantly better than the fit of holo nsp10. Meanwhile, the latter had an
extreme value of c2 parameter which indicated data overfitting. Taken together, the similarities in the
motif sequences and locations between the PRRSV nsp10-DNA model and EAV nsp10-DNA complex
structure suggest that PRRSV nsp10 might recognize substrates via a similar mechanism.
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Figure 5. Regions critical for enzymatic activities. (A) Position of conserved motifs necessary for
NTP binding, hydrolysis and nucleotide binding in the structure of the PRRSV nsp10 helicase core.
(B) The helicase core was colored by conservation calculated using Consurf [52] based on multiple
sequence alignment of PRRSV nsp10, EAV nsp10, MERS-CoV nsp13, severe acute respiratory syndrome
coronavirus nsp13, and lactate dehydrogenase-elevating virus nsp10 [23–25,47,53,54]. (C) Structural
comparison of the helicase core of PRRSV nsp10 and EAV nsp10 reveals differences in structural
rearrangements. These two structures are superimposed on 1A domains. The putative ATP binding
site is shown as a dotted circle. A 90◦ rotation view is shown in the right panel. (D) Overview of
surface charges of PRRSV nsp10. (E) The binding abilities of PRRSV nsp10 mutants to dsDNA are
demonstrated through EMSA.
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solved the structure of holo HP-PRRSV nsp10. Structural comparisons of the individual domains of 
PRRSV nsp10 with those of EAV nsp10 and MERS-CoV nsp13 show that the domain organization is 
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Figure 6. Model of PRRSV nsp10-DNA complex. (A) Model of PRRSV nsp10-DNA complex was
generated based on the structure of EAV nsp10-DNA complex. The rest part of ssDNA is omitted
for clarity. Domain colors are the same as in Figure 1A. (B) Position of conserved motifs and key
residues necessary for NTP binding and hydrolysis in the structure of the nsp10-DNA complex model.
(C) Superposition between helicase cores of human Upf1-ADP-AlF4

- (PDB ID: 2XZO) in marine and
PRRSV nsp10-DNA complex model in grey. These two structures are superimposed on 2A domains.
(D) Close-up view of the modelled ADP-AlF4

- with the residues of PRRSV nsp10, which involved in
NTP binding and hydrolysis. A 90◦ rotation view is shown in the right panel. Motifs colors are the same
as in Figure 5A. (E) Position of conserved motifs necessary for nucleotide binding in the structure of
the nsp10-DNA complex model. The ZBD, the CTD, and the rest part of ssDNA in the complex model
are omitted for clarity. (F) Close-up view of the modelled nucleic acids with the residues involved in
nucleic acids’ binding. Motifs colors are the same as in Figure 5A.

4. Discussion

Our crystallization trials with the unliganded PRRSV nsp10 yielded poor-quality crystals. Owing
to the incubation with DNA which greatly improved the diffraction, we have successfully solved
the structure of holo HP-PRRSV nsp10. Structural comparisons of the individual domains of PRRSV
nsp10 with those of EAV nsp10 and MERS-CoV nsp13 show that the domain organization is conserved
throughout nidovirus helicases. Meanwhile, PRRSV nsp10 is structurally more related to EAV nsp10
than to MERS-CoV nsp13. However, our study reveals a number of significant differences compared
with its closest homolog, EAV nsp10. Firstly, PRRSV nsp10 has a much smaller interface area between
ZBD and the helicase core, as well as the putative protein interaction surface which is covered by domain
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1B. Since ZBD can regulate enzymatic activities, it is not surprising that PRRSV nsp10 hydrolyzed ATP
more slowly. Secondly, the C-terminal treble-clef zinc finger of EAV nsp10 is stabilized by multiple
hydrogen-bonding interactions, while the corresponding zinc finger of PRRSV nsp10 is more flexible
without such an extensive array of hydrogen bonds, suggesting that the C-terminal zinc-binding motif
may have less effect on the enzymatic activities in PRRSV nsp10 than in EAV nsp10. This speculation
is confirmed by previous mutagenesis studies that H44A of EAV nsp10 (ligand for Zn3) retained a
limited level of ATPase and helicase activities while the mutations in the mutant variant H43A had
no obvious influence on the enzymatic activities of PRRSV nsp10 [55,56]. Thirdly, the resolution of
the crystals of full-length EAV nsp10 was poor after extensive optimization and diffracting crystals
could only be obtained for a truncated form lacking the CTD. However, the truncated EAV nsp10 had
a lower unwinding activity and a higher ATPase activity. In contrast, the folding of PRRSV nsp10
was disrupted without the CTD. Although fusing to the SUMO tag could stabilize the fold of nsp10∆,
this recombinant protein lacks enzymatic activities. Structural analysis revealed that the interaction
between domain 2A and the CTD was strong, which also suggested that the CTD is essential to stabilize
the fold of nsp10 and regulate enzymatic activities. Taken together, these results suggest that CTD
may play different roles in regulating enzymatic activities in different nidovirus helicases, since this
domain is poorly conserved. Last but not least, the most striking difference is the domain arrangement.
The overall structure of EAV nsp10 is more compact, and the domains 1A and 2A form the cleft to
accommodate NTP. Meanwhile, these two domains together with the domain 1B form the channel to
bind nucleic acid. However, we could not find the cleft or the channel in the PRRSV nsp10 because
the involved motifs are far apart although they are conserved. This non-productive conformation
could change profoundly induced by DNA binding. Thus, we generated a complex model according
to the SAXS data and the EAV nsp10-DNA complex. The similarities in the sequences and locations
of key residues critical for enzymatic activities between the PRRSV nsp10-DNA model and EAV
nsp10-DNA complex structure suggest that PRRSV nsp10 might recognize substrates via a similar
mechanism. Thus, we put forward several hypotheses to account for such an apparent non-productive
conformation of holo PRRSV nsp10. Firstly, according to the previous research, simultaneous synthesis
and unwinding of the template strand would lead to collision due to opposite polarities of nsp9
and nsp10. Thus, an enzymatically silent form of nsp10 may be necessary for the discontinuous
negative-strand RNA synthesis according to the hypotheses which explained the cooperativity between
nsp9 and nsp10 [50,57]. Secondly, PRRSV nsp10 may abolish unwinding activity since its potential role
in post-transcriptional quality control. It was speculated that nidovirus helicases could be involved in
process targeting aberrant viral transcripts to prevent the synthesis of potentially harmful proteins [23].
Besides, PRRSV nsp10 may reduce ORF1ab transcription and is hypothesized to negatively regulate
the expression of other host and viral proteins [58]. Hence, it is not surprising that PRRSV nsp10
adopts such an unusual arrangement to avoid dysfunction. Thus, further experiments are needed
to test the above hypotheses. Meanwhile, strains of PRRSV-2 cause diseases from mild ones to fatal
ones. The helicase region can vary up to 8% on the amino acid level between type 2 strains [21]. Thus
we did functional analyses of HP versus LP-PRRSV strains. HP-PRRSV nsp10 was more efficient in
hydrolyzing ATP in the absence of nucleic acid substrate. Therefore, further investigations are needed
to study the relationship between strains variations and enzymatic activities.

In summary, our analyses demonstrate that while the structures of the individual domains of
PRRSV nsp10 are closely related to their equivalents in EAV nsp10 and MERS-CoV nsp13, PRRSV nsp10
adopts an extended domain arrangement confirmed by crystal structures and SAXS. However, DNA
binding could induce a profound conformational change of nsp10, resulting in a conformation more
similar to the structure of the EAV nsp10-DNA complex. Nevertheless, the exact mechanisms of the
conformational change remain undefined, which requires further experimental investigation. Finally,
our results provide the first structural insight into the helicase of PRRSV essential for structure-based
drug design.



Viruses 2020, 12, 215 15 of 18

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/2/215/s1,
Figure S1: Structural comparisons of methylated nsp10, truncated nsp10, PRRSV nsp10, and EAV nsp10. Figure S2:
ATPase activities of PRRSV nsp10 and EAV nsp10 were determined from Lineweaver-Burk plots of hydrolysis
activity using the malachite green assay. Figure S3: Structural characterization of the PRRSV nsp10 ZBD. Figure
S4: Putative protein interaction surface of the nsp10 ZBD. Figure S5: Validation of the nucleic acid binding ability
of PRRSV nsp10. Figure S6: Structural comparison of PRRSV nsp10-DNA complex and holo PRRSV nsp10. Figure
S7: Comparison of holo nsp10 and complex model with SAXS experimental data of nsp10-DNA complex. Table S1:
Pairwise comparison of the isolated ZBD/CH, 1B, 1A/RecA1, 2A/RecA2 and helicase core (1A/RecA1&2A/RecA2)
domains of PRRSV nsp10, EAV nsp10 and MERS-CoV nsp13. Table S2: SAXS data collection and analysis. Table
S3: Examples of insoluble constructs.

Author Contributions: Conceptualization, Z.C.; methodology, Z.C.; software, C.T., Z.D., X.L. and Z.C.; validation,
C.T. and Z.C.; formal analysis, C.T., Z.D., Z.T., Z.C., W.W. and Z.C.; investigation, C.T. and Z.C.; resources,
Z.C.; data curation, C.T., Z.D., X.L., M.Y., G.W. and Z.C.; writing—original draft preparation, C.T. and Z.C.;
writing—review and editing, C.T., Z.D., W.W., W.-h.F., G.Z. and Z.C.; visualization, C.T., Z.D. and Z.C.; supervision,
Z.C.; project administration, Z.C.; funding acquisition, Z.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported financially by National Key Research and Development Program of China
(2018YFE0113100); National Natural Science Foundation of China [grant number 31872713, 31570725]; State
Key Laboratory of Agrobiotechnology Grant [2019SKLAB1–2]; Extramural Scientists of State Key Laboratory of
Agrobiotechnology Grant [2020SKLAB6–20].

Acknowledgments: We would like to thank the staff of beamlines BL18U, BL17U and BL19U2 at the Shanghai
Synchrotron Radiation Facility for the excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Albina, E. Epidemiology of porcine reproductive and respiratory syndrome (PRRS): An overview. Vet.
Microbiol. 1997, 55, 309–316. [CrossRef]

2. Rossow, K.D. Porcine reproductive and respiratory syndrome. Vet. Pathol. 1998, 35, 1–20. [CrossRef]
3. Benfield, D.A.; Nelson, E.; Collins, J.E.; Harris, L.; Goyal, S.M.; Robison, D.; Christianson, W.T.; Morrison, R.B.;

Gorcyca, D.; Chladek, D. Characterization of swine infertility and respiratory syndrome (SIRS) virus (isolate
ATCC VR-2332). J. Vet. Diagn. Invest. 1992, 4, 127–133. [CrossRef]

4. Wensvoort, G.; Terpstra, C.; Pol, J.M.; ter Laak, E.A.; Bloemraad, M.; de Kluyver, E.P.; Kragten, C.; van
Buiten, L.; den Besten, A.; Wagenaar, F.; et al. Mystery swine disease in The Netherlands: The isolation of
Lelystad virus. Vet. Q. 1991, 13, 121–130. [CrossRef]

5. van Woensel, P.A.; Liefkens, K.; Demaret, S. Effect on viraemia of an American and a European serotype
PRRSV vaccine after challenge with European wild-type strains of the virus. Vet. Rec. 1998, 142, 510–512.
[CrossRef]

6. Forsberg, R. Divergence time of porcine reproductive and respiratory syndrome virus subtypes. Mol. Biol.
Evol. 2005, 22, 2131–2134. [CrossRef]

7. International Committee on Taxonomy of Viruses (ICTV). Taxonomy. Available online: https://talk.ictvonline.
org/taxonomy/ (accessed on 22 January 2020).

8. Fang, Y.; Treffers, E.E.; Li, Y.; Tas, A.; Sun, Z.; van der Meer, Y.; de Ru, A.H.; van Veelen, P.A.; Atkins, J.F.;
Snijder, E.J.; et al. Efficient-2 frameshifting by mammalian ribosomes to synthesize an additional arterivirus
protein. Proc. Natl. Acad. Sci. USA 2012, 109, E2920–E2928. [CrossRef]

9. Fang, Y.; Snijder, E.J. The PRRSV replicase: Exploring the multifunctionality of an intriguing set of
nonstructural proteins. Virus Res. 2010, 154, 61–76. [CrossRef]

10. Li, Y.; Tas, A.; Sun, Z.; Snijder, E.J.; Fang, Y. Proteolytic processing of the porcine reproductive and respiratory
syndrome virus replicase. Virus Res. 2015, 202, 48–59. [CrossRef]

11. Mardassi, H.; Mounir, S.; Dea, S. Molecular analysis of the ORFs 3–7 of porcine reproductive and respiratory
syndrome virus, Quebec reference strain. Arch. Virol. 1995, 140, 1405–1418. [CrossRef]

12. Meulenberg, J.J.; Petersen-den Besten, A.; De Kluyver, E.P.; Moormann, R.J.; Schaaper, W.M.; Wensvoort, G.
Characterization of proteins encoded by ORFs 2–7 of Lelystad virus. Virology 1995, 206, 155–163. [CrossRef]

http://www.mdpi.com/1999-4915/12/2/215/s1
http://dx.doi.org/10.1016/S0378-1135(96)01322-3
http://dx.doi.org/10.1177/030098589803500101
http://dx.doi.org/10.1177/104063879200400202
http://dx.doi.org/10.1080/01652176.1991.9694296
http://dx.doi.org/10.1136/vr.142.19.510
http://dx.doi.org/10.1093/molbev/msi208
https://talk.ictvonline.org/taxonomy/
https://talk.ictvonline.org/taxonomy/
http://dx.doi.org/10.1073/pnas.1211145109
http://dx.doi.org/10.1016/j.virusres.2010.07.030
http://dx.doi.org/10.1016/j.virusres.2014.12.027
http://dx.doi.org/10.1007/BF01322667
http://dx.doi.org/10.1016/S0042-6822(95)80030-1


Viruses 2020, 12, 215 16 of 18

13. Tian, K.; Yu, X.; Zhao, T.; Feng, Y.; Cao, Z.; Wang, C.; Hu, Y.; Chen, X.; Hu, D.; Tian, X.; et al. Emergence of
fatal PRRSV variants: Unparalleled outbreaks of atypical PRRS in China and molecular dissection of the
unique hallmark. PLoS ONE 2007, 2, e526. [CrossRef] [PubMed]

14. Zhou, L.; Yang, H. Porcine reproductive and respiratory syndrome in China. Virus Res. 2010, 154, 31–37.
[CrossRef] [PubMed]

15. Li, Y.; Zhou, L.; Zhang, J.; Ge, X.; Zhou, R.; Zheng, H.; Geng, G.; Guo, X.; Yang, H. Nsp9 and Nsp10 contribute
to the fatal virulence of highly pathogenic porcine reproductive and respiratory syndrome virus emerging in
China. PLoS Pathog. 2014, 10, e1004216. [CrossRef]

16. Beerens, N.; Selisko, B.; Ricagno, S.; Imbert, I.; van der Zanden, L.; Snijder, E.J.; Canard, B. De novo initiation of
RNA synthesis by the arterivirus RNA-dependent RNA polymerase. J. Virol. 2007, 81, 8384–8395. [CrossRef]

17. Kadare, G.; Haenni, A.L. Virus-Encoded RNA helicases. J. Virol. 1997, 71, 2583–2590. [CrossRef]
18. Seybert, A.; van Dinten, L.C.; Snijder, E.J.; Ziebuhr, J. Biochemical characterization of the equine arteritis

virus helicase suggests a close functional relationship between arterivirus and coronavirus helicases. J. Virol.
2000, 74, 9586–9593. [CrossRef]

19. Bautista, E.M.; Faaberg, K.S.; Mickelson, D.; McGruder, E.D. Functional properties of the predicted helicase
of porcine reproductive and respiratory syndrome virus. Virology 2002, 298, 258–270. [CrossRef]

20. van Dinten, L.C.; van Tol, H.; Gorbalenya, A.E.; Snijder, E.J. The predicted metal-binding region of the
arterivirus helicase protein is involved in subgenomic mRNA synthesis, genome replication, and virion
biogenesis. J. Virol. 2000, 74, 5213–5223. [CrossRef]

21. Liu, J.; Wei, C.; Lin, Z.; Xia, W.; Ma, Y.; Dai, A.; Yang, X. Full genome sequence analysis of a 1-7-4-like PRRSV
strain in Fujian Province, China. PeerJ 2019, 7, e7859. [CrossRef]

22. Zhou, L.; Kang, R.; Xie, B.; Tian, Y.; Wu, X.; Lv, X.; Yang, X.; Wang, H. Identification of a novel recombinant
type 2 porcine reproductive and respiratory syndrome virus in China. Viruses 2018, 10, 151. [CrossRef]

23. Deng, Z.; Lehmann, K.C.; Li, X.; Feng, C.; Wang, G.; Zhang, Q.; Qi, X.; Yu, L.; Zhang, X.; Feng, W.; et al.
Structural basis for the regulatory function of a complex zinc-binding domain in a replicative arterivirus
helicase resembling a nonsense-mediated mRNA decay helicase. Nucleic Acids Res. 2014, 42, 3464–3477.
[CrossRef]

24. Hao, W.; Wojdyla, J.A.; Zhao, R.; Han, R.; Das, R.; Zlatev, I.; Manoharan, M.; Wang, M.; Cui, S. Crystal
structure of Middle East respiratory syndrome coronavirus helicase. PLoS Pathog. 2017, 13, e1006474.
[CrossRef]

25. Hou, J.; Wang, L.; He, W.; Zhang, H.; Feng, W.H. Highly pathogenic porcine reproductive and respiratory
syndrome virus impairs LPS-and poly(I:C)-stimulated tumor necrosis factor-alpha release by inhibiting ERK
signaling pathway. Virus Res. 2012, 167, 106–111. [CrossRef]

26. Cai, X.; Liu, Y.; Shi, W.; Wang, H.; Ma, P.; Wang, S. Porcine reproductive and respiratory syndrome virus
CH-1R of the entire genome cloning and genetic variation analysis. In press.

27. Chu, T.T.; Gao, N.; Li, Q.Q.; Chen, P.G.; Yang, X.F.; Chen, Y.X.; Zhao, Y.F.; Li, Y.M. Specific knockdown of
endogenous tau protein by peptide-directed ubiquitin-proteasome degradation. Cell Chem. Biol. 2016, 23,
453–461. [CrossRef]

28. Walter, T.S.; Meier, C.; Assenberg, R.; Au, K.F.; Ren, J.; Verma, A.; Nettleship, J.E.; Owens, R.J.; Stuart, D.I.;
Grimes, J.M. Lysine methylation as a routine rescue strategy for protein crystallization. Structure 2006, 14,
1617–1622. [CrossRef]

29. Otwinowski, Z.; Minor, W. Processing of X-ray diffraction data collected in oscillation mode. Methods Enzymol.
1997, 276, 307–326.

30. Vonrhein, C.; Blanc, E.; Roversi, P.; Bricogne, G. Automated structure solution with autoSHARP. Methods Mol.
Biol. 2007, 364, 215–230. [CrossRef]

31. Cowtan, K. The Buccaneer software for automated model building. 1. Tracing protein chains. Acta Crystallogr.
Sect. D Biol. Crystallogr. 2006, 62, 1002–1011. [CrossRef]

32. Emsley, P.; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and development of Coot. Acta Crystallogr. Sect. D
Biol. Crystallogr. 2010, 66, 486–501. [CrossRef]

33. Murshudov, G.N.; Skubak, P.; Lebedev, A.A.; Pannu, N.S.; Steiner, R.A.; Nicholls, R.A.; Winn, M.D.; Long, F.;
Vagin, A.A. REFMAC5 for the refinement of macromolecular crystal structures. Acta Crystallogr. Sect. D Biol.
Crystallogr. 2011, 67, 355–367. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0000526
http://www.ncbi.nlm.nih.gov/pubmed/17565379
http://dx.doi.org/10.1016/j.virusres.2010.07.016
http://www.ncbi.nlm.nih.gov/pubmed/20659506
http://dx.doi.org/10.1371/journal.ppat.1004216
http://dx.doi.org/10.1128/JVI.00564-07
http://dx.doi.org/10.1128/JVI.71.4.2583-2590.1997
http://dx.doi.org/10.1128/JVI.74.20.9586-9593.2000
http://dx.doi.org/10.1006/viro.2002.1495
http://dx.doi.org/10.1128/JVI.74.11.5213-5223.2000
http://dx.doi.org/10.7717/peerj.7859
http://dx.doi.org/10.3390/v10040151
http://dx.doi.org/10.1093/nar/gkt1310
http://dx.doi.org/10.1371/journal.ppat.1006474
http://dx.doi.org/10.1016/j.virusres.2012.03.017
http://dx.doi.org/10.1016/j.chembiol.2016.02.016
http://dx.doi.org/10.1016/j.str.2006.09.005
http://dx.doi.org/10.1385/1-59745-266-1:215
http://dx.doi.org/10.1107/S0907444906022116
http://dx.doi.org/10.1107/S0907444910007493
http://dx.doi.org/10.1107/S0907444911001314


Viruses 2020, 12, 215 17 of 18

34. Vagin, A.; Teplyakov, A. Molecular replacement with MOLREP. Acta Crystallogr. Sect. D Biol. Crystallogr.
2010, 66, 22–25. [CrossRef]

35. Long, F.; Vagin, A.A.; Young, P.; Murshudov, G.N. BALBES: A molecular-replacement pipeline. Acta
Crystallogr. Sect. D Biol. Crystallogr. 2008, 64, 125–132. [CrossRef]

36. Schrodinger, LLC. The PyMOL Molecular Graphics System, Version 1.7.; Schrodinger: New York, NY, USA,
2015.

37. Henkel, R.D.; VandeBerg, J.L.; Walsh, R.A. A microassay for ATPase. Anal. Biochem. 1988, 169, 312–318.
[CrossRef]

38. Lanzetta, P.A.; Alvarez, L.J.; Reinach, P.S.; Candia, O.A. An improved assay for nanomole amounts of
inorganic phosphate. Anal. Biochem. 1979, 100, 95–97. [CrossRef]

39. Petoukhov, M.V.; Svergun, D.I. Global rigid body modeling of macromolecular complexes against small-angle
scattering data. Biophys. J. 2005, 89, 1237–1250. [CrossRef]

40. Hu, Y.; Chen, Z.; Fu, Y.; He, Q.; Jiang, L.; Zheng, J.; Gao, Y.; Mei, P.; Chen, Z.; Ren, X. The amino-terminal
structure of human fragile X mental retardation protein obtained using precipitant-immobilized imprinted
polymers. Nat. Commun. 2015, 6, 6634. [CrossRef]

41. Nielsen, S.S.; Toft, K.N.; Snakenborg, D.; Jeppesen, M.G.; Jacobsen, J.K.; Vestergaard, B.; Kutter, J.P.; Arleth, L.
BioXTAS RAW, a software program for high-throughput automated small-angle X-ray scattering data
reduction and preliminary analysis. J. Appl. Crystallogr. 2009, 42, 959–964. [CrossRef]

42. Schneidman-Duhovny, D.; Hammel, M.; Tainer, J.A.; Sali, A. Accurate SAXS profile computation and its
assessment by contrast variation experiments. Biophys. J. 2013, 105, 962–974. [CrossRef]

43. Holm, L.; Rosenstrom, P. Dali server: Conservation mapping in 3D. Nucleic Acids Res. 2010, 38, W545–W549.
[CrossRef] [PubMed]

44. Walker, J.E.; Saraste, M.; Runswick, M.J.; Gay, N.J. Distantly related sequences in the alpha-and beta-subunits
of ATP synthase, myosin, kinases and other ATP-requiring enzymes and a common nucleotide binding fold.
EMBO J. 1982, 1, 945–951. [CrossRef] [PubMed]

45. Scheffzek, K.; Ahmadian, M.R.; Kabsch, W.; Wiesmuller, L.; Lautwein, A.; Schmitz, F.; Wittinghofer, A. The
Ras-RasGAP complex: Structural basis for GTPase activation and its loss in oncogenic Ras mutants. Science
1997, 277, 333–338. [CrossRef] [PubMed]

46. Krissinel, E.; Henrick, K. Inference of macromolecular assemblies from crystalline state. J. Mol. Biol. 2007,
372, 774–797. [CrossRef]

47. Jia, Z.; Yan, L.; Ren, Z.; Wu, L.; Wang, J.; Guo, J.; Zheng, L.; Ming, Z.; Zhang, L.; Lou, Z.; et al. Delicate
structural coordination of the severe acute respiratory syndrome coronavirus Nsp13 upon ATP hydrolysis.
Nucleic Acids Res. 2019, 47, 6538–6550. [CrossRef]

48. Clerici, M.; Mourao, A.; Gutsche, I.; Gehring, N.H.; Hentze, M.W.; Kulozik, A.; Kadlec, J.; Sattler, M.;
Cusack, S. Unusual bipartite mode of interaction between the nonsense-mediated decay factors, UPF1 and
UPF2. EMBO J. 2009, 28, 2293–2306. [CrossRef]

49. Fairman-Williams, M.E.; Guenther, U.P.; Jankowsky, E. SF1 and SF2 helicases: Family matters. Curr. Opin.
Struct. Biol. 2010, 20, 313–324. [CrossRef]

50. Lehmann, K.C.; Snijder, E.J.; Posthuma, C.C.; Gorbalenya, A.E. What we know but do not understand about
nidovirus helicases. Virus Res. 2015, 202, 12–32. [CrossRef]

51. Chakrabarti, S.; Jayachandran, U.; Bonneau, F.; Fiorini, F.; Basquin, C.; Domcke, S.; Le Hir, H.; Conti, E.
Molecular mechanisms for the RNA-dependent ATPase activity of Upf1 and its regulation by Upf2. Mol.
Cell 2011, 41, 693–703. [CrossRef]

52. Ashkenazy, H.; Abadi, S.; Martz, E.; Chay, O.; Mayrose, I.; Pupko, T.; Ben-Tal, N. ConSurf 2016: An improved
methodology to estimate and visualize evolutionary conservation in macromolecules. Nucleic Acids Res.
2016, 44, W344–W350. [CrossRef]

53. Godeny, E.K.; Chen, L.; Kumar, S.N.; Methven, S.L.; Koonin, E.V.; Brinton, M.A. Complete genomic sequence
and phylogenetic analysis of the lactate dehydrogenase-elevating virus (LDV). Virology 1993, 194, 585–596.
[CrossRef]

54. Madeira, F.; Park, Y.M.; Lee, J.; Buso, N.; Gur, T.; Madhusoodanan, N.; Basutkar, P.; Tivey, A.R.N.; Potter, S.C.;
Finn, R.D.; et al. The EMBL-EBI search and sequence analysis tools APIs in 2019. Nucleic Acids Res. 2019, 47,
W636–W641. [CrossRef]

http://dx.doi.org/10.1107/S0907444909042589
http://dx.doi.org/10.1107/S0907444907050172
http://dx.doi.org/10.1016/0003-2697(88)90290-4
http://dx.doi.org/10.1016/0003-2697(79)90115-5
http://dx.doi.org/10.1529/biophysj.105.064154
http://dx.doi.org/10.1038/ncomms7634
http://dx.doi.org/10.1107/S0021889809023863
http://dx.doi.org/10.1016/j.bpj.2013.07.020
http://dx.doi.org/10.1093/nar/gkq366
http://www.ncbi.nlm.nih.gov/pubmed/20457744
http://dx.doi.org/10.1002/j.1460-2075.1982.tb01276.x
http://www.ncbi.nlm.nih.gov/pubmed/6329717
http://dx.doi.org/10.1126/science.277.5324.333
http://www.ncbi.nlm.nih.gov/pubmed/9219684
http://dx.doi.org/10.1016/j.jmb.2007.05.022
http://dx.doi.org/10.1093/nar/gkz409
http://dx.doi.org/10.1038/emboj.2009.175
http://dx.doi.org/10.1016/j.sbi.2010.03.011
http://dx.doi.org/10.1016/j.virusres.2014.12.001
http://dx.doi.org/10.1016/j.molcel.2011.02.010
http://dx.doi.org/10.1093/nar/gkw408
http://dx.doi.org/10.1006/viro.1993.1298
http://dx.doi.org/10.1093/nar/gkz268


Viruses 2020, 12, 215 18 of 18

55. Seybert, A.; Posthuma, C.C.; van Dinten, L.C.; Snijder, E.J.; Gorbalenya, A.E.; Ziebuhr, J. A complex zinc
finger controls the enzymatic activities of nidovirus helicases. J. Virol. 2005, 79, 696–704. [CrossRef]

56. Zhang, Y.; Li, H.; Peng, G.; Zhang, Y.; Gao, X.; Xiao, S.; Cao, S.; Chen, H.; Song, Y. Mutational analysis of the
functional sites in porcine reproductive and respiratory syndrome virus non-structural protein 10. J. Gen.
Virol. 2015, 96, 547–552. [CrossRef]

57. Enjuanes, L.; Almazan, F.; Sola, I.; Zuniga, S. Biochemical aspects of coronavirus replication and virus-host
interaction. Annu. Rev. Microbiol. 2006, 60, 211–230. [CrossRef]

58. Parida, R.; Choi, I.S.; Peterson, D.A.; Pattnaik, A.K.; Laegreid, W.; Zuckermann, F.A.; Osorio, F.A. Location of
T-cell epitopes in nonstructural proteins 9 and 10 of type-II porcine reproductive and respiratory syndrome
virus. Virus Res. 2012, 169, 13–21. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/JVI.79.2.696-704.2005
http://dx.doi.org/10.1099/jgv.0.000004
http://dx.doi.org/10.1146/annurev.micro.60.080805.142157
http://dx.doi.org/10.1016/j.virusres.2012.06.024
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cloning, Expression, and Purification of PRRSV nsp10 
	Reductive Methylation 
	DNA Preparations 
	Crystallization and Data Collection 
	Structure Determination 
	NTPase Assay 
	Unwinding Assay 
	Electrophoretic Mobility Shift Assay 
	Model Generation 
	Small-Angle X-ray Scattering 

	Results 
	Overall Domain Organization of HP-PRRSV nsp10 
	Biochemical Characterization of PRRSV nsp10 
	Structure of the ZBD of PRRSV nsp10 
	The Novel CTD Essential for the Overall Structure and Enzymatic Activities 
	Regions Critical for Enzymatic Activities 

	Discussion 
	References

