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A B S T R A C T   

Porcine epidemic diarrhea virus (PEDV) is a reemerging Alphacoronavirus that causes lethal diarrhea in piglets. 
Coronavirus nonstructural protein 13 (nsp13) encodes helicase, which plays pivotal roles during viral replication 
by unwinding viral RNA. However, the biochemical characterization of PEDV nsp13 remains largely unknown. In 
this study, PEDV nsp13 was expressed in Escherichia coli and purified. The recombinant nsp13 possessed ATPase 
and helicase activities for binding and unwinding dsDNA/RNA substrates with 5′-overhangs, and Mg2+ and Mn2+

were critical for its ATPase and helicase activities. PEDV nsp13 also unwound dsDNA into ssDNA in the pH from 
6.0–9.0, and used energy from all nucleoside triphosphates and deoxynucleoside triphosphates. Site-directed 
mutagenesis demonstrated that Lys289 (K289) of PEDV nsp13 was essential for its ATPase and helicase activ-
ities. These results provide new insights into the biochemical properties of PEDV nsp13, which is a potential 
target for developing antiviral drugs.   

1. Introduction 

Porcine epidemic diarrhea (PED) is caused by the PED virus (PEDV) 
and is characterized by vomiting, watery diarrhea, dehydration, and 
high morbidity and mortality in neonatal piglets (Pensaert and de 
Bouck, 1978; Coussement et al., 1982). The disease associated with 
PEDV was first observed in England in the late 1970s and then spread 
rapidly to other countries in Europe and Asia (Martelli et al., 2008). 
After the application of the CV777-derived strain vaccine, PED out-
breaks became endemic in Asian countries. However, since the emer-
gence of a highly virulent variant at the end of 2010, PEDV re-emerged 
in Thailand and Vietnam, and particularly in China. Later, a similar 
variant of PEDV was reported in the United States and quickly spread 
nationally within one year, resulting in the deaths of over 7 million 
piglets and huge economic losses (Cima, 2013; Schulz and Tonsor, 
2015). 

PEDV is an enveloped single-stranded positive-sense RNA virus, 
belonging to the family Coronaviridae, genus Alphacoronavirus (Cav-
anagh, 1997). The PEDV genome is approximately 28 kb and encodes 
two replicase polyproteins, pp1a and pp1ab, which are proteolytically 
cleaved into 16 mature nonstructural proteins (nsps) (Kocherhans et al., 

2001). Among them, nsp3 (papain-like proteinase) and nsp5 (3C-like 
proteinase) mediate proteolysis, and nsp13 (helicase) and nsp12 
(RNA-dependent RNA polymerase, RdRp) exert the conserved key 
replicative functions (van Hemert et al., 2008). 

Helicases are motor proteins that use energy derived from nucleoside 
triphosphate (NTP) hydrolysis to unwind double-stranded nucleic acids 
into two single-stranded nucleic acids (Lohman, 1992; Singleton et al., 
2007). Sequence conservation analysis indicates that coronavirus nsp13 
belongs to helicase superfamily 1 (SF1) of the six helicase superfamilies, 
which includes many positive-sense RNA viral helicases. Coronavirus 
helicase is one of the most conserved proteins, making it a potential 
target for antiviral drug design. The betacoronavirus nsp13 has been 
biochemically characterized. The helicases from severe acute respira-
tory syndrome coronavirus (SARS-CoV) and Middle East respiratory 
syndrome coronavirus (MERS-CoV) were shown to unwind 
double-stranded (ds)RNA and dsDNA in a 5′-to-3′ direction, hydrolyze 
deoxynucleoside triphosphates (dNTPs) and NTPs, and have RNA 
5′-triphosphatase activity (Tanner et al., 2003; Ivanov et al., 2004; 
Adedeji and Lazarus, 2016a). The NTPase and RNA helicase activities of 
SARS-CoV-2 nsp13 have also been determined recently (Shu et al., 
2020). However, the biochemical characterization of nsp13 from the 
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Alphacoronavirus, PEDV, remains largely unknown. 
In this study, we demonstrated that PEDV nsp13 possessed strong 

ATPase activity that could hydrolyze adenosine triphosphate (ATP) in 
the presence of Mg2+ and Mn2+. The PEDV nsp13 could bind both 
dsRNA and dsDNA and unwind the substrates in a 5′-to-3′ direction 
using energy from the hydrolysis of all NTPs. We also demonstrated that 
lysine 289 (K289) of PEDV nsp13 was critical for its ATPase and helicase 
activities. 

2. Materials and methods 

2.1. Virus and cells 

PEDV strain AJ1102 (GenBank accession no. JX188454.1), isolated 
from a suckling piglet with acute diarrhea in China in 2011 (Bi et al., 
2012), was used in this study. Vero cells were cultured and maintained 
in Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented with 
10 % heat-inactivated fetal bovine serum at 37 ◦C in a humidified 5 % 
CO2 incubator. 

2.2. Plasmid construction 

Viral RNA was extracted from PEDV-infected Vero cells using TRIzol 
reagent (Omega Bio-Tek), then reverse-transcribed to cDNA. The full- 
length cDNA of PEDV nsp13 was amplified via PCR using the primers, 
5′-CGGCCATGGGCCATCATCATCATCATCACTCTG-
CAGGGCTTTGTGTT-3′ and 5′-CGGCTCGAGTTACTGCAAATCAGA-
CAATT-3′, then cloned into the prokaryotic expression vector, pET-28a, 
to generate the prokaryotic expression plasmid, pET-28a-nsp13. The 
nsp13-mutant K289A was generated via PCR mutagenesis and used to 
construct the prokaryotic expression plasmid, pET-28a-nsp13-K289A. 
All constructions were verified by DNA sequencing. 

2.3. Expression and purification of recombinant proteins 

pET-28a-nsp13 and pET-28a-nsp13-K289A were transformed into 
Transetta (DE3) cells (TransGen Biotech, China), grown at 37℃, and 
induced with IPTG (0.2 mM) when the optical density reached ~0.8. 
Thereafter, the induced cells were grown at 18℃ for 16 h. Cells were 
harvested at 15,000×g by centrifugation at 4℃. After ultrahigh-pressure 
disruption and centrifugation at 20,000×g, the supernatants were 
filtered through a 0.45-μM filter (Millipore, MA, USA), then run through 
a Ni-affinity column. The proteins were then eluted with a linear- 
gradient concentration of imidazole from 20 to 250 mM. The eluates 
were concentrated, and the buffers were replaced with Buffer B2 (0.2 M 
Tris− HCl, 200 mM NaCl) using Amicon Ultra-15 filters (Millipore). The 
concentration of purified protein was determined using an enhanced 
BCA protein assay kit (Beyotime, China). 

2.4. SDS-PAGE and Western blot analysis 

Protein samples were separated on a 10 % SDS-PAGE gel, then 
stained with Coomassie brilliant blue or transferred to a polyvinylidene 
fluoride membrane (Millipore). The membranes were blocked with 5 % 
skim milk and immunoblotted with an anti-His monoclonal antibody 

(Cell Signaling Technology, #2366). 

2.5. ATPase activity assay 

The Kinase-Glo Plus Luminescent Kinase Assay kit (Promega, USA) 
was used to detect the ATPase activity of PEDV nsp13 or its mutant 
nsp13-K289A. Briefly, the purified recombinant proteins in reaction 
buffer (40 mM Tris− HCl at pH 7.5, 50 mM NaCl, 2 mM Mg2+, 200 μM 
ATP) were added to a 96-well black plate (Jet Bio-Filtration, Guangz-
hou, China) with deionized water to a total volume of 50 μL. The plate 
was then incubated in a 37 ◦C incubator for the indicated times. At the 
end of the reaction, 50 μL of Kinase-Glo reagent was added to the re-
action mixture. After mixing and incubation at room temperature for 2 
min, the luminescence of each well was measured via 1450 MicroBeta 
Trilux (Perkin Elmer, Waltham, MA, USA). 

2.6. Nucleic acid substrates 

Oligonucleotides with Cy5-labeled 5′-DNA and 5′-RNA were syn-
thesized by TSINGKE (China). Table 1 lists the oligonucleotide se-
quences. The dsDNA duplexes with 5′- or 3′-overhangs were generated 
by annealing DNA* with 5′-DNA or 3′-DNA, respectively, at a ratio of 
1:1.2 in the reaction mixture (50 mM Tris, pH 8.0, 50 mM NaCl). The 
mixture was heated at 95 ◦C for 5 min, then slowly cooled to RT. 
Similarly, 5′- and 3′-overhang dsRNA duplexes were produced using 
RNA* with 5′-RNA and 3′-RNA, respectively. 

2.7. Helicase activity assay 

An electrophoretic mobility shift assay (EMSA) was conducted to 
evaluate the capacities of nsp13 and nsp13-K289A to bind and unwind 
the nucleic acid duplexes. To determine the binding activity, recombi-
nant proteins were incubated with nucleic acid duplex substrates in a 
reaction buffer containing 20 mM HEPES at pH 7.5, 50 mM NaCl, and 5 
mM Mg2+. After incubating for 30 min, 5× loading buffer (25 % glycerol 
and 100 mM HEPES) was added to terminate the reaction, and the 
mixture was prepared for electrophoretic mobility. Helicase activity was 
measured by incubating 20 nM of recombinant proteins with 0.3 μM of 
dsRNA/DNA substrates in a reaction buffer containing 20 mM HEPES at 
pH 7.5, 20 mM NaCl, 1 mM dithiothreitol, 0.1 mg/ml bovine serum 
albumin (BSA), 2 mM Mg2+, and 2 mM ATP at 30 ◦C for the indicated 
time. Reactions were quenched by adding an equal volume of loading 
buffer (0.2 % SDS and 20 % glycerol). EMSA was performed by elec-
trophoresing the mixtures on 6 % or 8 % nondenaturing PAGE, then 
running them in buffer containing 89 mM Tris-borate at pH 8.2 at 4 ◦C 
with 110 V. The controls for measuring the maximum unwinding ac-
tivity were dsRNA/DNA duplexes denatured by heat for 5 min at 95 ◦C. 
Images were obtained by scanning gels with the FLA-5000 imaging 
system (Fujifilm). 

3. Results 

3.1. Expression and purification of PEDV nsp13 

To investigate the biochemical activities of PEDV nsp13, 

Table 1 
Oligonucleotide sequences used in this study.   

5′-3′ Label 

DNA* GCTAGTCACTGTTCGAGCACCA 5′-Cy5 
3′-DNA TAGATAGCCATAGATAGCATTGGTGCTCGAACAGTGACTAGC  
5′-DNA TGGTGCTCGAACAGTGACTAGCTAGATAGCCATAGATAGCAC  
RNA* GCUAGUCACUGUUCGAGCACCA 5′-Cy5 
3′-RNA UAGAUAGCCAUAGAUAGCAUUGGUGCUCGAACAGUGACUAGC  
5′-RNA UGGUGCUCGAACAGUGACUAGCUAGAUAGCCAUAGAUAGCAC   

J. Ren et al.                                                                                                                                                                                                                                      
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recombinant His-nsp13 fusion protein was expressed using an Escher-
ichia coli prokaryotic expression system and analyzed by SDS-PAGE and 
western blot. His-nsp13 fusion protein was expressed at the expected 
mass of 70 kD (Fig. 1A). The expressed His-nsp13 in the supernatants 
was efficiently purified through Ni-affinity column chromatography. 
The purified His-nsp13 was also confirmed by SDS-PAGE and western 
blot (Fig. 1B). It should be noted that there exists an additional band 
lower than 55 kD in the western blot images (Fig. 1A and B). Because 
this additional band could be observed in both the expressed samples 
and the purified samples, we speculated that this additional band may be 
a degradation product of nsp13 protein. 

3.2. ATPase activity of PEDV nsp13 

Because nucleic acid unwinding by helicase is energy-dependent, 
and ATP is the major energy resource in cells, we first detected the 
ATPase activity of PEDV nsp13 using a Kinase-Glo Plus Luminescent 
Kinase Assay kit, which measures the released luciferase-catalyzed 
photon-emitting luminescence to determine the remaining ATP in the 
reaction mixture (Fig. 2A). The amount of ATP remaining in the reaction 
mixture sharply decreased as the His-nsp13 concentration increased (0, 
0.1, 0.2, 0.5, 1, 2, and 5 μM; Fig. 2B). The nsp13 rapidly hydrolyzed the 
ATP. When nsp13 was added, the ATP immediately decreased and 
reached the bottom level after 10 min (Fig. 2C). 

To evaluate the metal requirements of nsp13 for ATPase activity, His- 
nsp13 was incubated with ATP (100 μM) in the presence of 2 mM of 
MgCl2, MnCl2, CuCl2, or ZnCl2. The luminescence measurements 
showed that nsp13 reached its optimal ATPase activity in the presence of 
MgCl2, followed by MnCl2, with no observable ATPase activity with 
CuCl2 or ZnCl2 (Fig. 2D). Furthermore, nsp13 could more efficiently 
hydrolyze ATP at 1–20 mM MgCl2 and 0.25− 4 mM MnCl2; however, 
high (>20 mM) and low (<0.5 mM) concentrations of MgCl2, and high 
(>4 mM) concentrations of MnCl2 abolished the ATPase activity (Fig. 2E 
and F). These data indicate that nsp13 harbors ATPase activity and that 
Mg2+ and Mn2+ are critical for this activity. 

3.3. Helicase activity of PEDV nsp13 

Previous studies reported that nidovirus helicases unwind in a 5′-to- 
3′ direction; thus, unless stated otherwise, 5′-overhang 20-nt dsRNA/ 
dsDNA was used to analyze the helicase activity. To determine the 
helicase activity of His-nsp13, nucleic acid-binding and helix-unwinding 
assays were performed. The nucleic acid-binding assay was performed 
by incubating different concentrations of His-nsp13 with 0.3 μM of 
dsRNA/dsDNA for 30 min in binding-reaction buffer, and BSA was used 
as a negative control. His-nsp13 bound both dsRNA and dsDNA dose- 
dependently (Fig. 3A and B). To monitor the helix-unwinding activity, 
1, 2, 5, 10, and 20 nM of His-nsp13 were incubated with dsRNA/dsDNA 
substrates in a standard unwinding reaction mixture. The dsRNA/ 
dsDNA reaction mixture at 95℃ was used as a positive control, and the 
reaction mixture without His-nsp13 was used as a negative control. Cy5- 
labeled single-strand RNA and DNA were efficiently released from the 
dsRNA/dsDNA substrate, respectively (Fig. 3C). The unwinding ability 
of the nsp13 3′-overhang 20-nt dsRNA/dsDNA was also tested. As ex-
pected, no Cy5-labeled single-strand RNA or DNA was observed 
(Fig. 3D). Thus, PEDV nsp13 possesses dsRNA/DNA unwinding activity 
with a 5′-to-3′ directionality, which is consistent with other coronavirus 
helicases. 

3.4. Metal, energy, and pH requirements for PEDV nsp13 helicase activity 

As shown in Fig. 3C and D, PEDV nsp13 has a stronger capacity to 
unwind dsDNA helices than dsRNA helices. Considering that the func-
tions of coronavirus nsp13 to winding dsRNA had been reported in 
previous studies on other coronaviruses (Tanner et al., 2003; Ivanov 
et al., 2004; Adedeji and Lazarus, 2016; Shu et al., 2020), and that the 
advantages of dsDNA with simple manipulation and good dependability, 
we focused on the function of PEDV nsp13 to unwind 5′-overhang 
dsDNA substrates in the subsequent experiments. To evaluate the metal 
dependence of nsp13 helicase activity, His-nsp13 (20 nM) was reacted 
with 5′-overhang-dsDNA (0.3 μM) in the presence of 2 mM of MgCl2, 
MnCl2, CuCl2, or ZnCl2 for 10 min. Similar to the results of the ATPase 
activity analysis, MgCl2 or MnCl2 were required for nsp13 helicase 

Fig. 1. Expression and purification of recombinant PEDV nsp13. The expressed (A) or purified (B) recombinant PEDV nsp13 was analyzed by electrophoresis on 
a 10 % SDS-PAGE gel and stained with Coomassie brilliant blue (left) or subjected to western blot with anti-His antibody (right). Elute indicates the affinity 
chromatography elusions of His-tagged nsp13. 
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activity (Fig. 4A). The accumulation of unwound ssDNA was augmented 
as the MgCl2 concentration increased (≤2 mM) and decreased when the 
MgCl2 concentration reached 5 mM (Fig. 4B), indicating that His-nsp13 
has optimal helicase activity with 2 mM of MgCl2. NTP hydrolysis pro-
vides energy for helicase translocation along ssRNA/DNA and 
duplex-RNA/DNA structures during unwinding. Therefore, we further 
investigated the activity of nsp13 to unwind dsDNA, where energy is 
derived from four types of NTPs. nsp13 could use all NTPs and dNTPs as 
energy sources but showed a preference for ATP (Fig. 4C). Furthermore, 
increasing the ATP dose-dependently promoted the efficiency of nsp13 
to unwind the dsDNA helix (Fig. 4D). Additionally, the optimal pH for 
nsp13 unwinding activity was investigated in reactions similar to the 
aforementioned reactions but at pH 5, 6, 7, 8, 9, or 10. His-nsp13 effi-
ciently unwound the DNA helix substrate at pHs 6–9, with higher effi-
ciencies at pH 7 and 8 (Fig. 4E). 

3.5. K289 of PEDV nsp13 is a key amino acid for its ATPase and helicase 
activities 

To identify the key amino acid that exerts ATPase and helicase 
functions, the PEDV nsp13 amino acid sequence was aligned with the 
nsp13s of some representative coronaviruses from different genera, 
including porcine transmissible gastroenteritis virus (TGEV) strain 
Purdue 46, porcine deltacoronavirus (PDCoV) isolate CHN-HN-2014, 
SARS-CoV isolate Frankfurt 1, MERS-CoV isolate Al-Hasa_7a_2013, 
murine hepatitis virus (MHV) strain JHM, avian infectious bronchitis 
virus (IBV) strain Beaudette, and SARS-CoV-2 isolate Wuhan-Hu-1. The 
nsp13 s from all tested coronaviruses shared conserved helicase motifs 
I–VI, including the K289 in motif I, which has been recognized as the key 
site for NTP binding and ATPase function in other coronaviruses such as 
SARS-CoV and MERS-CoV (Walker et al., 1982; Lehmann et al., 2015; 
Adedeji and Lazarus, 2016; Jia et al., 2019). To confirm the role of K289 
in the ATPase and helicase function of PEDV nsp13, the nsp13-mutant 

Fig. 2. ATPase activity of PEDV nsp13. (A) Detection of the ATPase activity of PEDV nsp13 using the Kinase-Glo Plus Luminescent Kinase Assay kit. (B) Purified 
nsp13 recombinant proteins (0, 0.1, 0.2, 0.5, 1, 2, or 5 μM) were incubated with ATP in reaction buffer at 37℃ for 10 min, then Kinase-Glo reagent mix was added, 
and the ATPase activity was measured. (C) PEDV nsp13 (0.2 μM) was reacted with ATP at 37℃ for 5, 10, 20, 30, 40, or 50 min., then the ATPase activity was 
measured. (D) PEDV nsp13 (0.2 μM) was incubated in reaction buffer in the presence of MgCl2, MnCl2, CuCl2, or ZnCl2, then the ATPase activity was measured. (E, F) 
PEDV nsp13 (0.2 μM) was incubated in reaction buffer containing the indicated concentrations of MgCl2 (E) or MnCl2 (F), then the ATPase activity was measured. 
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K289A was constructed in which the K residue was replaced with 
alanine (A). The recombinant His-nsp13-K289A protein was expressed 
in the E. coli expression system as was His-nsp13. Recombinant 
His-nsp13-K289A expression and purification were confirmed by 
SDS-PAGE and western blot analyses (Fig. 5B and 5C). Subsequently, 
ATPase, duplex DNA-binding, and DNA helix-unwinding assays were 
performed. Compared with the wild-type (WT) nsp13, K289A mutation 
almost completely abolished the ATP hydrolysis activity (Fig. 6A), the 

duplex DNA-binding ability (Fig. 6B) and the unwinding ability 
(Fig. 6C), verifying that K289 is essential for PEDV nsp13 ATPase and 
helicase activities. 

4. Discussion 

Viral helicases are involved in multiple parts of the infection process, 
including replication, transcription, translation, and encapsidation 

Fig. 3. Helicase activity of PEDV nsp13. (A, B) dsRNA (A) or dsDNA (B) substrates (0.3 μM) were incubated with PEDV nsp13 at the indicated concentrations for 
30 min at room temperature, then loaded on 6 % nondenaturing PAGE at 4℃ for 60 min. Pictures were acquired via the FLA-5000 imaging system and the binding 
ratios were quantified by grayscale analysis with Image J. (C–D) Schematics of the nucleic acid substrates 5′-overhang (C) and 3′-overhang (D) dsRNA/DNA (20 ss, 22 
ds) helix substrates. 5′-overhang dsRNA/DNA (C) or 3′-overhang dsRNA/DNA (D) substrates (0.3 μM) were incubated with the indicated concentrations of PEDV 
nsp13 in reaction buffer at 30℃ for 10 min, then loaded on 8 % nondenaturing PAGE and visualized using an FLA-5000 imaging system. RNA* = 5′-Cy5-ssRNA; 
DNA* = 5′-Cy5-ssDNA. 
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(Kadaré and Haenni, 1997; Bleichert and Baserga, 2007; Musier-Forsyth, 
2010). During RNA replication among RNA viruses, helicase must 
efficiently unwind viral dsRNA replicative intermediates to release 
nascently synthesized progeny viral RNAs from template RNAs (Yang 
et al., 2014; Xia et al., 2015). PEDV nsp13 and other coronavirus nsp13 s 
belong to a small group of helicase families and share some conserved 
functions, including NTPase, dNTPase and 5′-to-3′ RNA and DNA 
duplex-unwinding activities, for which Mg2+ or Mn2+ are critical. In this 
study, PEDV nsp13 with a high concentration of Mg2+ and Mn2+

exhibited inhibitory ATPase activity for unknown reasons. Additionally, 
PEDV nsp13 had a stronger ability to unwind DNA than to unwind RNA 
in vitro. Thus, we hypothesized that, in addition to its role in viral RNA 
replication, PEDV nsp13 might act on host cell DNA. No preference for 
either RNA or DNA was observed in previous studies on other corona-
virus nsp13 s. A previous study showed that SARS-CoV nsp12 (RNA 
polymerase) and nsp13 interact biophysically, enhancing the helicase 
activity of SARS-CoV nsp13 (van Hemert et al., 2008). More recently, 
the structure of the SARS-CoV-2 replication-transcription complex was 
determined, suggesting a possible role of nsp13 in generating back-
tracked replication-transcription complexes for proofreading or tem-
plate switching during subgenomic RNA transcription or both. During 
viral RNA synthesis, nsp13 and nsp12 work together, and nsp12 must 
transcribe RNA in a 3′-to-5′ template direction opposite that of nsp13 
(Chen et al., 2020). Whether PEDV nsp13 interacts with nsp12 and 
works synergistically during PEDV infection requires further study. 

The nsp13 helicase is highly conserved among CoVs, and sequence 
alignment has shown that PEDV nsp13 has a similar core structure 
consisting of multiple functional domains, i.e., the N-terminal zinc- 
binding (1–113 aa), RecA1 (242–442 aa), and RecA2 (443–597 aa) 

domains. RecA1 contains motifs I, Ia, II, and III, and RecA2 includes 
motifs IV, V, and VI. Previous mutagenesis studies of nsp13 CoVs have 
identified several residues essential to the activity. K289 in the RecA1 
domain of SARS-CoV nsp13 plays an essential role in ATPase and heli-
case activities (Ivanov et al., 2004; Jia et al., 2019). In the current study, 
K289 in PEDV nsp13 was also verified as being important for ATPase 
and helicase activities. We attempted to generate recombinant PEDV 
with a K289A mutation in nsp13 via the infectious clone of PEDV strain 
AJ1102 (Peng et al., 2020), the recombinant PEDV with a K289A mu-
tation could not be successfully rescued, further demonstrating that 
K289 is essential for nsp13 helicase activity and is pivotal for viral 
survival. 

In addition to the ATPase and helicase activities for viral replication, 
some viral helicases can regulate the host’s innate immune response. For 
example, the helicase domain of the West Nile virus nsp3 plays a role in 
inhibiting type I interferon signaling (Setoh et al., 2017), and 
SARS-CoV-2 helicase potently suppresses primary interferon production 
and interferon signaling (Yuen et al., 2020). Additionally, interaction 
between the host helicase/polymerase and viral helicase reportedly 
promotes viral replication. For example, the interaction between 
porcine reproductive and respiratory syndrome virus (PRRSV) helicase 
(nsp10) and host DEAD-box RNA helicase 18 can promote PRRSV 
replication (Jin et al., 2017) and the interaction of IBV helicase nsp13 
and the host DNA polymerase subunit δ is conducive to viral replication 
(Xu et al., 2011). The role of PEDV nsp13 in regulating type I interferon 
production is being investigated in our laboratory. 

Fig. 4. Influences of metal, energy and pH on PEDV nsp13 unwinding activity. 5′-overhang dsDNA substrates were incubated with nsp13 in reaction buffer 
containing 2 mM of MgCl2, MnCl2, CuCl2, or ZnCl2 (A) or increasing concentrations (0, 0.5, 1, 2, or 5 mM) of MgCl2 (B), or 2 mM of NTPs/dNTPs (C), or increasing 
concentrations (0, 0.5, 1, 2, 3, 4, or 5 mM) of ATP (D), or at the indicated pH (E) at 30℃ for 10 min, then loaded on 8 % nondenaturing PAGE and visualized using an 
FLA-5000 imaging system. 
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5. Conclusions 

In summary, we expressed and purified PEDV nsp13 and revealed its 
biochemical characteristics: (1) PEDV nsp13 possesses ATPase and 
helicase activities for unwinding dsDNA or dsRNA with 5′-to-3′ direc-
tionality, and Mg2+ or Mn2+ are indispensable for both functions; (2) 
PEDV nsp13 exhibits better helicase activity with the NTPs than with the 
dNTPs, especially with ATP, at pHs 6–9; (3) K289 of PEDV nsp13 is 

essential for its ATPase and helicase activities. These findings extend our 
knowledge of the key viral replicative enzyme of PEDV and suggest that 
nsp13 is a valuable target for designing antiviral drugs against PEDV. 
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Fig. 5. Expression and purification of the nsp13-K289A mutant. (A) Sequence alignments of nsp13 from different coronaviruses. Alignment was generated in 
ESPript 3.0 (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi), and the nsp13 sequences of transmissible gastroenteritis virus (TGEV) strain Purdue 46 (accession 
number AJ271965), porcine deltacoronavirus (PDCoV) isolate CHN-HN-2014 (accession number KT336560), SARS-CoV isolate Frankfurt 1 (accession no. 
AY291315), MERS-CoV isolate Al-Hasa_7a_2013 (accession number KF600655), murine hepatitis virus (MHV) strain JHM (accession number AC_000192), avian 
infectious bronchitis virus (IBV) strain Beaudette (accession number NC_001451.1) and SARS-CoV-2 isolate Wuhan-Hu-1 (accession number NC_045512.2) were 
derived from GenBank. The red dotted lines indicate conserved helicase motifs I–VI. “#” indicates the conserved K289 residue. (B, C) The expressed (B) or purified 
(C) nsp13-K289A recombinant proteins were analyzed by electrophoresis on 10 % SDS-PAGE, then stained with Coomassie brilliant blue (left) or western blotted 
with anti-His antibody (right). 
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