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ABSTRACT Porcine epidemic diarrhea virus (PEDV), an enteropathogenic Alphac-
oronavirus, has caused enormous economic losses in the pork industry. Nonstruc-
tural protein 1 (nsp1) is a characteristic feature of alpha- and betacoronaviruses,
which exhibits both functional conservation and mechanistic diversity in inhibit-
ing host gene expression and antiviral responses. However, the detailed struc-
ture and molecular mechanisms underlying the Alphacoronavirus nsp1 inhibition
of host gene expression remain unclear. Here, we report the first full-length crys-
tal structure of Alphacoronavirus nsp1 from PEDV. The structure displays a six-
stranded �-barrel fold in the middle of two �-helices. The core structure of PEDV
nsp1 shows high similarity to those of severe acute respiratory syndrome coro-
navirus (SARS-CoV) nsp1 and transmissible gastroenteritis virus (TGEV) nsp1, de-
spite its low degree of sequence homology. Using ribopuromycylation and Re-
nilla luciferase reporter assays, we showed that PEDV nsp1 can dramatically
inhibit general host gene expression. Furthermore, three motifs (amino acids [aa]
67 to 71, 78 to 85, and 103 to 110) of PEDV nsp1 create a stable functional re-
gion for inhibiting protein synthesis, differing considerably from Betacoronavirus
nsp1. These results elucidate the detailed structural basis through which PEDV
nsp1 inhibits host gene expression, providing insight into the development of a
new attenuated vaccine with nsp1 modifications.

IMPORTANCE Porcine epidemic diarrhea virus (PEDV) has led to tremendous eco-
nomic losses in the global swine industry. PEDV nsp1 plays a crucial role in inhibit-
ing host gene expression, but its functional mechanism remains unclear. Here, we
report the full-length structure of PEDV nsp1, the first among coronaviruses to be
reported. The 1.25-Å resolution crystal structure of PEDV nsp1 shows high similarity
to severe acute respiratory syndrome coronavirus (SARS-CoV) nsp113–128 and trans-
missible gastroenteritis virus (TGEV) nsp11–104, despite a lack of sequence homology.
Structural and biochemical characterization demonstrated that PEDV nsp1 possesses
a stable functional region for inhibition of host protein synthesis, which is formed by
loops at residues 67 to 71, 78 to 85, and 103 to 110. The different functional regions
in PEDV nsp1 and SARS-CoV nsp1 may explain their distinct mechanisms. Impor-
tantly, our structural data are conducive to understanding the mechanism of PEDV
nsp1 inhibition of the expression of host genes and may aid in the development of
a new attenuated vaccine.
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Coronaviruses (CoVs) belong to the order Nidovirales in the family Coronaviridae,
including many important pathogens that affect humans and other animals (1). The

Coronaviridae family is classified into the Alpha-, Beta-, Gamma-, and Deltacoronavirus
genera (�-CoVs, �-CoVs, �-CoVs, and �-CoVs, respectively) (2, 3). CoVs have attracted
widespread attention since the outbreaks of severe acute respiratory syndrome coro-
navirus (SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV) (4,
5). Porcine epidemic diarrhea virus (PEDV), a member of the Alphacoronavirus genus,
was first observed in Europe (6). Its clinical symptoms include watery diarrhea, severe
enteritis, and vomiting. In 2010, massive porcine epidemic diarrhea (PED) caused by a
PEDV variant occurred in Asia (7). In April 2013, PED emerged in North America,
resulting in enormous economic losses (8).

CoVs carry a large, single-stranded, positive-sense RNA genome of approximately 30
kb in length (9). The CoVs replicase gene consists of two large open reading frames
(ORF1a and ORF1b) which are translated into two large polyproteins (pp1a and pp1ab)
(10). After these proteins are processed by papain-like and 3C-like proteases, pp1a and
pp1ab yield a total of 15 or 16 mature nonstructural proteins (NSPs) (11, 12). Many of
the NSPs perform essential functions in viral RNA synthesis (13–17), and nsp1, nsp3,
nsp5, nsp14, nsp15, and nsp16 play important roles in the host immune system (18–39).
Although the CoV genome is highly conserved within genera, nsp1, which is located at
the N terminus of the replicase polyprotein pp1a, is responsible for the majority of
variation (40). nsp1 exists only in �-CoVs and �-CoVs, which has prompted speculation
that it may be associated with the evolution of CoVs (2, 40). In terms of both sequence
homology and size, �-CoV nsp1 share low similarity with �-CoV nsp1 (41, 42). Based on
a comparative sequence analysis, CoVs nsp1 can be considered a genus-specific marker
(40). Betacoronavirus nsp1 inhibition of host gene expression has been extensively
studied. However, study of the mechanism of Alphacoronavirus nsp1 regulation of host
translation is still in its infancy. Transmissible gastroenteritis virus (TGEV) nsp1 cannot
bind to the 40S subunit to affect the stability of host mRNA and suppresses translation
through a putative host factor (43). The human CoV 229E and NL63 nsp1s are capable
of inhibiting gene expression, possibly by binding to ribosomal subunit S6, which is
part of the 40S subunit (44). PEDV nsp1 promotes the degradation of CBP and NF-�B
to inhibit the interferon (IFN) response (45, 46), but the detailed mechanism of PEDV
nsp1 inhibition of host protein synthesis is unclear. Here, we present the full-length
crystal structure of PEDV nsp1. Detailed analysis of the structure-function relationship
for PEDV nsp1 revealed the functional domain responsible for suppressing host gene
expression, providing the basis for a new attenuated PEDV vaccine.

RESULTS
Crystal structure of PEDV nsp1. The crystal structure of full-length PEDV nsp1

(residues Met1 to Gly110) was obtained, and data of sufficient quality were collected.
The crystal structure was determined using the single-wavelength anomalous diffrac-
tion (SAD) method and refined to a 1.25-Å resolution in the space group P1 21 1, which
was sufficient to clearly trace the whole chain (including the C-terminal His6 tag). Each
asymmetric unit contained two subunits, and the solvent content value was 36%, which
might explain the good crystal diffraction. Details of phasing and refinement are given
in Table 1.

The secondary structure of PEDV nsp1 consists of two �-helices (�1 and �2) and six
�-strands (�1 to �6) (Fig. 1A). The six �-strands form a �-barrel fold flanked by �-helices
(Fig. 1B), which is a common skeleton in TGEV nsp11–104 and SARS-CoV nsp113–128 (42,
47). The �1-helix, locates at the rim of the barrel, forms a separate area. The �2-helix is
composed of six amino acids, making it longer than other reported CoV nsp1 helices
(42, 47). Four antiparallel strands, �2, �3, �4, and �5, compose one side of the barrel.
Strands �2 and �5 are loosely connected to strands �1 and �6, which form the other
side of the barrel. �3 and �5 support each other to form a stable barrel, which ensures
the stability of the whole structure. Several strands are irregular and have breaks in their
hydrogen bonding patterns, due to a �-bulge in �3 involving the carbonyl oxygen,
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which creates a kink in the end of strand �5. A small cavity is located at the top of the
barrel between �2 and �5, next to the �2-helix. This cavity is lined by residues Ala18,
Phe19, Phe21, Ala27, Cys42, Val62, Met63, Leu90, and Phe91. Glu14, Glu58, Lys70, and
Arg107 exhibit a conformation in the A chain that is different from that in the B chain,
and the positions of the side chains determine the size of the cavity opening toward the
solvent. The cavity is also conserved in TGEV nsp1 (42).

PEDV nsp1 shares structural similarity with TGEV nsp11–104 and SARS-CoV
nsp113–128, despite low sequence homology. To explore the relationship between
�-CoV and �-CoV nsp1 sequences, we selected representative sequences from both
groups and aligned them using ClustalW2 software (Fig. 2A). Alphacoronaviruses
encode nsp1 proteins of �9 kDa, which are substantially smaller than the 20-kDa nsp1

TABLE 1 Data collection and refinement statistics

Parametera Value(s) for Se-Met-labeled nsp1b

Data collection
Space group P1 21 1
Cell dimensions

a, b, c (Å) 34.71, 75.05, 37.36
�, �, � (°) 90.00, 89.96, 90.00

Wavelength 0.97917
Resolution range (Å) 31.50–1.25
Completeness (%) 99.2 (99.2)
Rmerge (last shell) 0.05 (0.509)
I/� (last shell) 29.57 (4.33)
Redundancy (last shell) 3.9 (3.8)

Refinement
Resolution (Å) 31.50–1.25
Rwork/Rfree 17.2/19.3
No. of:

Reflections 52,517
Protein atoms 1,836
Solvent atoms 348
Ions/ligands 0

RMSD
Bond length (Å) 0.006
Bond angle (°) 0.991
B factor (Å2) 17.35

Ramachandran plot (%)
Core 97.40
Allow, disallow 2.60, 0.00

aRmerge � ��|Ih � �I�|/��Ih, where Ih is the intensity measurement of reflection h and �I� is the average
intensity from multiple observations. Rwork � �||Fo| � |Fc||/�|Fo|, where Fo and Fc are the observed and
calculated structure factors, respectively. Rfree is equivalent to Rwork, but 5% of the measured reflections
have been excluded from the refinement and set aside for cross-validation.

bThe highest-resolution values are indicated in parentheses.

FIG 1 Crystal structure of PEDV nsp1. (A) Crystal structure of monomeric PEDV nsp1. The structure of
nsp1 is shown as a cartoon in colors ranging from blue in the N-terminal region to brown in the
C-terminal region. (B) Topology diagram. The colors correspond to those in panel A. Strands �1, �2, �3,
�4, �5, and �6 make up the barrel.
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FIG 2 Sequence relationships among different CoV nsp1 proteins. (A) The following sequences from GenBank were used to create the sequence
alignment: PEDV, accession number AJP67455.1; TGEV, ABD58989.1; human CoV NL63, AFV53147.1; human CoV 229E, CAA49377.1; rhinolophus
bat CoV HKU2, YP_001552235.1; rhinolophus bat CoV HKU8, YP_001718611.1; bat CoV HKU9, YP_001039970.1; MERS CoV, YP_009047213.1;

(Continued on next page)
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proteins of betacoronaviruses. However, the CoV nsp1 sequences exhibit some rela-
tively conserved residues, including Asn4, Val6, Thr7, Leu8, Asp13, Ile16, Ser17, Gly20,
Ala27, Val28, Ala35, Gly38, Phe44, Val45, Tyr61, Val62, Met63, Leu71, Val75, Ile85, Gly87,
Trp88, Leu89, Leu90, Asn95, Leu98, Glu100, Leu103, Thr104, Arg107, and Gly109. We
found coronavirus nsp1 structures in the Protein Data Bank, including those of TGEV
nsp1 (residues 1 to 104; Protein Data Bank [PDB] accession number 3ZBD) and SARS-
CoV nsp1 (residues 13 to 128; PDB accession number 2HSX). The amino acid sequence
of PEDV nsp1 shared only 23% and 12% sequence identity with those of TGEV nsp1 and
SARS-CoV nsp1, respectively, as demonstrated by their distance in the evolutionary tree
(Fig. 2B). Thus, the sequence of PEDV nsp1 was found to share low homology with
those of TGEV nsp1 and SARS-CoV nsp1 in this study.

Despite the lack of sequence homology, we sought to determine the level of
similarity among the secondary structures of these nsp1 proteins. The X-ray crystal
structure of TGEV nsp1 (PDB accession number 3ZBD) and the nuclear magnetic
resonance (NMR) structure of the N-terminal domain of SARS-CoV nsp1 (PDB accession
number 2HSX) were compared with the structure of PEDV nsp1. The overall structure
shared the same fold with a characteristic six-stranded �-barrel, with a long �-helix on
one side of the barrel (the root mean square deviations [RMSDs] with TGEV nsp11–104

and SARS-CoV nsp113–128 are1.8 Å and 2.4 Å, respectively) (42, 47). However, three-
dimensional alignment also revealed several differences in the structures, including in
the lengths and rotations of the loops.

The most obvious difference between the structures of PEDV nsp1 and TGEV
nsp11–104 is the number of �-sheets: there are two short �-sheets unique to TGEV nsp1
that are not found in PEDV nsp1. The �2-helix is significantly longer in the PEDV nsp1
structure, consisting of six amino acids, while it is divided into the 310-helix and
�4-sheet in TGEV nsp11–104. Various regions of the random coil are dissimilar, with
certain loops, such as those formed by amino acids (aa) 67 to 71 and 78 to 85, being
oriented in opposite directions. The C terminus of PEDV nsp1 is clearly stabilized by �4
and does not hinder crystal formation, whereas for TGEV nsp1, an appropriate crystal
can be formed only after removing the C terminus (Fig. 3A and B). The structures of
SARS-CoV nsp113–128 and PEDV nsp1 also exhibit many differences. The lengths and
angles of the �1-helix and the �2-helix are different. There are also substantial
differences in the loops, especially those located at residues 67 to 71 and 78 to 85.
Additionally, the loop between �3 and �4 is significantly shorter in the PEDV nsp1
structure (Fig. 3A and C). Considering these data together (Fig. 3D and E), PEDV nsp1
shows greater similarity to TGEV nsp1 than to SARS-CoV nsp1.

Transient nsp1 expression affects cellular gene expression. To determine whether
CoV nsp1 proteins suppress host gene expression, we examined Renilla luciferase (Rluc)
using luciferase assays. Porcine kidney 15 (PK-15) cells were cotransfected with the
plasmids expressing the nsp1 protein and with pRL-TK, expressing thymidine kinase
(TK) promoter-driven Rluc. We assessed the ability of the nsp1proteins from PEDV,
TGEV, and SARS-CoV to interfere with reporter gene expression. Transient gene expres-
sion analyses showed that the PEDV, TGEV, and SARS-CoV nsp1s significantly reduced
luciferase reporter gene expression, and subsequent SDS-PAGE analysis of equal
amounts of intracellular proteins confirmed these findings (Fig. 4A). To examine the
effects of PEDV nsp1 on host mRNA amounts, we examined Rluc mRNA in HEK-293T
cells using real-time quantitative PCR and found that PEDV nsp1 could possibly
degrade host mRNAs (Fig. 4B), which was consistent with data for SARS-CoV nsp1 (48).
Our data validated the nsp1 antagonism of general host protein expression, rather than
of the expression of only a particular protein. To further examine whether PEDV nsp1

FIG 2 Legend (Continued)
MHV, AFD97615.1; and SARS CoV, NP_828860.2. Residue numbers, referring to PEDV nsp1, are indicated above the sequences. Residues
conserved in all nsp1s are shown in white on a red background. Residues conserved in most sequences are shown in red and boxed with a
white background. The sequences were aligned with ClustalW2, and the figure was prepared with ESPript3.0. (B) Phylogenetic relationships
were analyzed using the maximum-likelihood algorithm in the MEGA package.
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inhibited overall gene expression in human embryonic kidney cells (HEK-293T), we
examined host proteins in ribopuromycylation assays (Fig. 4C). These data showed that
the inhibitory effects of nsp1 on host proteins synthesis are concentration dependent.

Based on comparison of the sequences of �-CoVs nsp1 (PEDV nsp1 and TGEV nsp1)
and �-CoV nsp1 (SARS-CoV nsp1), we identify a functional domain (aa 160 to 173) in
SARS-CoV nsp1 that is not present in �-CoV nsp1 proteins (Fig. 4D) (49), indicating that
the functional region of �-CoV nsp1 proteins is different from that of SARS-CoV nsp1.

FIG 3 Structural comparisons of PEDV nsp1, SARS-CoV nsp113–128 (PDB accession number 2GDT) (blue),
and TGEV nsp11–104 (PDB accession number 3ZBD) (red). (A) Overlay of PEDV nsp1 at 180 degrees. (B)
Overlay of TGEV nsp11–104 at 180 degrees. (C) Overlay of SARS-CoV nsp113–128 at 180 degrees. PEDV nsp1
is shown in yellow, TGEV nsp11–104 is shown in red, and SARS-CoV nsp113–128 is shown in blue. (D) Ribbon
diagrams for the three structures. (E) Sequence identities and RMSDs between PEDV nsp1 and TGEV
nsp11–104 or between PEDV nsp1 and SARS-CoV nsp113–128. RMSDs were calculated using COOT.
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FIG 4 CoVs nsp1 inhibit host protein synthesis. (A) PK-15 cells were cotransfected with pRL-TK carrying the Rluc reporter gene
downstream of the TK promoter and one of the plasmids pcaggs, pcaggs-PEDV-nsp1-HA (PEDV nsp1), pcaggs-TGEV-nsp1-HA (TGEV nsp1),
or pcaggs-SARS-CoV-nsp1-HA (SARS nsp1), which express PEDV nsp1, TGEV nsp1 and SARS-CoV nsp1, respectively. All the expressed
proteins had N-terminal HA tags. At 24 h posttransfection, cell lysates were prepared and subjected to Rluc assays. Error bars show the
standard deviations (SDs) of the results from three independent experiments. Cell extracts were also subjected to Western blot analysis
using an anti-HA antibody (top) or an anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (bottom). *, P � 0.05
(considered statistically significant); **, P � 0.01 (considered highly significant); ***, P � 0.001 (considered extremely significant). (B)
HEK-293T cells were transfected with the wild-type plasmid. At 12 or 24 h posttransfection, the cells were lysed and subjected to real-time
quantitative PCR analysis. Asterisks indicate statistical significance calculated by the Student t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
(C) HEK-293T cells were transfected with the pcaggs-PEDV-nsp1-HA (PEDV nsp1) plasmid. Left, the cells were pulsed with 3 �M puromycin
for 1 h at 0, 8, 12, 16, 20, and 24 h posttransfection and then subjected to Western blot analysis. Right, different doses of the wild-type
plasmid (0 to 3.0 �g) were transfected into HEK-293T cells. After 24 h posttransfection, the cells were pulsed with 3 �M puromycin for
1 h at 37°C and then subjected to Western blot analysis. (D) The amino acid sequences of PEDV nsp1, SARS-CoV nsp1, and TGEV nsp1 were
compared, and the functional region (aa 160 to 173) of SARS-CoV nsp1 is indicated with a black box.
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Region of PEDV nsp1 critical for inhibiting protein synthesis. Although the
highly conserved residues of PEDV and TGEV nsp1are crucial for NF-�B suppression (45),
the key areas of PEDV nsp1 inhibiting the host protein synthesis are unclear. To identify
which region in PEDV nsp1 was essential for its function, we designed a series of
truncated and mutated nsp1 plasmids based on the crystal structure of PEDV nsp1.
First, the C-terminally truncated plasmids nsp1(1–102), nsp1(1–95), nsp1(1– 85), nsp1(1–
71), nsp1(1– 60), and nsp1(1– 47) were tested, and the results showed that residues 61
to 71, 72 to 85 and 103 to 110 might be involved in inhibiting luciferase reporter gene
expression under the control of the simian virus 40 (SV40) or TK promoter (Fig. 5A). To
confirm the above results, we constructed the following plasmids, in which the random
coils were replaced with a flexible serine-glycine (sg) linker: nsp1(12–23sg), nsp1(38 –
41sg), nsp1(47– 49sg), nsp1(53– 60sg), nsp1(67–71sg), nsp1(78 – 85sg), and nsp1(92–
95sg). The results confirmed that nsp1 required multiple regions to function properly
(Fig. 5B). The inhibitory activity of nsp1(67–71sg) and nsp1(78 – 85sg) was lower than
that of the other truncated mutants. Furthermore, to verify that these three fragments
participated in forming functional regions, we designed a plasmid with mutations in all
three fragments. The results showed that the loops at aa 67 to 71, 78 to 85, and 103 to
110 formed a ring on the surface of the structure, generating a stable functional region
(Fig. 5C and D). The charge of this region is positive, and it creates a small groove that
may help inhibit host gene expression (Fig. 5E). The region from aa 37 to 75 in PEDV
nsp1 is crucial for NF-�B suppression (45), similar to our results.

The analyses demonstrated that the region from aa 1 to 128 in SARS-CoV nsp1
played no role in inhibiting protein synthesis (Fig. 6B). The functional area of SARS-CoV
nsp1 responsible for inhibiting protein synthesis is located at the C terminus (49).
However, the functional area of PEDV nsp1 exhibited its own unique structure, com-
prising three loops. Our structural analysis indicated that the three loops (aa 67 to 71,
78 to 85, and 103 to 110) in PEDV nsp1 differ from those in SARS-CoV nsp113–128 in
terms of both length and orientation (Fig. 6A and D). Moreover, immune coprecipita-
tion confirmed that the SARS-CoV nsp1 could interact with the 40S subunit (48) but that
PEDV nsp1 could not (Fig. 6C). The different functional areas indicate that the mech-
anisms whereby PEDV and SARS-CoV nsp1 inhibit host gene expression are diverse.

DISCUSSION

After invasion of host cells, some virus-encoded proteins are used to regulate the
host’s environment, thus helping to increase virus replication (50–53).Previous studies
have revealed that the nsp1 proteins of coronaviruses can regulate the host protein
synthesis and help the virus escape the host’s immune interference (25, 27, 43, 45, 54).
The highly variable sequence homology of the coronavirus nsp1 proteins may lead to
the diverse mechanisms for inhibiting the host gene expression.

In our study, we determined the full-length structure of PEDV nsp1. The structure is
characterized by an irregular six-stranded �-barrel fold in the middle of two �-helices.
Despite the low sequence homology of the viruses, the core structures of PEDV nsp1,
TGEV nsp11–104, and SARS-CoV nsp113–128 were highly conserved (42, 47). Furthermore,
PEDV nsp1 showed higher structural similarity with TGEV nsp1 than with SARS-CoV
nsp1, implying that the divergent evolution of CoV nsp1s may be explained by their
structural differences (55). At the same time, their detailed structures of have some
subtle differences, such as the loop length and rotation, possibly explaining why the
mechanisms of CoV nsp1 inhibition of host gene expression are diverse. The structure
of PEDV nsp1 provides the first clear visualization of the CoV nsp1 C terminus, which
appeared to consist of a long random coil. The C terminus (aa 103 to 110) of PEDV nsp1
interacts with �4, forming a small groove, whereas the C termini of SARS-CoV nsp1 and
TGEV nsp1 are unstable in the structure (42, 47). The observed structural differences
suggest that the C terminus of PEDV nsp1 has a unique feature which can ensure the
structure’s stability. The region from aa 160 to 173 of SARS-CoV nsp1 and the region
from aa 277 to 309 of murine hepatitis virus (MHV) nsp1 are necessary for inhibiting
protein synthesis (49, 56), whereas the �-CoV nsp1 does not have the corresponding
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FIG 5 Host protein synthesis is inhibited by PEDV nsp1 truncation mutants and “sg” replacement mutants. (A) Inhibition of host protein
synthesis by PEDV nsp1 truncation mutants. The truncations (at the C terminus) of PEDV nsp1 are shown below the bars. PK-15 cells were
cotransfected with pRL-SV40 or pRL-TK and one of the plasmids pcaggs (control), pcaggs-PEDV-nsp1, pcaggs-PEDV-nsp1(1–102), pcaggs-
PEDV-nsp1(1–95), pcaggs-PEDV-nsp1(1– 85), pcaggs-PEDV-nsp1(1–71), pcaggs-PEDV-nsp1(1– 60), or pcaggs-PEDV-nsp1(1– 47), which ex-
press nsp1, nsp1(1–102), nsp1(1–95), nsp1(1– 85), nsp1(1–71), nsp1(1– 60), and nsp1(1– 47), respectively. At 24 h posttransfection, cell
lysates were prepared and subjected to Rluc assays. Error bars show the SDs of the results from three independent experiments. Asterisks
indicate statistical significance calculated by the Student t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001. (B) Host protein synthesis is inhibited
by “sg” replacement mutants of PEDV nsp1. Each solid line between two rectangles is labeled with numbers at both termini, delineating
the region replaced with the “sg” residues. The recombinant plasmids are as follows: 12–23sg, 38 – 41sg, 47– 49sg, 53– 60sg, 67–71sg,
78 – 85sg, 92–95sg, and 1–102(67–71, 78 – 85sg). PK-15 cells were transfected with the control (pcaggs) or nsp1 plasmid. At 24 h
posttransfection, the cell were lysed and subjected to Rluc assays and Western blot analysis. Error bars show the SDs of the results from
three independent experiments. Asterisks indicate statistical significance calculated by the Student t test. *, P � 0.05; **, P � 0.01; ***, P �
0.001. (C) The loops corresponding to residues 67 to 71, 78 to 85, and 103 to 110 are indicated in blue, and the other areas are shown in
gray. A detailed view of the interaction, showing residues 103 to 110 and the binding region, is indicated in yellow. (D) The main chain
for the loops corresponding to residues 67 to 71, 78 to 85, and 103 to 110 is indicated. Nitrogen is shown in blue and oxygen in red. (E)
The black oval area indicates the loops at residues 67 to 71, 78 to 85, and 103 to 110, which together form a small groove.
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region. Our results indicate that two loops (aa 67 to 71 and 78 to 85) in PEDV nsp1,
supported by the protein’s C terminus (aa 103 to 110), form a stable functional region;
these are in significantly different conformations from their counterparts in SARS-CoV
nsp1, which may explain why these loops of SARS-CoV nsp1 have no function in the
inhibition of host protein synthesis. The structural difference implies that the mecha-
nisms of PEDV and SARS-CoV nsp1 inhibition of general host gene expression might be
different.

At present, the various mechanisms of �-CoV nsp1 inhibition of host protein
synthesis have been deeply studied. SARS-CoV nsp1 binds to the 40S ribosomal subunit
to inactivate translation and promote the degradation of cellular mRNA 5= caps, which
suppresses host innate immune functions (48). MERS-CoV nsp1 inhibits host gene
expression by selectively targeting transcribed mRNA instead of binding to the 40S
ribosomal subunit (25). Murine hepatitis virus (MHV) nsp1 enhances the virulence of the
virus by efficiently interfering with the type I IFN system (56). However, little is known
about the mechanism of �-CoV nsp1 inhibition of host gene expression. This study
showed that PEDV nsp1 possibly inhibits host gene expression by affecting the host
RNA degradation machinery, which is consistent with the mechanisms used by SARS-
CoV nsp1 and MERS-CoV nsp1 (25, 48). Furthermore, PEDV nsp1 could not interact with
the S6 ribosomal protein, which indicated that PEDV nsp1 may bind with a certain host
factor to cause the host gene suppression. The detailed mechanism of PEDV nsp1
inhibition of host protein synthesis requires further investigation.

In a previous study, a recombinant MHV lacking the region encoding aa 277 to 309
of the nsp1 gene was severely attenuated in infected mice, and partial nsp1 gene

FIG 6 Comparison of the functional domains of PEDV nsp1 and SARS-CoV nsp1. (A) The structure of PEDV nsp1 (subunit A) was
superimposed on the structure of SARS-CoV nsp113–128 (PDB accession numbers 2HSX and 2GDT, respectively). The three loops of PEDV
nsp1 are shown in red, and the corresponding regions in SARS-CoV nsp113–128 are shown in blue. (B) PK-15 cells were independently
cotransfected with pRL-SV40 and pcaggs, pcaggs-PEDV-nsp1 (PEDV nsp1), pcaggs-SARS-CoV-nsp1 (SARS nsp1), or pcaggs-SARS-CoV-
nsp1(1–128) [SARS nsp1(1–128)]. Total intracellular proteins were extracted at 24 h posttransfection, and Western blot analysis was
performed using anti-HA and anti-GAPDH antibodies. At 24 h after transfection, the cells were lysed in Renilla luciferase lysis buffer, and
aliquots of the lysates were used to measure Rluc activities. Asterisks indicate statistical significance calculated by the Student t test. *,
P � 0.05; **, P � 0.01; ***, P � 0.001. (C) Binding of nsp1 to the 40S ribosomal subunits. The control (pcaggs), PEDV nsp1, or SARS-CoV
nsp1 (SARS nsp1) plasmid was transfected into 293T cells. The immunoprecipitated proteins (ribosomal protein S6 [RPS6] and CoVs nsp1
[HA-nsp1]) were examined by Western blotting using anti-S6 antibody and anti-HA antibody. The expression of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was detected with an anti-GAPDH MAb to confirm equal protein loading. (D) Sequence relationships
of PEDV nsp1 and SARS-CoV nsp1. The corresponding loops in PEDV nsp1 and SARS-CoV nsp1 are indicated with a black box.
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deletions will therefore be useful for developing attenuated vaccines (56). Similarly, the
region from aa 160 to 173 of SARS-CoV nsp1 is critical for suppressing host innate
immunity, providing insights into the development of attenuated vaccines (49, 57). We
identified the region responsible for suppressing host gene expression based on the
structure of PEDV nsp1, which is expected to contribute to the design of a new type of
attenuated coronavirus vaccine based on nsp1 modifications.

MATERIALS AND METHODS
Cell lines. HEK-293T and PK-15 cells were maintained at 37°C in a 5% CO2 incubator in Dulbecco’s

modified Eagle’s medium (Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine serum.
Plasmid construction. For crystallization, the full-length PEDV nsp1 gene sequence (GenBank

accession no. KC140102.1) was cloned via PCR amplification into pET-42b (�), with a C-terminal His6 tag,
using the NdeI and XhoI restriction sites. In addition, to achieve high expression in eukaryotic cells,
wild-type nsp1, flanked with an N-terminal hemagglutinin (HA) tag, was cloned into the pCAGGS vector
using EcoRI and XhoI restriction sites. To confirm the essential functional regions of SARS-CoV nsp1, a
fragment (encoding aa 1 to 128) was cloned into the pCAGGS vector according to the same method.
Additionally, to determine the functional region of PEDV nsp1, point mutants and truncations were
engineered according to the tertiary structure of PEDV nsp1. The C-terminally truncated plasmids
included nsp1(1–102), nsp1(1–95), nsp1(1– 85), nsp1(1–71), nsp1(1– 60), and nsp1(1– 47). Additionally, to
avoid unexpected collapses of the structure that could potentially inactivate nsp1, plasmids in which a
random coil was replaced with a flexible Ser-Gly-Ser-Gly linker were engineered, as follows: nsp1(12–
23sg), nsp1(38 – 41sg), nsp1(47– 49sg), nsp1(53– 60sg), nsp1(67–71sg), nsp1(78 – 85sg), and nsp1(92–
95sg). All constructs were validated through DNA sequencing.

Protein expression and purification. To study the expression of PEDV nsp1 in prokaryotic cells, the
recombinant plasmid was transformed into Escherichia coli Trans BL21(DE3) cells. The transformed cells
were cultured at 37°C in lysogeny broth (LB) medium containing 50 �g/ml kanamycin until the optical
density at 600 nm (OD600) reached 0.6 to 0.8. Protein expression was induced with 1 mM isopropyl-�-
D-thiogalactopyranoside (IPTG), and cell growth continued for an additional 5 h at 37°C. To solve the
crystal phase problem, selenomethionine (Se-Met)-labeled PEDV nsp1 was expressed as previously
described (58).

For protein purification, the E. coli cells were harvested, resuspended in phosphate-buffered saline
(PBS), and lysed via passage through an AH-1500 homogenizer. After centrifugation at 8,500 rpm for 40
min, the supernatant was filtered and loaded onto a His Trap HP column (GE Healthcare). The target
protein was eluted using a change gradient between the binding buffer (20 mM Tris [pH 7.4], 500 mM
NaCl) and elution buffer A (20 mM Tris [pH 7.4], 500 mM NaCl, and 500 mM imidazole), followed by 30
ml of 100% elution buffer A. The protein was further purified using a Superdex 75 (GE Healthcare) column
with elution buffer B (20 mM Tris [pH 7.4], 200 mM NaCl). All purification procedures were performed at
4°C to avoid degradation. For crystallization, the purified protein with state uniformity was concentrated
to approximately 8.5 mg/ml, flash-frozen with liquid nitrogen, and stored at �80°C.

Crystallization, data collection, and structure determination. Se-Met-labeled nsp1 was crystal-
lized via the sitting-drop vapor diffusion method at 20°C. According to the initial conditions, which we
optimized for crystallization, the best crystals of Se-Met-labeled nsp1 were obtained through vapor
diffusion in sitting drops consisting of 1 �l of reservoir solution (0.1 M lithium sulfate monohydrate, 0.1
M sodium citrate tribasic dihydrate [pH 5.5], 20% [wt/vol] polyethylene glycol 1000) and 1 �l of protein
solution (8.5 mg/ml in 20 mM Tris-HCl and 200 mM NaCl, pH 7.4). The crystals grew overnight and were
then flash-cooled in liquid nitrogen in a cryoprotectant solution (0.1 M lithium sulfate monohydrate, 0.1
M sodium citrate tribasic dihydrate [pH 5.5], 20% [wt/vol] polyethylene glycol 1000, and 30% ethylene
glycol). Native data collection was performed on a BL17U1 beamline (wavelength � 0.97917 Å,
temperature � 100 K) at the Shanghai Synchrotron Radiation Facility (SSRF) using an MAR 225 CCD
detector (MAR Research). All of the diffraction images were integrated, merged, and scaled using
HKL-3000 software (59). The structure of nsp1 was solved using the single-wavelength anomalous-
dispersion method from an Se-Met derivative (60). All three potential selenium atoms in the primary
sequence of the nsp1 monomer were located, and the initial phases were calculated using the program
AutoSol from the PHENIX software suite (61, 62). Manual model rebuilding was performed using COOT
(63), and subsequently the structure was refined using the PHENIX software suite until the data were
eligible. Structural figures were drawn using PyMOL (64). The root mean square deviation (RMSD) was
analyzed using PDBeFold (http://pdbe.org/fold/). The amino acid sequences of CoV nsp1 proteins were
aligned using the software program ClustalW2 and visualized with the ESPript 3 server (http://espript
.ibcp.fr). Evolutionary relationships were described using the software program MEGA (65).

Reporter assay and Western blot analysis. PK-15 cells were cotransfected at �80% confluence
with a pRL-TK plasmid encoding the Rluc reporter gene downstream of the TK promoter, along with
corresponding protein plasmids. Opti-MEM I was used to dilute Lipofectamine 2000, and the nucleic
acids were mixed gently; the DNA-Lipofectamine 2000 complex was fully formed after 20 min at room
temperature. At 24 h posttransfection, cell lysates were prepared and subjected to Rluc reporter activity
assays (Promega).

In brief, to analyze the expression levels of nsp1 proteins, PK-15 cells were transfected with various
plasmids using the same method. The cells were harvested by adding radioimmunoprecipitation assay
(RIPA) lysis buffer (Beyotime), and the extracts were prepared in SDS-PAGE sample buffer. Protein
expression analysis was carried out via Western blotting. The proteins were visualized using an anti-HA
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antibody (Ab) (ProteinTech). The expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was detected with an anti-GAPDH monoclonal Ab (MAb) (ProteinTech) to confirm equal protein loading.

Quantitative analysis of Rluc mRNA. The quantitative analysis was performed as previously
described (48). In brief, 100 ng of RNA was transferred to separate tubes for amplifying the target Rluc
mRNA and the endogenous control (18S rRNA) to use with a TaqMan one-step real-time PCR master mix
reagent kit. Following the manufacturer’s instructions, PCR was performed on an ABI Prism 7000
real-time thermocycler (Applied Biosystems, Foster City, CA). The amount of target mRNA was normalized
to an endogenous 18S rRNA.

Ribopuromycylation assay. The ribopuromycylation assay was performed as previously described
(66). Briefly, cultures of HEK-293T cells were transfected with the wild-type PEDV nsp1 plasmid. At various
times posttransfection or with different doses of the wild-type plasmid, the cells were pulse-labeled with
3 �M puromycin and then incubated for an additional hour at 37°C with 5% CO2. After three washes with
PBS, the cells were lysed and subjected to Western blot analysis. The analysis of total protein expression
was performed using an antipuromycin Ab (Millipore).

Statistical analysis. All data were analyzed using GraphPad Prism software (GraphPad Software Inc.,
CA). Significant differences were determined using Student’s t test. P values of �0.05 were considered
statistically significant, P values of �0.01 were considered highly significant, and P values of �0.001 were
considered extremely significant.

Accession number(s). The coordinates and structural characteristics of PEDV nsp1 were submitted
to the Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (PDB) under
accession number 5XBC.
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