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ABSTRACT The 5’ cap methylation of viral RNA plays important roles in RNA stabil-
ity, efficient translation, and immune evasion. Thus, RNA cap methylation is an at-
tractive target for antiviral discovery and development of new live attenuated vac-
cines. For coronaviruses, RNA cap structure is first methylated at the guanine-N-7
(G-N-7) position by nonstructural protein 14 (nsp14), which facilitates and precedes
the subsequent ribose 2’-O methylation by the nsp16-nsp10 complex. Using porcine
epidemic diarrhea virus (PEDV), an Alphacoronavirus, as a model, we showed that
G-N-7 methyltransferase (G-N-7 MTase) of PEDV nsp14 methylated RNA substrates
in a sequence-unspecific manner. PEDV nsp14 can efficiently methylate RNA sub-
strates with various lengths in both neutral and alkaline pH environments and can
methylate cap analogs (GpppA and GpppG) and single-nucleotide GTP but not ATP,
CTP, or UTP. Mutations to the S-adenosyl-L-methionine (SAM) binding motif in the
nsp14 abolished the G-N-7 MTase activity and were lethal to PEDV. However, recom-
binant rPEDV-D350A with a single mutation (D350A) in nsp14, which retained
29.0% of G-N-7 MTase activity, was viable. Recombinant rPEDV-D350A formed a sig-
nificantly smaller plaque and had significant defects in viral protein synthesis and vi-
ral replication in Vero CCL-81 cells and intestinal porcine epithelial cells (IPEC-DQ).
Notably, rPEDV-D350A induced significantly higher expression of both type | and Il
interferons in IPEC-DQ cells than the parental rPEDV. Collectively, our results demon-
strate that G-N-7 MTase activity of PEDV modulates viral replication, gene expres-
sion, and innate immune responses.

IMPORTANCE Coronaviruses (CoVs) include a wide range of important human and
animal pathogens. Examples of human CoVs include severe acute respiratory syn-
drome coronavirus (SARS-CoV-1), Middle East respiratory syndrome coronavirus
(MERS-CoV), and the most recently emerged SARS-CoV-2. Examples of pig CoVs in-
clude porcine epidemic diarrhea virus (PEDV), porcine deltacoronavirus (PDCoV), and
swine enteric alphacoronavirus (SeACoV). There are no vaccines or antiviral drugs for
most of these viruses. All known CoVs encode a bifunctional nsp14 protein which
possesses ExoN and guanine-N-7 methyltransferase (G-N-7 MTase) activities, respon-
sible for replication fidelity and RNA cap G-N-7 methylation, respectively. Here, we
biochemically characterized G-N-7 MTase of PEDV nsp14 and found that G-N-7
MTase-deficient PEDV was defective in replication and induced greater responses of
type | and Il interferons. These findings highlight that CoV G-N-7 MTase may be a
novel target for rational design of live attenuated vaccines and antiviral drugs.
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he 5’ cap structure of eukaryotic mRNAs is essential for mRNA stability and efficient

translation initiation (1, 2). The 5’ cap of cellular mRNAs is formed through a series
of enzymatic steps: first, the 5'-triphosphate end (pppN-) of the nascent transcript is
processed into a diphosphate by an RNA triphosphatase (RTPase); second, a GMP
moiety from GTP is transferred to the diphosphate mRNA by an RNA guanylyltrans-
ferase (GTase) to generate the cap core structure (GpppN-); lastly, the guanosine cap is
methylated at the guanine-N-7 position by S-adenosyl-.-methionine (SAM)-dependent
cap guanine-N-7 methyltransferase (G-N-7 MTase) to generate a cap O structure
(m?”GpppN-) in the presence of the methyl group donor SAM. In higher eukaryotes and
some viruses, the cap 0 structure is further methylated at the 2'-OH position of the
ribose by cap ribose-2’-O-MTase to form the cap 1 structure (m”GpppN™-) and type 2
cap (M’GpppN™N™-) (3, 4). These mRNA capping and methylation reactions are con-
served among all eukaryotes.

Many viruses have evolved their own mRNA cap-forming machinery and utilize
different mechanisms. It has been known for many years that the genomic and
subgenomic RNAs of coronaviruses (CoVs) carry a 5 cap structure (5-7). However, the
mechanism and the enzymes involved in CoV RNA cap formation remained unclear
until the outbreak of the severe acute respiratory syndrome coronavirus (SARS-CoV-1)
in 2003 and the subsequent biochemical characterization of SARS-CoV cap-forming
machinery (8-15). Our current understanding of RNA cap formation of CoVs is sum-
marized as follows. In response to a cis element in viral genome RNA, the virally
encoded RNA-dependent RNA polymerase (RdRP) synthesizes nascent genome and
subgenome RNA, which is hydrolyzed by nsp13, an RTPase, to yield ppN-RNA (16).
Subsequently, the ppN-RNA is capped by an unknown CoV capping enzyme to form
GpppN-RNA. The cap structure can then be further methylated at G-N-7 position by
CoV nsp14, a bifunctional protein, which includes an N-terminal exoribonuclease
activity domain (ExoN) (17) and a C-terminal G-N-7 MTase domain (8). Finally, CoV
nsp16 together with its stimulatory factor nsp10 forms a complex acting as the
2'-O-MTase to raise cap 0 to cap 1 structure (9, 11, 12). Recently, crystal structures of
several cap-forming enzymes in SARS-CoV-1, including nsp14, nsp16, and the nsp16-
nsp10 complex, have been determined, and their catalytic sites involved in the enzy-
matic activities have been mapped to the amino acid level (11-13, 15).

The family Coronaviridae includes many important human and animal pathogens,
which can be classified into Coronavirinae and Torovirinae subfamilies. The Coronaviri-
nae subfamily can be further subdivided into four genera, Alphacoronavirus, Betacoro-
navirus, Gammacoronavirus, and Deltacoronavirus. The genus Alphacoronavirus includes
several economically important pig CoVs such as porcine epidemic diarrhea virus
(PEDV), transmissible gastroenteritis virus (TGEV), and swine enteric alphacoronavirus
(SeACoV) (18, 19). The genus Betacoronavirus includes many important human patho-
gens such as SARS-CoV-1, Middle East respiratory syndrome coronavirus (MERS-CoV),
and the 2019 newly emerged SARS-CoV-2 (20, 21). An example of a Gammacoronavirus
is avian infectious bronchitis virus (IBV). The genus Deltacoronavirus includes porcine
deltacoronavirus (PDCoV) and avian deltacoronavirus (22). Despite major efforts, most
of these CoVs do not have effective vaccines or antiviral drugs. PEDV is the causative
agent of porcine epidemic diarrhea (PED), an acute and highly contagious enteric
disease characterized by vomiting, diarrhea, and dehydration, leading to high mortality
in newborn piglets. PEDV was discovered in the United Kingdom in 1971 and subse-
quently reported in many swine-producing countries of Europe and Asia (23, 24). Since
2010, massive PED outbreaks have been reported in China, with high mortality rates in
suckling piglets (25, 26). Quickly, the new emerging PED outbreaks spread worldwide,
and cases were reported in Vietnam, Thailand, South Korea (27), Japan (28), the United
States (29), Mexico, and Canada (28). Globally, PEDV causes huge economic losses to
the pork industry every year.

RNA cap methylation is an attractive target for antiviral discovery and development
of new live attenuated vaccines. Although RNA cap methylation in SARS-CoV-1, a
member of genus Betacoronavirus, is relatively well studied, whether the mechanism
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FIG 1 Biochemical analyses of G-N-7 MTase activity of PEDV nsp14 in vitro. (A) SDS-PAGE analysis of
purified PEDV nsp14 protein. The 6 XHis-tagged PEDV nsp14 was expressed and purified from E. coli. (B)
Analysis of G-N-7 MTase activity of PEDV nsp14 in different pHs. One microgram of purified PEDV nsp14
was incubated with 2 X 103 cpm of Gp*ppA-RNA,; substrate in methylation buffer from pH 4.0 to 10.0
(lanes 3 to 9) at 37°C for 4 h. The products were digested with nuclease P1 at 50°C for 30 min and
separated on a TLC plate. The migration of the markers m’Gp*ppA and Gp*ppA (lanes 1 and 2) is
indicated. Spots were dried and visualized with a phosphorimager.

involved in cap formation is conserved in other CoV members of this genus remains
largely unknown. In addition, the roles of RNA cap methylation in CoV replication, gene
expression, and pathogenesis remain poorly understood. In this study, we characterized
RNA cap G-N-7 MTase activity of PEDV nsp14 and determined its roles in viral replica-
tion, gene expression, and innate immune response. We found that PEDV nsp14
methylated the viral RNA at the G-N-7 position in a sequence-independent manner.
Interestingly, PEDV nsp14 can utilize single or dinucleotide cap analogs as the sub-
strates. Subsequently, we established an infectious cDNA clone of PEDV and recovered
a recombinant PEDV carrying a D350A mutation in nsp14 (rPEDV-D350A). The rPEDV-
D350A is deficient in RNA cap G-N-7 methylation, shows defects in replication and gene
expression in cell culture, and induces significantly higher type | and type Il interferon
responses than the parental rPEDV. Our results demonstrate that the G-N-7 MTase
activity of nsp14 plays an important role in PEDV replication, gene expression, and
innate immune response.

RESULTS

PEDV nsp14 methylates RNA substrate at the G-N-7 position in a wide range of
pHs. To begin to examine the G-N-7 MTase activity of PEDV nsp14, we first generated
highly purified 6XHis-tagged recombinant nsp14 protein from an Escherichia coli
expression system (Fig. TA). A 43-nucleotide (nt) triphosphated RNA (5'-pppA-RNA,;)
representing the 5’-terminal 43 nucleotides of the PEDV genome was synthesized by T7
RNA polymerase, capped by the ScriptCap m’G capping system in the presence of
[a-32P]GTP (the GMP donor) with or without SAM (the methyl donor), which yielded an
a-32P-labeled G-N-7 unmethylated RNA (Gp*ppA-RNA,;) or methylated RNA (m”Gp*ppA-
RNA,;) (* indicates [a-32P] label). The unmethylated GpppA-RNA,; was used as the RNA
substrate for the G-N-7 methylation assay and also served as a negative control. The
G-N-7 methylated m”’Gp*ppA-RNA,; was used as a positive control. For the G-N-7
methylation assay, 50 ng of Gp*ppA-RNA,; was incubated with 0.5 ug of nsp14 in the
presence of the methyl donor SAM for 3 h. RNA was purified and subjected to nuclease
P1 digestion followed by thin-layer chromatography (TLC) on polyethyleneimine (PEI)
cellulose F sheets. Nuclease P1 cleaves the bond between the 3’-hydroxyl and 5'-
phosphoryl group of adjacent nucleosides. Cleavage of RNA by nuclease P1 should
yield GpppA or m’GpppA, representing G-N-7 unmethylated and methylated cap
structures, respectively. Nuclease P1 digestion of RNA substrate Gp*ppA-RNA,; yielded
a product which comigrated with a GpppA cap analog (NEB), confirming that it was an
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unmethylated cap (Fig. 1B, lane 1). Nuclease P1 digestion of m”Gp*ppA-RNA,; (positive
control) yielded a product which comigrated with the m”’GpppA cap analog (NEB),
confirming that it was a fully G-N-7-methylated cap (Fig. 1B, lane 2). PEDV nsp14
efficiently methylated the RNA substrate at the G-N-7 position under various pH
conditions, demonstrating that nsp14 is an RNA G-N-7 MTase (Fig. 1B, lanes 3 to 9).
However, PEDV nsp14 was more active in neutral and basic environments (Fig. 1B, lanes
5 to 9) than in an acidic environment (Fig. 1B, lanes 3 and 4). After 3 h of incubation,
Gp*ppA-RNA,; was completely converted into m”’Gp*ppA-RNA,; under neutral and
basic conditions, whereas a small portion of RNA substrate remained unmethylated
under acidic conditions.

PEDV nsp14 G-N-7 MTase does not require a minimal length of the RNA
substrate. Many viral MTases require a minimal length of the RNA substrate for
methylation. The minimal length of the RNA substrate for vesicular stomatitis virus
(VSV) G-N-7 and 2’-O MTases was shown to be 5 nt (30). The flavivirus G-N-7 and 2’-O
MTases required the RNA substrates to be longer than 20 nucleotides (31). Since PEDV
nsp14 efficiently methylated 43-nt RNA, we first examined whether PEDV nsp14 can
methylate a longer RNA substrate. To do this, a 296-nt RNA corresponding to the 5’ end
of the PEDV genome was synthesized and tested for G-N-7 methylation. PEDV nsp14
efficiently methylated 296-nt PEDV RNA similarly to 43-nt RNA (Fig. 2A). To dissect the
minimal length requirement for PEDV nsp14, we synthesized 30-, 20-, and 10-nt RNA
corresponding to the 5’ end of the PEDV genome. As shown in Fig. 2B, PEDV nsp14
efficiently methylated 30-, 20-, and 10-nt RNA. We next examined the G-N-7 MTase
activity using RNA substrates ranging from 9 nt to 3 nt. Again, all of these short RNA
substrates were efficiently methylated by PEDV nsp14 (Fig. 2C). Finally, we further
narrowed down the RNA substrate to 2 nt. In the methylation assay, PEDV nsp14 was
incubated with dinucleotide cap analogs (GpppA, GpppG, m’GpppA, and m’GpppG) in
the presence of 3H-SAM. The cap analogs were purified by DEAE-Sephadex columns,
and the amount of 3H-SAM incorporation was quantitated by a scintillation counter.
PEDV nsp14 efficiently methylated both GpppA and GpppG cap analogs (Fig. 2D). As
controls, no 3H-SAM was incorporated into G-N-7-methylated cap analogs (m”GpppA
and m’GpppG). Using a similar assay, we determined whether PEDV nsp14 can meth-
ylate single nucleotides. In this assay, vaccinia virus G-N-7 MTase was used as a positive
control, whereas bovine serum albumin (BSA) was used as a negative control. As shown
in Fig. 2E, PEDV nsp14 can methylate GTP, although the efficiency was lower than that
of vaccinia virus G-N-7 MTase. However, PEDV nsp14 cannot methylate ATP, CTP,
or UTP.

Longer RNA substrate facilitates PEDV G-N-7 methylation. We also compared
the kinetics of the N-7 MTase activity of PEDV nsp14 using 43-nt (Fig. 3A) and 9-nt (Fig.
3B) RNA substrates. Briefly, PEDV nsp14 was incubated with Gp*ppA-RNA,; or Gp*ppA-
RNA, in the presence of SAM, and reaction was stopped every 30 min and analyzed in
a TLC plate. After a 30-min incubation, approximately 12% of the 43-nt substrate cap
was G-N-7 methylated, whereas methylation products from the 9-nt RNA substrate
were only 3%. After each 30-min interval, the percentage of G-N-7 methylation using
the 43-nt substrate cap was higher than when using the 9-nt substrate cap. After 4 h,
90% of the 43-nt RNA substrate and 73% of the 9-nt RNA substrate were methylated.
These results suggest that PEDV nsp14 prefers longer RNA substrates with the same 5’
terminal sequence.

PEDV nsp14 methylates RNA substrate in a sequence-unspecific manner. Many
viral MTases methylate RNA in a sequence-specific manner (30, 32). We next deter-
mined whether PEDV nsp14 is a sequence-specific G-N-7 MTase. To do this, RNA
substrates with 43 nucleotides of 5’ terminal genomic RNA from TGEV, SARS-CoV,
PDCoV, and IBV were synthesized to represent viruses in Alphacoronavirus, Betacoro-
navirus, Deltacoronavirus, and Gammacoronavirus genera, respectively (Fig. 4A). The
homology of these RNA sequences with PEDV ranges from 35.5% to 46.5%. All these
RNA substrates share the same first nucleotide (adenine). The second nucleotide of the
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FIG 2 Length requirement of RNA substrate for G-N-7 MTase activity of PEDV nsp14. Comparison of
G-N-7 MTase activity of PEDV nsp14 using RNA substrates with lengths of 296 nt and 43 nt (A), 10 nt
to 30nt (B), and 3 nt to 9 nt (C). One microgram of PEDV nsp14 protein was incubated with
2 X 103 cpm of Gp*ppA-RNA with different lengths in methylation buffer (pH 7.0) at 37°C for 4 h. The
products were digested with nuclease P1 at 50°C for 30 min and separated on a TLC plate. (D)
Methylation of dinucleotide cap analogs by PEDV nsp14. One microgram of PEDV nsp14 protein was
incubated with dinucleotide cap analogs at 37°C for 4 h. The products were purified in small
DEAE-Sephadex columns and quantitated by a scintillation counter. Data are the averages from
three independent experiments = standard deviations. (E) Methylation of NTPs by PEDV nsp14. One
microgram of PEDV nsp14 protein was incubated with NTPs at 37°C for 4 h. The products were
purified in small DEAE-Sephadex columns and quantitated by a scintillation counter. Data are the
averages from three independent experiments * standard deviations. Vaccinia virus cap G-N-7
MTase was used as a positive control, and BSA was used as a negative control.

RNA substrate from TGEV is an A, for SARS-CoV is a T, and for the other three viruses
is a C. As shown in Fig. 4B, PEDV nsp14 had a similar methylation efficiency using all
these RNA substrates from the Coronavirinae subfamily (Fig. 4B, lanes 4 to 8). Finally, we
synthesized two random RNA substrates, a 43-nt poly(A) RNA [Gppp(A),;] and a 43-nt
poly(G) RNA [Gppp(G),5]. As shown in Fig. 4C, nsp14 can methylate both Gppp(A),; and
Gppp(G),3, although the efficiency seems slightly less than for the authentic PEDV RNA
substrate (Fig. 4C). These results suggest that PEDV nsp14 methylates RNA in a
sequence-unspecific manner.

Mutations in the SAM binding site in PEDV nsp14 abolished G-N-7 MTase
activity. Our ultimate goal is to generate recombinant PEDVs that are defective in
G-N-7 MTase. Since knockout of G-N-7 methylation in viral RNA may be lethal to virus,
our mutagenesis strategy is to select some amino acids in PEDV nsp14 that are
completely or partially defective in G-N-7 methylation based on the studies in SARS-
CoV nsp14. Sequence alignment of nsp14 proteins of representative members of
Alphacoronavirus (PEDV and TGEV), Betacoronavirus (SARS-CoV-1 and SARS-CoV-2),
Deltacoronavirus (PDCoV), and Gammacoronavirus (IBV) genera showed that the ExoN
and G-N-7 MTase domains are highly conserved and located at the N and C termini of
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FIG 3 Comparison of G-N-7 MTase activity of PEDV nsp14 using 43-nt and 9-nt RNA substrates. (A)
Dynamics of G-N-7 MTase using a 43-nt RNA substrate. (B) Dynamics of G-N-7 MTase using a 9-nt RNA
substrate. One microgram of PEDV nsp14 protein was incubated with 2 X 103 cpm of 43-nt or 9-nt
Gp*ppA-RNA at 37°C for the indicated time points, and the reaction was stopped by addition of 1%
sodium dodecyl sulfate and 0.5 mM EDTA. The products were digested with nuclease P1 and separated
by TLC. The migration of the markers m’Gp*ppA and Gp*ppA is indicated. The density of spots was
quantified by ImagelJ. The percentage of each methylated cap species was calculated as follows: density
of methylated cap m’Gp*ppA/density of methylated cap m’Gp*ppA and unmethylated cap Gp*ppA.

nsp14, respectively (see Fig. S1A in the supplemental material). SAM-dependent G-N-7
MTases typically present a D/ExGxGXG motif (where x means any amino acid), the
hallmark of the SAM binding site (33). Sequence alignment in the core G-N-7 MTase
domain of nsp14 protein in all CoVs clearly identified a DxGxPxG/A motif corresponding
to the D/ExGxGxG motif in G-N-7 MTase (Fig. 5A and Fig. STA). Structural homology
analysis found that nsp14 of PEDV is similar to nsp 14 of SARS-CoV-1 (PDB identifier [ID]
5C8S) (Fig. S1B and Q). In SARS-CoV-1 nsp14, individual alanine mutations to D331 and
G333 within the SAM binding site (DIGNPKA) completely abolished G-N-7 methylation,
whereas alanine mutations to P335 and K336 resulted in nsp14 mutants that retained
61% and 50% of G-N-7 methylation, respectively (8, 34). The equivalent amino acids in
the SAM binding site (DIGNPKG) of PEDV nsp14 are D330, G332, P334, and K335. Thus,
we first generated two single PEDV nsp14 mutants, D330A and G332A, designed to
knock out the G-N-7 MTase completely. We also generated a double mutant, P334A-
K335A, designed to further reduce the G-N-7 MTase. We also generated a fourth
mutant, D350A, designed to retain partial MTase activity. In SARS-CoV-1 nsp14, the
equivalent amino acid residue D351A retained 47% of G-N-7 MTase activity (15).
Recombinant PEDV nsp14s carrying these mutations were expressed in E. coli and
purified (Fig. 5B). Each nsp14 mutant was incubated with a 296-nt RNA substrate in the
presence of 3H-SAM, and G-N-7 MTase activity was quantitatively measured by a
scintillation counter. As shown in Fig. 5C, nsp14 mutants D330A and G332A only
retained 3% to 5% of G-N-7 MTase activity, whereas the double mutant (P334A-K335A)
and D350A retained approximately 15% and 29% of MTase activity, respectively.
Construction of PEDV infectious cDNA clone and recovery of recombinant
PEDV carrying mutations in nsp14. We have developed a plasmid-based reverse
genetics system for the PEDV USA/Colorado/2013 strain (Fig. 6A). The full-length cDNA
clone of PEDV was assembled into a pSMART-BAC vector in a single step using seven
overlapping fragments (designated from A to G) by using a yeast recombination system
(Fig. 6A). To introduce mutations in the nsp14 in the pSMART-BAC-PEDV, we used
two-step selection/counterselection recombineering technique to replace the wild-
type nsp14 with the nsp14 mutations described in Materials and Methods. To recover
recombinant PEDV, 4 ug of pSMART-BAC-PEDV (wild-type or mutation) and 2 ug of

August 2020 Volume 94 Issue 16 e00447-20

Journal of Virology

jviasm.org 6


https://www.rcsb.org/pdb/explore/explore.do?structureId=5C8S
https://jvi.asm.org

Coronavirus RNA Cap Methylation

(A)

PEDV 5’ acttaaaaag attttctatc tacggatagt tagctctttt tct 3’
TGEV 5’ aaagtgagtg tagcgtggct atatctcttc ttttacttta act 37
SARS-CoV-1 5’ atattaggtt tttacctacc caggaaaagc caaccaacct cga 3’
PDCoV 5’ acatggggac taaagataaa aattatagca ttagtctata att 37
IBV 5’ acttaagata gatattaata tatatctatt acactagcct tgc 3’
A43 5’ aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa aaa 3’
G43 5’ 9999999999 9999999999 9999999999 9999999999 9g9g 3’
g
~ g &QQA
Y KRS o0
(B) v . s € S&EFS
g *QQ OA é g QOA
SR EFLS mepppa| | || )
0Q$-+++++nsp14
e NN
Gp*ppA: . | |
Gp'pPAT l'ill'i
|
. |
Origin-|_. Origin-
12 3 45 6 7 8 1 2 3 4 5

FIG 4 PEDV nsp14 methylates RNA substrate in a sequence-unspecific manner. (A) Sequences of RNA
substrate used for G-N-7 MTase assay. RNA was synthesized by T7 RNA polymerase and capped by
vaccinia virus capping enzyme as described in Materials and Methods. Methylation of RNA sequences
from different coronaviruses (B) or random poly(A) and poly(G) sequences (C) by PEDV nsp14. 5'-Terminal
43-nt RNA substrates from PEDV, TGEV, SARS-CoV-1, PDCoV, and IBV or 43-nt poly(A) (Gp*ppA,;) and
poly(G) (Gp*ppG,;) sequences were synthesized in vitro. One microgram of PEDV nsp14 protein was
incubated with 2 X 103 cpm of 43-nt RNA substrates from different coronaviruses (B) or a random
sequence (C) at 37°C for 4 h. The products were digested with nuclease P1 and separated by TLC. The
migration of the markers m’Gp*ppA and Gp*ppA is indicated.

PCAGGS-N were transfected into Vero CCL-81 cells using Lipofectamine 3000 reagent.
For recovery of the parental rPEDV, syncytia were typically observed at 48 to 72 h after
transfection. At 96 h posttransfection, cell culture supernatants were collected to
inoculate fresh Vero CCL-81 cells. When extensive syncytia were observed, supernatants
were collected for further passage. Recovery was considered unsuccessful if no syncytia
were observed at the 4th passage. A mutation was considered to be lethal to virus if
recovery was not successful after eight independent transfection experiments. The
recovery of the parental rPEDV was successful for all eight trials, indicating that the
plasmid-based reverse genetics system was highly efficient. After three trials, we
recovered two mutants, rPEDV-D350A and rPEDV-D330A. However, we failed to recover
rPEDV-G332A and rPEDV-P334A-K335A after eight trials. Subsequently, plaque purifi-
cation was performed for rPEDV-D350A and rPEDV-D330A. After 48 h of incubation,
rPEDV-D350A formed significantly smaller plaques than parental rPEDV (Fig. 7A). How-
ever, plaques for rPEDV-D330A were invisible after 48 h of incubation. A new plaque
assay was performed for rPEDV-D330A. After incubation for 5 days, small plaques were
observed for rPEDV-D330A. Six plaques were picked from each recombinant virus and
were grown in a T25 flask of Vero CCL-81 cells. The recombinant virus was further
passaged 2 to 3 times in Vero CCL-81 cells. At passage 3, total RNA was extracted from
cell culture supernatants, and the nsp14 gene was amplified by reverse transcription-
PCR (RT-PCR) and sequenced. All plaques picked from rPEDV-D350A retained the
desired D350A mutation (Fig. 7B). Thus, we sequenced the full-length genome of
rPEDV-D350A. No additional mutations were found elsewhere in the genome. Unfor-
tunately, all plaques picked from rPEDV-D330A did not contain the D330A mutation.
Subsequently, we sequenced the virus stocked from the first and second passages, and
the nsp14 genes from all of these stocks were wild type. Since rPEDV-D330A was
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FIG 5 Mutations to the SAM binding site abolish G-N-7 MTase. (A) Sequence alignment of CoV nsp14
proteins. The G-N-7 MTase regions of PEDV nsp14 (gi: 557844763) and its homologs from Alphacorona-
virus genus TGEV (gi: 110746821), Betacoronavirus genus SARS-CoV-1 (gi: 40795428) and SARS-CoV-2 (gi:
1806553187), Deltacoronavirus genus PDCoV (gi: 668361756), and Gammacoronavirus genus 1BV (gi:
9626535) were chosen for alignment by ClustalW2. Identical residues are shown in boxes with a solid red
background, and conserved residues are highlighted in red. Amino acid residues in the SAM binding
residue chosen for mutagenesis are marked with blue triangles. (B) SDS-PAGE analysis of PEDV nsp14
mutants. 6 XHig-tagged PEDV nsp14 mutants were expressed and purified from E. coli. Protein marker is
indicated on the left. (C) Analysis of G-N-7 MTase activity of nsp14 mutants. One microgram of PEDV
nsp14 protein was incubated with a 296-nt RNA substrate at 37°C for 4 h in the presence of 3H-SAM. The
incorporation of 3H-SAM into the RNA substrate was measured by a scintillation counter. Data are the
averages from three independent experiments = standard deviations.

unstable, we decided not to pursue this virus further. To further test the genetic
stability of rPEDV-D350A, we continuously passaged the rPEDV-D350A in Vero CCL-81
cells for 13 passages. At passages 8 and 13, the virus stocks were sequenced. Results
showed that rPEDV-D350A retained the D350A mutation. These results suggest that
rPEDV-D350A is genetically stable in Vero CCL-81 cells for at least 13 passages.
Recombinant rPEDV-D350A was defective in replication in cell culture. Next, we
characterized replication of rPEDV-D350A in Vero CCL-81 cells. We first monitored the
kinetics of release of infectious virus by a single-step growth assay. Briefly, Vero CCL-81
cells were infected with each of the designated recombinants at a multiplicity of
infection (MOI) of 1.0 or 0.1, and viral titer was determined at time points from 0 to 18 h
postinoculation. At an MOI of 1.0, rPEDV-D350A replicated slower than rPEDV, although
there was no statistical difference (P > 0.05) (Fig. 7C). At an MOI of 0.1, rPEDV-D350A
had a significant defect in replication compared to that of rPEDV (P < 0.05) (Fig. 7C).
Next, total cell lysates were harvested in Vero CCL-81 cells infected by each virus at an
MOI of 1.0 or 0.1. As shown in Fig. 7D, rPEDV-D350A synthesized less viral N protein
than rPEDV at both MOlIs, although the difference was more obvious at an MOI of 0.1.
We also measured viral genome and subgenome RNA synthesis in Vero CCL-81 cells.
rPEDV-D350A synthesized less genome RNA than rPEDV (Fig. 7E). In addition, rPEDV-
D350A synthesized less subgenomic RNA than rPEDV, although there was no significant
difference between these two viruses (P > 0.05) (Fig. 7F). In addition, rPEDV-D350A
developed similar kinetics of syncytial formation in virus-infected cells (Fig. 8). We also
compared the replication of rPEDV-D350A and rPEDV in porcine intestinal epithelial
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FIG 6 Strategy to construct the infectious PEDV ¢cDNA clone and mutants. (A) Assembly of the full-length genomic cDNA of PEDV in the pSMART-BAC vector.
The pSMART-BAC vector was modified as described in Materials and Methods. The full-length genomic cDNA of PEDV was amplified by RT-PCR using seven
overlapping fragments designated A to G, and was assembled by using the GeneArt High-order genetic assembly system. The diagram of PEDV genes encoding
ORF1a, ORF1b, spike (S), ORF3, envelope (E), membrane (M), and nucleocapsid (N) is shown. Regulatory elements, including the cytomegalovirus (CMV)
promoter, hepatitis delta virus (HDV) ribozyme sequence, and bovine growth hormone (BGH) polyadenylation and terminator, are indicated in the plasmid. (B)
Strategy to introduce mutations to PEDV genome. Diagrams of the two-step selection recombineering are shown. The first step is to place the rpsl*-Kana
cassette at the locus of nsp14 via positive kanamycin selection. The second step is to replace the rpsl*-Kana cassette in the BAC intermediate construct with
an nsp14 mutant cassette containing the same homology arms via negative selection of streptomycin. A and B indicate homology arms; nsp14 and
nsp14-mutation indicate wild-type nsp14 and nsp14 mutations, respectively.

cells (IPEC-DQ), the primary target cells for PEDV in pigs. Similarly to that in Vero CCL-81
cells, rPEDV-D350A had significantly less N protein synthesis at MOIs of 1.0 and 0.1 than
rPEDV (Fig. 9A). A single step growth assay showed that rPEDV-D350A had a signifi-
cant defect in replication in IPEC-DQ cells (Fig. 9B). In addition, rPEDV-D350A syn-
thesized less genome (Fig. 9C) and subgenome (Fig. 9D) RNA than rPEDV in virus-
infected cells. Therefore, these results demonstrated that rPEDV-D350A was
significantly defective in replication in cell culture.

Recombinant rPEDV-D350A induces significantly higher type | and Ill inter-
feron responses in IPEC-DQ cells. RNA cap methylation has been shown to be
important for innate immune evasion (35, 36). Notably, it was shown that a recombi-
nant mouse hepatitis virus (rMHV) carrying a mutation (G332A) in the SAM binding site
in nsp14 induced a higher type | interferon response than the parental rMHV (37). Thus,
we determined whether rPEDV-D350A had a similar effect. PEDV targets intestinal
epithelial cells (IECs) and causes enteric infection. It is known that IECs respond poorly
to type | interferons (IFNs), as these cells express low levels of type I IFN receptors (38,
39). However, recent studies showed that IECs produce abundant type Il IFNs which
were capable of restricting PEDV replication (38, 39). In humans, type Ill IFNs include
IFN-A1 (interleukin 29 [IL-29]), IFN-A2 (IL-28A), IFN-A3 (IL-28B), and IFN-A4. In pigs,
IFN-A1, IFN-A3, and IFN-A4 have been characterized, whereas it is unclear whether IECs
express IFN-A2 (40). Thus, we compared the type | and Ill IFN responses of rPEDV and
rPEDV-D350A in IPEC-DQ cells. Briefly, IPEC-DQ cells were infected by rPEDV-D350A or
rPEDV at an MOI of 1.0 or 0.1, total RNA was extracted from cell lysates at 11 and 18 h
postinoculation, and swine type | (IFN-a and IFN-B gene) and type Il (IFN-A1 and
IFN-A3) responses were determined by real-time RT-PCR and normalized to gly-
ceraldehyde-3-phosphate dehydrogenase (GAPDH). At an MOI of 1.0, rPEDV-D350A
induced significantly higher expression of IFN-a (Fig. 10A), IFN-B (Fig. 10B), IFN-A1
(Fig. 10C), and IFN-A3 (Fig. 10D) at 18 h postinoculation than rPEDV (P < 0.05).
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FIG 7 G-N-7 MTase-defective rPEDV is defective in replication in Vero CCL-81 cells. (A) rPEDV-D350A forms smaller plaques. Plaque assay was performed in
Vero-CCL-81 cells. After 50 h of incubation, plaques were fixed in 4% formaldehyde and stained with crystal violet. The plaques were scanned, and the diameters
of plaques were measured by Image J Software. Plaque size is the average from 20 plaques = standard deviations. (B) Sequence analysis of rPEDV-D350A. Virus
stock at passage 5 was sequenced. (C) Growth kinetics of recombinant PEDVs. Confluent Vero CCL-81 cells were infected with the indicated viruses at an MOI
of 1.0 or 0.1. Cell culture supernatants were harvested at 8, 13, and 18 h postinoculation, and viral titers were determined by a plaque assay. Data are the
averages from three independent experiments *+ standard deviations. (D) Detection of PEDV nucleocapsid (N) protein by Western blotting. Confluent Vero
CCL-81 cells were infected with the indicated viruses at an MOI of 1.0 or 0.1. Cell lysates were collected at 8, 13, and 18 h postinoculation; PEDV N protein and
B-actin were detected by Western blotting. (E and F) RNA synthesis of recombinant PEDVs. Confluent Vero CCL-81 cells were infected with the indicated viruses
at an MOI of 0.1 or 1.0. Total RNA was extracted from cells at 8, 13, and 18 h postinoculation, and viral genomic (E) and subgenomic (F) RNA and GAPDH mRNA

were quantified by real-time RT-PCR. Viral genomic and subgenomic RNA copies were normalized to GAPDH mRNA copies. Data are the averages from three
independent experiments =+ standard deviations.

Interestingly, IFN-A3 had the most dramatic increase (approximately 5 times). At an MOI
of 0.1, rPEDV-D350A induced higher expression of IFN-« (Fig. 10E) and IFN-B (Fig. 10F)
than rPEDV, but there was no significant difference between these two viruses (P >
0.05). However, IFN-AT (Fig. 10G) and IFN-A3 (Fig. 10H) expression in rPEDV-D350A was
significantly higher than that in rPEDV (P < 0.05). Again, IFN-A3 expression in rPEDV-
D350A increased 13 times at 18 h postinoculation compared to that in rPEDV. Collec-
tively, these results demonstrated that G-N-7 MTase-deficient PEDV induced signifi-
cantly higher expression of type | and IIl IFNs.

Virion RNA of rPEDV-D350A induces significantly higher type | and Il inter-
feron responses in IPEC-DQ cells. Finally, we determined whether virion RNA of
rPEDV-D350A induces higher IFN expression than rPEDV. Briefly, RNA was extracted
from rPEDV-D350A or rPEDV virions purified by sucrose gradient ultracentrifugation.
Equal amounts of each virion RNA were transfected into IPEC-DQ cells, and swine type
I and type Il responses were determined by real-time RT-PCR. Unlike virus infection,
transfection of viral RNA in cells results in little viral protein synthesis, particularly at
early time points, thereby reducing the effects of viral proteins on IFN production. As
a positive control, poly(l-C) induced robust expression of type | and Il IFNs (Fig. 11).
Virion RNA of rPEDV-D350A induced higher expression of IFN-«, IFN-B, and IFN-A3 than
virion RNA of rPEDV (Fig. 11). These results demonstrate that G-N-7-deficient PEDV RNA
directly induces higher type | and Il responses, suggesting that virion RNA lacking
G-N-7 and 2'-O methylation is recognized by host cells as nonself RNA, thereby
inducing higher IFN responses.

DISCUSSION
CoVs contain the largest known RNA genomes (27 to 32kb) and share many
common strategies in replication and gene expression. One unique characteristic is that
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FIG 8 Progression of PEDV-induced cytopathic effects in Vero CCL-81 cells. Confluent Vero CCL-81 cells
were infected with rPEDV and rPEDV-D350A at an MOI of 1.0 or 0.1. Syncytial formation was imaged at
the indicated time points.

all CoVs encode a bifunctional nsp14 protein, which contain a metal ion-dependent
3'-to-5' exoribonuclease activity (ExoN) at the N terminus (17) and a SAM-dependent
G-N-7 MTase activity at the C terminus (8, 15). The ExoN is a proofreading enzyme
essential for replication fidelity, whereas G-N-7 MTase activity is critical for mRNA
stability, translation, and immune evasion. Studies in SARS-CoV-1 nsp14 showed that
the ExoN and G-N-7 MTase domains were functionally distinct and physically indepen-
dent (8, 15). The unique combination of ExoN and G-N-7 MTase activity in nsp14
provides an attractive target for antiviral drug development against CoVs. Currently,
most of our knowledge on CoV nsp14 came from the studies of SARS-CoV-1, a
Betacoronavirus (8, 13, 15, 41). Given the high diversity and wide host range of CoVs,
there is a critical need to understand the function of nsp14s of CoVs in other genera,
allowing us to identify the similarities and differences among different CoV genera.
Eukaryotic cellular G-N-7 MTase typically acts in a sequence-independent manner
and can methylate polyribonucleotides and dinucleotide GpppG (42). Many RNA viruses
replicate in cytoplasm and do not have access to the nucleus. Unlike host G-N-7 MTases,
many virally encoded G-N-7 MTases specifically methylate virus-specific mRNA and
require a minimal length for RNA substrates. For example, flavivirus NS5 protein
possesses both G-N-7 and 2'-O-MTases and methylates RNA in a sequence-dependent
manner, with the minimal length requirement of 20 nucleotides (31). Similarly, the
conserved region VI (CR-VI) of large (L) polymerase protein possesses both 2’-O and
G-N-7 methylase activities that act specifically on RNA substrates that contain the
conserved gene start sequences of VSV mRNA at the 5’ terminus (30). Both VSV G-N-7
and 2’-O MTase activities have a maximum activity at pH 7.0 at 30°C, and the G-N-7
MTase activity was significantly inhibited at alkaline pH (30). In addition, VSV G-N-7 and
2'-0 MTases efficiently methylated the 10-, 51-, and 110-nt VSV-specific RNAs (30).
However, the 5-nt RNA was not methylated by the VSV L protein at either the G-N-7 or
the ribose 2’-O position (30). This result suggests that the minimal length requirement
for VSV mRNA cap methylation is between 5 and 10 nt. In contrast, several viral G-N-7
MTases are not sequence specific and do not require a minimal length. Among them,
the vaccinia virus D1-D12 complex is the best-characterized viral G-N-7 MTase, which
can efficiently methylate single nucleotide, dinucleotide, and polynucleotide RNA (43,
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FIG 9 G-N-7 MTase-defective rPEDV is defective in replication in IPEC-DQ cells. (A) Detection of PEDV N protein by Western blotting. Confluent IPEC-DQ cells
were infected with the indicated viruses at an MOI of 1.0 or 0.1. Cell lysates were collected at 8, 13, and 18 h postinoculation; PEDV N protein and B-actin were
detected by Western blotting. (B) Growth kinetics of recombinant PEDVs. Confluent IPEC-DQ cells were infected with the indicated viruses at an MOI of 1.0 or
0.1. Cell culture supernatants were harvested at 8, 13, and 18 h postinoculation, and viral titers were determined by a plaque assay. Data are the averages from
three independent experiments * standard deviations. (C and D) RNA synthesis of recombinant PEDVs. Confluent IPEC cells were infected with the indicated
viruses at an MOI of 0.1 or 1.0. Total RNA was extracted from cells at 8, 13, and 18 h postinoculation, and viral genomic RNA (C), subgenomic RNA (D), and GAPDH
mRNA were quantified by real-time RT-PCR. Viral genomic and subgenomic RNA copies were normalized to GAPDH mRNA copies. Data are the averages from

three independent experiments * standard deviations.

44). Alphavirus nsP1 acts as both an RNA capping enzyme and a G-N-7 MTase. The nsP1
is able to methylate GTP and dGTP, as well as some 5'-5" dinucleotides containing
guanosine (45). Methylation of the capping guanosine precedes its transfer to the 5’
end of mRNA through an nsP1-m7’GMP covalent intermediate (45). In addition, alpha-
virus Semliki Forest virus (SFV) can utilize GTP and GpppG but not GpppA as the
substrates (46).

Among CoVs, SARS-CoV-1 nsp14 is the best-characterized G-N-7 MTase. It was
shown that SARS-CoV-1 nsp14 can methylate GTP and dGTP as well as cap analogs
GpppG, GpppA, and m”’GpppG but not ATP, CTP, UTP, dATP, dCTP, dUTP, or cap analog
m’GpppA (41). Similarly, MHV nsp14 and TGEV nsp14 can also methylate GTP and dGTP
as efficiently as SARS-CoV-1 nsp14 (41). We now added PEDV nsp14 to this list. PEDV
nsp14 can efficiently methylate GTP and cap analogs GpppA and GpppG but not ATP,
CTP, or UTP. In addition, CoV G-N-7 MTase can recognize different lengths of RNA
substrates. It is unclear how these substrate recognition characteristics are relevant to
CoV replication and pathogenesis. It is possible that CoV nsp14 efficiently methylates
different lengths of transcripts in order to enhance the stability of the nascent tran-
scripts for efficient elongation and synthesis of full-length RNA. Another interesting
observation of CoV G-N-7 MTase is that it is highly active in a wide range of pHs, being
more active with alkaline pH than acidic pH. Many CoVs can replicate efficiently in
multiple organs. For example, although the major target organ for SARS-CoV-1 is the
lung, it can also infect the intestine, an alkaline environment. Clinically, many SARS
patients experienced both pneumonia and acute gastroenteritis (47). Similar clinical
manifestations were reported for the newly emerged SARS-CoV-2 (48). Perhaps, CoVs
evolve their own G-N-7 MTases to be functional in a wide range of pHs for efficient
methylation of their RNA in order to replicate in different organs.

It appears that ExoN and G-N-7 MTase activities of CoV nsp14 are important for viral
replication but play distinct roles in regulating innate immunity. Deletion or mutation
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FIG 10 G-N-7 MTase-defective rPEDV induces higher type | and type Il interferon responses in IPEC-DQ cells. Confluent IPEC-DQ cells were infected with rPEDV
or rPEDV-D350A at an MOI of 1.0 or 0.1. Total RNA was extracted from cells at 11 and 18 h postinoculation. Swine IFN-c, [FN-B, IFN-A1, IFN-A3, and GAPDH mRNA
were quantified by real-time RT-PCR. Swine IFN-q, IFN-3, IFN-A1, and IFN-A3 mRNA copies were normalized to GAPDH mRNA copies. Data are the averages from
three independent experiments = standard deviations. (A) IFN-a at MOI of 1.0; (B) IFN-B at MOI of 1.0; (C) IFN-A1 at MOI of 1.0; (D) IFN-A3 at MOI of 1.0; (E)

IFN-a at MOI of 0.1; (F) IFN-B at MOI of 0.1; (G) IFN-A1 at MOI of 0.1; and (H) IFN-A3 at MOI of 0.1.

of the conserved ExoN DEDD motif in nsp14 is lethal or attenuates the viral replication
(17, 49) and results in reduced fidelity of replication in MHV (50) and SARS-CoV-1 (51).
Working with TGEV, a porcine Alphacoronavirus, it was shown that a recombinant TGEV
(rTGEV-ZF-C) carrying a point mutation in zinc finger 1 (ZF-C) of ExoN triggered a
reduced antiviral response in cell culture, including interferon beta (IFN-B), tumor
necrosis factor (TNF), and interferon-stimulated genes, compared to that of the parental
virus (52). Thus, ExoN positively regulates innate immunity in TGEV. In contrast, CoV
G-N-7 MTase activity suppresses the innate immune response of MHV, a murine
Betacoronavirus. Case et al. generated two rMHVs (D330A and G332A) carrying muta-
tions in the SAM binding site (DxG motif) (37). Recombinant rMHV carrying a G332A
substitution in nsp14 displayed delayed replication kinetics, decreased peak titers, and
decreased translation efficiency. Interestingly, rMHV-G332A induced significantly higher
expression of type | interferon, similarly to the nsp16 D130A virus, which was only
defective in 2’-O methylation (35). In addition, replication of the G332A virus was
diminished following treatment of cells with IFN-B. Since CoV RNA cap G-N-7 methyl-
ation is required for 2'-O methylation, the rMHV-G332A mutant was likely defective in
both G-N-7 and 2’-O methylation, which resulted in a phenotype similar to that of a
viral mutant (nsp16 D130A) only defective in 2’-O methylation. In contrast, the rMHV-
D330A mutant did not affect viral replication or inhibition by IFN-B. However, Case and
his colleagues did not biochemically determine whether D330A and G332A were
indeed defective in G-N-7 methylation in MHV (37). One possible explanation for their
results is that the G332A mutant in MHV nsp14 lacked G-N-7 MTase, whereas the D330A
mutant retained G-N-7 MTase. It should be noted that both mutations (D330A and
G332A) in nsp14 of SARS-CoV-1, another Betacoronavirus, abolished G-N-7 MTase
activity (15).

Unlike that in MHV, the conserved SAM binding site residues (DxG) in nsp14 are
required for PEDV viability. We showed that individual mutations (D330A and G332A)
abolished the G-N-7 MTase. We were unable to recover these viral mutants after
multiple attempts. However, D350A, which retained 29% of G-N-7 MTase activity, was
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FIG 11 G-N-7 MTase-defective PEDV virion RNA induces higher type | and type Ill interferon responses
in IPEC-DQ cells. Confluent IPEC cells were transfected with 10'© RNA copies of virion RNA of rPEDV or
rPEDV-D350A or 5 ug of poly(l-C). Total RNA was extracted from cells at 11 and 18 h postinoculation.
Swine IFN-a (A), IFN-B (B), IFN-A1 (C), and IFN-A3 (D) were quantified by real-time RT-PCR and normalized
by GAPDH mRNA copies. Data are the averages from three independent experiments = standard
deviations.

viable. Compared to the parental rPEDV, rPEDV-D350A was significantly defective in cell
culture: formed smaller plaques and had reduced viral replication, protein synthesis,
and RNA synthesis. The attenuation characteristics of rPEDV-D350A were similar to
those of rIMHV-G332A but not rMHV-D330A. This suggests that G-N-7 MTase is impor-
tant for PEDV protein translation and replication.

Notably, rPEDV-D350A was capable of inducing significantly higher expression of
type | and Il IFNs than the parental rPEDV. In addition, virion RNA of rPEDV-D350A
induced higher type I and Ill IFN expression than that of rPEDV. The increase in type Il
IFN was more dramatic than that of the type I IFN response. Thus, it is likely that PEDV
RNA lacking G-N-7 and 2’-O methylation is recognized by host cells as nonself RNA,
thereby inducing higher IFN expression. Recently, it was shown that recombinant PEDV
carrying mutations in the KDKE motif in nsp16, the signature motif of 2’-O MTase,
triggered stronger type | and type Il IFN production in IPEC-DQ cells (53). Presumably,
these PEDV mutants were defective in 2'-O MTase, although they did not experimen-
tally demonstrate the 2’-O MTase activity in their study (53). Since it is known that
G-N-7 methylation precedes the 2’-O methylation in CoV, rPEDV-D350A is likely defec-
tive in both G-N-7 and 2'-O methylation. Our results suggest that viral RNA G-N-7
and/or 2'-O methylations regulate type | and Ill interferons in PEDV. The type Ill IFN
responses, mediated by IFN lambda (IFN-A), exert antiviral activity mainly in epithelial
cells at the mucosal surfaces, such as in gut or respiratory epithelial cells. It has been
shown that many enteric viruses, including PEDV, have evolved to evade the type Ill [FN
responses during infection and that type Ill IFNs play a vital role in maintaining the
antiviral state of the mucosal epithelial surface in the gut (38-40). In addition, it has
been shown that the swine type Il IFNs have greater antiviral activities against PEDV
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than IFN-« (54). We also found that the increase of IFN-A3 induced by rPEDV-D350A was
more dramatic than that of IFN-A1. Interestingly, it was shown that IFN-A3 restricts
PEDV infection more efficiently than IFN-A1 (39). Nevertheless, the finding that G-N-7
MTase-deficient PEDV induces higher type | and Ill [FNs may have important applica-
tions in vaccine and antiviral development for PEDV.

One important application of this study is to develop a new live attenuated vaccine
candidate for PEDV. PEDV causes significant economic losses in the swine industry
worldwide. Currently, there is no effective vaccine or antiviral drug for this virus. Since
the first outbreak of PEDV CV777 strain in the United Kingdom in 1971, an inactivated
vaccine has been developed but was not sufficient to protect piglets from diarrhea (55).
Also, a live attenuated PEDV CV777 strain has been developed by a traditional atten-
uation approach: passing the virus repeatedly in Vero cells. However, the CV777-based
live attenuated vaccine cannot provide sufficient protection against the current prev-
alent PEDV strains (55, 56). We hypothesized that recombinant PEDV lacking RNA cap
methylation is a novel approach for rational design of new live attenuated vaccines for
PEDV and other CoVs. In fact, we and others have proved this concept in several RNA
viruses, including paramyxoviruses (57), pneumoviruses (58, 59), rhabdoviruses (60),
flaviviruses (61), and coronaviruses (53, 62). In this study, we showed that rPEDV-D350A,
which only retained 29% of G-N-7 MTase activity, was significantly defective in repli-
cation and gene expression in both Vero cells and pig intestinal cells compared to the
parental rPEDV. Another advantage is that rPEDV-D350A induced significantly higher
type | and Ill IFN responses, which may induce stronger adaptive immunity. A future
direction is to test the attenuation and immunogenicity of rPEDV-D350A in piglets.

In summary, we have biochemically characterized G-N-7 MTase of PEDV, a member
of the Alphacoronavirus genus. We found that PEDV G-N-7 MTase methylates RNA
substrates in a sequence-unspecific manner and that G-N-7 MTase-deficient PEDV is
defective in replication and induces higher type | and Ill IFN responses. These findings
highlight that inhibition of CoV G-N-7 MTase may be a novel approach for rational
design of live attenuated vaccine candidates and antiviral drugs.

MATERIALS AND METHODS

Cells and viruses. Vero CCL-81 cells (ATCC CCL-81) were grown in high-glucose Dulbecco’s modified
Eagle’'s medium (DMEM; Corning) supplemented with 10% fetal bovine serum (FBS). The intestinal
porcine epithelial cells (IPEC-DQ), a subline of IPEC-J2 cells, were generally provided by Qiuhong Wang
(The Ohio State University) and maintained in RPMI 1640 supplemented with 10% FBS (53). The Colorado
strain of PEDV (USA/Colorado/2013; GenBank accession number KF272920) was obtained from APHIS-
NVSL. PEDV was grown in Vero CCL-81 cells in DMEM supplemented with 0.018% (wt/vol) tryptose
phosphate broth (TPB) (Sigma), 0.02% yeast extract (Sigma), 5 ug/ml trypsin 1:250 (Sigma, catalog
number T0646), 10 Ul/ml penicillin-streptomycin, 0.05 mg/ml gentamicin, and 0.05 mg/ml kanamycin. At
48 h postinfection, cell culture supernatant was harvested, and virus titer was determined by plaque
assay in Vero CCL-81 cells.

Chemical and cap analogs. Nucleoside triphosphates (NTPs) and cap analogs (GpppG, GpppA,
m’GpppG, and m’GpppA) were purchased from NEB. a-32P-GTP (3,000 Ci/mmol), and S-[methyl-3H]-
adenosyl-L.-methionine (0.55 mCi/ml) were purchased from PerkinElmer.

Cloning, expression, and purification of recombinant PEDV nsp14. The PEDV nsp14 flanked by
Ndel and BamHI was amplified by RT-PCR with an N-terminal 6XHis tag from the PEDV isolate
USA/Colorado/2013 and cloned into the pET-21b vector. The cloned PCR products and plasmids
(PET-21b-nsp14) were sequenced to ensure accuracy. E. coli Rosetta (DE3) transformed with expression
plasmids was grown at 37°C until the absorbance value reached 0.6 to 0.8 at 600 nm, and the cells were
chilled on ice for 5min. The cells were grown for an additional 20 h at 10°C after inducing nsp14
expression by adding 0.4 mM isopropyl-B-b-thiogalactopyranoside (IPTG), and the final products were
harvested by centrifugation. Bacterial pellets were resuspended in 30 ml lysis buffer (50 mM NaH,PO, [pH
8.0], 300 mM NacCl, 10 mM imidazole, 1% Triton X-100, 5 mM B-mercaptoethanol, 0.2 mg/ml lysozyme,
and 10% glycerol). After sonication of the bacterial cells, soluble recombinant proteins were loaded to a
prebalanced TALON resin-loaded column (Clontech) and washed with 200X bed volume washing buffer
(50 mM NaH,PO, [pH 8.0], 300 mM NaCl, 5 mM B-mercaptoethanol, 10% glycerol) containing 20 mM or
40 mM imidazole. The proteins were eluted from the columns with an elution buffer (50 mM NaH,PO,
[pH 8.0], 300 mM NaCl, 250 mM imidazole, 5 mM B-mercaptoethanol, 10% glycerol). The purified proteins
were loaded onto a PD-10 desalting column (Amersham Bioscience), which was washed with the
desalting buffer (50 mM Tris-HCI [pH 8.0], 50 mM NaCl, 0.1% Triton X-100, 2 mM dithiothreitol [DTT], 10%
glycerol). The proteins were analyzed by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and quantified by Bradford protein assay (Sigma Chemical Co., St. Louis, MO). All the purified
proteins were stored at —80°C until use.
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Site-directed mutagenesis. The nsp14 mutants (D330A, G332A, P334A-K335A, and D350A) of PEDV
in pET-21b-nsp14 were generated by site-directed mutagenesis using QuikChange methodology (Strat-
agene, La Jolla, CA). All constructs were sequenced to confirm the presence of the introduced mutations.

Synthesis of 5’'-triphosphorylated oligo-RNAs. An oligonucleotide (5'-TAATACGACTCACTATT/A)
corresponding to the T7 promoter sequence (—17 to —1) was annealed to each template oligonucleotide
at the promoter region. Template oligonucleotide, 5'-AGAAAAAGAGCTAACTATCCGTAGATAGAAAATCT
TTTTAACTAATAGTGAGTCGTATTA-3' (promoter region underlined), was used to synthesize 43-nt A start
5’ triphosphate (pppA-) RNA, which indicates the first 43-nt of PEDV 5’ genome RNA. Oligo 5'-AGAAA
AAGAGCTAACTATCCGTAGATAGAAAATCTTTTTAACCTATAGTGAGTCGTATTA-3' was the template to syn-
thesize 43-nt G start 5’ triphosphate (pppG-) RNA. Using the same strategy, 30-, 20-, 10-, 9-, 8-, 7-, 6-, 5-,
4-, 3-, and 2-nt A starting 5’ triphosphate RNA templates were also synthesized and purified. A 296-nt
RNA containing the 5’ untranscribed region (UTR) of the PEDV genome was also generated and purified
using the same method. Lastly, 43-nt RNA templates of the 5’ termini of IBV TGEV (gi: 110746821), SARS
(gi: 40795428), PDCoV (gi: 668361756), and IBV (gi: 9626535) and poly(A),; and poly(G),; were synthe-
sized in vitro. To prepare substrates for the RNA capping reaction, the transcription reactions were carried
out with T7-Scribe Standard RNA IVT kit (CellScript LLC) using regular NTPs. The transcripts were
extracted with phenol-chloroform-isoamyl alcohol (25:24:1) and precipitated with ethanol three times in
the presence of glycogen (Sigma). The resulting RNA pellet was washed with 80% ethanol, dried, and
dissolved in 40 ul of RNase-free H,O.

Preparation of capped RNA substrates. In vitro-synthesized RNAs were capped using a ScriptCap
m’G capping system according to the manufacturer’s protocol (CellScript) to generate 32P-labeled cap
structures (m’Gp*ppA- or m’Gp*ppG- and Gp*ppA- or Gp*ppG-) (* indicates 32P label). The methyl donor
SAM was absent for preparing the Gp*ppA/Gp*ppG-RNA, and inorganic pyrophosphatase (1 U; NEB) was
added to enhance the yield of 32P-labeled Gp*ppA/Gp*ppG-RNA, because the capping reaction is
reversible in the absence of the methyl donor SAM. After 2 h at 37°C, the reaction mixtures were treated
with 10 U of calf intestinal alkaline phosphatase (NEB) for 1 h, followed by purification with phenol-
chloroform-isoamyl alcohol (25:24:1) three times and precipitation with ethanol in the presence of
glycogen (Sigma). The resulting RNA pellets were washed with 80% ethanol, dried, and dissolved in
various amounts RNase-free water to make 2 kcpm/ul RNA substrate stocks.

Biochemical assays for G-N-7 MTase activity. One microgram of purified recombinant nsp14
protein and 2 X 103 cpm of 32P-labeled RNA substrates were added to an 8.5-ul reaction mixture (50 mM
Tris-HCI [pH 7.0], 6 mM KCl, 2 mM DTT, 1.25 mM MgCl2, 10 U RNase inhibitor, 0.2 mM SAM) and incubated
at 37°C for 3 h. Reactions were stopped by the addition of 1% sodium dodecyl sulfate (SDS) and 0.5 mM
EDTA. Then, RNA substrates were extracted with phenol-chloroform and precipitated with ethanol. RNA
cap structures were liberated with 5 ug of nuclease P1 (Sigma) in a buffer containing 10 mM Tris-HCI (pH
7.5) and 1 mM ZnCl, at 50°C for 30 min, spotted onto polyethyleneimine cellulose F plates (Merck) for
thin-layer chromatography (TLC), and developed in 0.4 M ammonium sulfate for 1 h. The extent of the
32P-labeled cap was determined by scanning the chromatogram with a phosphorimager. The MTase
activity assay with 3H-labeling was carried out in a 30-ul reaction mixture containing 1 ng of purified
recombinant nsp14, 14.9 pM of 3H-SAM (67.3 Ci/mmol, 0.5 uCi/ul), and 2 mM NTPs or cap analogs
(M?GpppA/m’GpppG/GpppA/GpppG) in methylation buffer (50 mM Tris-HCl [pH 7.0, 2mM DTT,
1.25 mM MgCl2, and 10 U RNase inhibitor) at 37°C for 3 h. The 3H-labeled NTPs or cap analogs were
purified in small DEAE-Sephadex columns and quantitated by a scintillation counter (PerkinElmer).

Prediction 3D structure model of PEDV nsp14. The crystal structure of SARS-CoV nsp14 (PDB ID
5C8S) was chosen as the template to generate a three-dimensional (3D) model of PEDV nsp14. Protein
structure predictions were carried out via MODELLER (63) and using a publicly available service for fold
recognition: mGenTHREADER (64). Structural figures were drawn with Chimera (65). Structural based
sequence alignments were displayed with ESPRIPT (66).

Assembly of the full-length genomic ¢cDNA of PEDV. The full-length genomic cDNA of PEDV
Colorado strain was assembled into a bacterial artificial chromosome (BAC) backbone vector pSMART-
BAC-BamHI (CopyRight v2.0 BAC Cloning kits; Lucigen). The pSMART-BAC vector was modified to insert
a yeast replication origin from the plasmid pYES1L (Thermo Fisher Scientific), a cytomegalovirus (CMV)
promoter from pCl vector (Promega), a hepatitis delta virus ribozyme (HDVRz) sequence, and a bovine
growth hormone (BGH) polyadenylation and terminator. The full-length ¢cDNA clone of PEDV was
constructed using seven overlapping fragments (designated from A to G) by using the GeneArt
High-order genetic assembly system according to the protocol provided by Thermo Fisher Scientific.
Briefly, 100 ng of vector was mixed with 200 ng of each PEDV DNA fragment in polyethylene glycol
(PEG)-lithium acetate (LiAc) solution; the ligation products were transformed into MaV 203 competent
yeast cells by electroporation and plated on CSM-Trp agar plates. After incubation for 2 days at 30°C, an
individual colony was picked for yeast colony PCR analysis. For initial screening, the connection regions
between fragments were amplified by PCR and sequenced. The positive plasmid was then transformed
into TOP10B competent cells, and plasmid DNA was verified by restriction enzyme digestion, PCR
analysis, and sequencing to confirm that no additional mutations were introduced during the assembly.
The final plasmid was designated pSMART-BAC-PEDV. Primers used in this study are listed in Table 1.

Engineering nsp14 mutations in PEDV full-length genomic cDNA. Site-directed mutagenesis was
used to engineer nsp14 mutations in PEDV full-length genome ¢DNA plasmid using a two-step
selection/counterselection recombineering method as described previously (67, 68). The first step of the
BAC modification was to place the 30S ribosomal subunit protein S12 (rpsl*)-kanamycin (Kana) cassette
at the locus of interest via positive kanamycin selection. SW102 bacteria harboring the pSMART-BAC-
PEDV construct were incubated at 42°C for 15 min to induce the recombinases. For recombineering,
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TABLE 1 Primers used in this study

Primer Nucleotide sequence (5'—3')
Cloning
1-4004-F GCGCAGCGGCGGCCGCGCTGATACCGCCGCCTTGACATTGATTATTGACTAGTT
1-4004-R TCAGGAGCTACATTAGGACCATCATCCTCAAGCTCAGAG
4005-7993-F TGAGGATGATGGTCCTAATGTAGCTCCTGAAACAAATGT
4005-7993-R ACACACTAACAAAAGCACTATGTAAGCTTGCACCAAAAT

7994-12384-F CAAGCTTACATAGTGCTTTTGTTAGTGTGTTGTCGAATA

7994-12384-R GGTTACCTCCTTAACGTGTACCACCTTGCCATCATTGTC

12385-16986-F GGCAAGGTGGTACACGTTAAGGAGGTAACCGCACAGAAT

12385-16986-R ACTCAACACGAGCGCGCTGTGGTATGATGCGTGAACATT

16987-21901-F GCATCATACCACAGCGCGCTCGTGTTGAGTGTTATGATG

16987-21901-R ATAAGAAATACCATCCTCACCAGCACTAGTAACATTAAG

21902-26980-F ACTAGTGCTGGTGAGGATGGTATTTCTTATCAACCCTGT

21902-26980-R ACTGACAGAAGCCATAAAGTTTCTGTTTAGACTAAATGA

26981-28980-F CTAAACAGAAACTTTATGGCTTCTGTCAGTTTTCAGGAT

26981-28980-R GCTCACTGACTTTAATTAACTGCGGCGAGGGGCGCGCCACCGCATCCCCAGCAT

Mutagenesis

D350A-F AAATGGTTTTGCTTTGCCAAGAATCCTACTAATTC

D350A-R GAATTAGTAGGATTCTTGGCAAAGCAAAACCATTT
G332A-F GCCATATATGATATTGCCAATCCTAAGGGCATTAG
G332A-R CTAATGCCCTTAGGATTGGCAATATCATATATGGC

P334A-K335A-F GATATTGGCAATGCTGCGGGCATTAGATGTGCC
P334A-K335A-R GGCACATCTAATGCCCGCAGCATTGCCAGCATC

D330A-F GAAAGCCATATATGCTATTGGCAATCCTAAGGGC

D330A-R GCCCTTAGGATTGCCAATAGCATATATGGCTTTC
RT-qPCR

IFN-A1F GGTGCTGGCGACTGTGATG

IFN-ATR GATTGGAACTGGCCCATGTG

IFN-A3F ACTTGGCCCAGTTCAAGTCT

IFN-A3R CATCCTTGGCCCTCTTGA

IFN-A4F GCTATGGGACTGTGGGTCTT

IFN-A4R AGGGAGCGGTAGTGAGAGAG

IFN-oF ACCTTTGCTTTACTGGTGGCC

IFN-aR ATCTGTGCCAGGAGCATCAAG

IFN-BF TAGGCGACACTGTTCGTGTTG

IFN-BR CCAAGCAAGTTGTAGCTCATGG

GAPDH-F CAATGACCCCTTCATTGACC

GAPDH-R GACAAGCTTCCCGTTCTCAG

Subgenome-F AATCCAGGGCCACTTCGAA

Subgenome-R  TTCGCCCTTGGGAATTCTC

Genome-F TGAAGCCGTCTCATACTATTCTG

Genome-R AATCCCTCAACAGTGTCAGC

100 ng of the expression cassette was added to electrocompetent bacteria. Drug-resistant recombinants
were first selected by using kanamycin resistance and then analyzed with PCR to verify that the insertion
was in the proper location. The second step was to replace the rpsl*-Kana cassette in the BAC
intermediate construct with a genome cassette carrying the desired mutant nucleotide via negative
selection with streptomycin. The induction of recombination and electroporation were performed as for
the first step. Following electroporation, diluted SW102 bacteria were plated on LB agar plates supple-
mented with streptomycin to select for bacteria harboring BACs that lost the rpsl*-Kana cassette. Using
this strategy, D330A, G332A, P334A-K335A, and D350A nsp14 mutants were engineered in pSMART-
BAC-PEDV. All plasmids were sequenced to confirm that no additional mutations were introduced.

Recovery of recombinant PEDV. Confluent Vero CCL-81 cells in 6-well plates were transfected with
4 g of pSMART-BAC-PEDV or pSMART-BAC-PEDV-mutation and 2 ug of a plasmid encoding the PEDV N
gene (pCAGGS-N) using Lipofectamine 3000 reagent according to the manufacturer’s instructions. At 24
h posttransfection, cell culture medium was replaced with 2 ml of DMEM supplemented with 0.018%
(wt/vol) tryptose phosphate broth (TPB), 0.02% yeast extract, and 5 ug/ml trypsin 1:250 and incubated
at 37°C for 4 days. Cells were harvested and subjected to freeze-thaw three times and mixed with cell
culture supernatant. After centrifugation at 2,000 X g for 5 min, supernatants were collected for further
passage in fresh Vero CCL-81 cells. Successful recovery of rPEDV was initially characterized by syncytium
formation and further confirmed by plaque assay and sequencing.

Purification of PEDV and virion RNA extraction. rPEDV-D350A and rPEDV were purified by sucrose
gradient ultracentrifugation. Briefly, 10 T150 flasks of Vero CCL-81 cells were infected with rPEDV-D350A
or rPEDV. At 48 h, cell culture supernatants were harvested, and cell debris was removed by centrifu-
gation (3,000 X g for 20 min). Virus was then concentrated by ultracentrifugation in a Ty50.2 rotor
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(Beckman Coulter, Fullerton, CA) at 30,000 X g for 2 h at 4°C. The pellet was resuspended in 500 wl of NTE
buffer (100 mM NaCl, 10 mM Tris, T mM EDTA, pH 7.4) and further purified through a 10% (wt/vol) sucrose
NTE cushion by centrifugation for 2 h at 50,000 X g at 4°C in an SW50.1 rotor (Beckman). The final
virus-containing pellet was resuspended in 500 wl of NTE buffer overnight. Virion RNA was extracted from
purified virions with TRIzol reagent, and genome RNA copies were quantified by real-time RT-PCR.

Single-cycle growth curves. Confluent Vero CCL-81 or IPEC-DQ cells were infected with PEDV at a
multiplicity of infection (MOI) of 1.0 or 0.1. After 1 h of absorption, the inoculum was removed, the cells
were washed twice with DMEM, fresh DMEM (supplemented with 5 ug/ml trypsin 1:250) was added, and
the infected cells were incubated at 37°C. Cell culture fluids were collected at the designated intervals,
and virus titers were determined by plaque assay in Vero CCL-81 cells.

Plaque assays. Confluent Vero CCL-81 cells in 6-well plates were infected with serial dilutions of
rPEDV or mutant in DMEM containing tryptose phosphate broth (0.3% [vol/vol]) and trypsin (5 wg/ml).
After absorption for 1 h at 37°C, cells were washed three times with DMEM and overlaid with 2 ml of
DMEM containing low-melting agarose (1% [wt/vol]), tryptose phosphate broth (0.3% [vol/vol]), and
trypsin (5 wg/ml). After incubation at 37°C for 2 to 5 days, cells were fixed with 4% paraformaldehyde for
2 h. The overlays were removed, and the plaques were visualized after staining with crystal violet. The
diameter of plaques for each virus were measured using Image J software.

Quantification of type | and Il IFNs by real-time RT-PCR. For PEDV infection, confluent IPEC-DQ
cells were infected with each virus at an MOI of 0.1 or 1.0 at 37°C in DMEM for 1 h. Inocula were removed,
cells were washed with PBS, and fresh medium was added. For virion RNA transfection, confluent
IPEC-DQ cells were transfected with 107 RNA copies of each virion RNA. At 11 and 18 h postinfection or
transfection, cell culture supernatants were aspirated and cell lysates were harvested by adding TRIzol
reagent. Total RNA was purified using the phenol-chloroform method. cDNA was generated by reverse
transcription (RT)-PCR using 1 ug of total RNA according to the protocol with random primers. The cDNA
was subjected to quantitative PCR using SYBR green PCR master mix according to the manufacturer’s
instructions (Life Technologies, CA) with the ABI 7500 real-time PCR system. The primer sequences are
described in Table 1; the GAPDH gene was used as an internal control. The threshold cycle (C;) values
for target genes and the differences in their C; values were determined. Relative transcription levels of
target genes are presented as fold changes relative to the respective control by using the 2247 method.

Western blotting. Confluent Vero CCL-81 or IPEC-DQ cells were infected with PEDV. At the
designated time postinfection, cells were lysed in lysis buffer containing 5% B-mercaptoethanol, 0.01%
NP-40, and 2% SDS. Equal amounts of samples were analyzed by 12% SDS-PAGE and transferred to a
Hybond enhanced chemiluminescence nitrocellulose membrane (Amersham) in a Mini Trans-Blot elec-
trophoretic transfer cell (Bio-Rad). The blot was probed with mouse monoclonal antibody (MAb) against
PEDV-N protein (clone S-1-5; Medgene Labs) at a dilution of 1:5,000 and secondary anti-mouse antibody
conjugated to horseradish peroxidase (HRP) (Abcam) at dilution of 1:10,000. The blot was developed with
SuperSignal West Pico chemiluminescent substrate (Thermo Scientific) and exposed to Kodak BioMax MR
film.

Statistical analysis. Quantitative analysis was performed by either densitometric scanning of
autoradiographs or by using a phosphorimager (Typhoon; GE Healthcare, Piscataway, NJ) and Im-
ageQuant TL software (GE Healthcare, Piscataway, NJ) or Image J software (NIH, Bethesda, MD). Statistical
analysis was performed by one-way multiple comparisons using SPSS (version 8.0) statistical analysis
software (SPSS Inc., Chicago, IL). A P value of <0.05 was considered statistically significant.
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