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Abstract

The 5' cap structures of eukaryotic mRNAs are important for RNA stability and
protein translation. Many viruses that replicate in the cytoplasm of eukaryotes have
evolved 2'-O-methyltransferases (2'-O-MTase) to autonomously modify their mRNAs
and thus carry a cap-1 structure (m7Gppp-Nm) at the 5'-end, thereby facilitating viral
replication and escaping innate immune recognition in host cells. Previous studies
showed that the 2'-O-MTase activity of severe acute respiratory syndrome
coronavirus (SARS-CoV) non-structural protein 16 (nsp16) needs to be activated by
nspl0 whereas nspl6 of feline coronavirus (FCoV) alone possesses 2'-O-MTase
activity. In this study, we demonstrate that stimulation of nsp16 2'-O-MTase activity
by nspl0 is a universal and conserved mechanism in coronaviruses including FCoV
and that nsp10 is functionally interchangeable in stimulation of nspl6 of different
coronaviruses. Based on our current and previous studies, we designed a peptide
(TP29) from the sequence of the interaction interface of mouse hepatitis virus (MHV)
nspl0 and demonstrated that the peptide inhibits the 2'-O-MTase activity of different
coronaviruses in biochemical assays and the viral replication in MHV infection and
SARS-CoV replicon models. Interestingly, the peptide TP29 exerted robust inhibitory
effects in vivo in MHV infected mice by impairing the MHV virulence and
pathogenesis through suppressing virus replication and enhancing type I interferon
production at an early stage of infection. Therefore, as a proof-of-principle, the
current results indicate that coronavirus 2'-O-MTase activity can be targeted in vitro

and in vivo.
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Importance

Coronaviruses (CoVs) are important pathogens of animals and human with high
zoonotic potential. SARS-CoV encodes the 2'-O-methyltransferase (2'-O-MTase) that
is composed of the catalytic subunit nsp16 and the stimulatory subunit nsp10, and
plays an important role in virus genome replication and evasion from innate immunity.
Our current results demonstrate that stimulation of nspl6 2'-O-MTase activity by
nspl0 is a common mechanism for coronaviruses. And nspl0 is functionally
interchangeable in the stimulation of nspl6 among different coronaviruses, which
underlies the rationale for developing inhibitory peptides. We demonstrate that a
peptide derived from the nspl6-interacting domain of mouse hepatitis virus (MHV)
nsp10 could inhibit 2'-O-MTase activity of different coronaviruses in vitro and viral
replication of MHV and SARS-CoV replicon in cell culture. And it could strongly
inhibit virus replication and pathogenesis in MHV-infected mice. The work makes it
possible to develop broad-spectrum peptide inhibitors by targeting the nspl6/nsp10

2'-O-MTase of coronaviruses.
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Introduction

The 5'-ends of eukaryotic cellular mRNAs and most viral mRNAs possess a cap
structure, which plays important roles in mRNA splicing, intracellular RNA transport,
RNA stability and translation initiation (1). Host and viral RNA molecules lacking the
S'-cap structure are rapidly degraded in the cytoplasm (2). The cap-0 structure of
mRNA is co-transcriptionally formed through sequential enzymatic reactions
including RNA triphosphatase (TPase), RNA guanylyltransferase (GTase) and RNA
(guanine-N7)-methyltransferase (N7-MTase) (1). In higher eukaryotes and some
viruses, cap-0 structure m7GpppN-RNA is further methylated at the ribose 2'-O
position of the nascent mRNA by a ribose 2'-O-methyltransferase (2'-O-MTase) to
form cap-1 structure (m7GpppNm) and cap-2 structure (m7GpppNmNm). Both
N7-MTase and 2'-O-MTase can catalyze the transfer of the methyl group from the
methyl donor S-adenosyl-L-methionine (SAM or AdoMet) to RNA substrate and
generate S-adenosyl-L-homocysteine (SAH or AdoHcy) as a by-product. The
functions of viral RNA cap structure include: (i) the guanosine cap core structure
protects the 5'-triphosphate from activating the host innate immune response (3, 4); (ii)
the N7-methylation is essential for viral replication through the enhancement of viral
RNA translation (5); and (iii) the 2'-O methylation functions to evade the recognition
of host RNA sensors such as RIG-I, Mda-5, and IFIT and to resist the interferon (IFN)
mediated antiviral response (6, 7). Since many RNA viruses replicate in the cytoplasm,
they cannot access the host capping machinery located in the nucleus. Therefore, most

of them have evolved to encode their own capping apparatus. The critical role of viral

4
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RNA cap structure and the distinct mechanisms of host and viral RNA capping
formation have opened new opportunities for vaccine and antiviral drug development

(8,9).

Coronaviruses (CoVs) are common pathogens of respiratory, gastrointestinal, hepatic
and central nervous systems diseases of humans and animals (10). It has been reported
that bats are natural carriers of coronaviruses (11-13) and that coronaviruses may be
transmitted from animals to humans as exemplified by severe acute respiratory
syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome
coronavirus (MERS-CoV) (14). Therefore, coronaviruses are important pathogens
that threaten human health and economy. The Coronavirinae subfamily is classified
into four genera, including alphacoronavirus, betacoronavirus, gammacoronavirus
and deltacoronavirus (15). The classification was originally based on antigenic
relationships and later confirmed by sequence comparisons of entire viral genomes
(16). Coronaviruses are enveloped, positive-sense single-stranded RNA viruses. The
5'-terminal two thirds of the coronaviral genome contains a large open reading frame
ORF1ab, which encodes polyprotein 1a (ppla) and polyprotein lab (pplab), the latter
being generated via a -1 ribosomal frameshift (17). The polyproteins ppla/lab are
cleaved into 16 nonstructural proteins (nspl to nspl6) including many RNA
processing enzymes such as RNA-dependent RNA polymerase (nsp12) (18, 19), RNA
helicase and triphosphatase (nspl13) (20), exoribonuclease and N7-MTase (nspl14)

(21-23), endonuclease (nspl15) (24) and 2'-O-MTase (nsp16) (25-28).

In previous studies, we and others have identified nspl14 and nspl10/16 complex of
5
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SARS-CoV as respective N7-MTase and 2'-O-MTase, both of which are involved in
viral RNA methylation and formation of the cap-1 structure (23, 25-28).
Structure-function analysis of SARS-CoV nspl4 revealed the characteristics of this
novel N7-MTase that is associated with exoribonuclease activity in the same protein
(29). Interestingly, nsp10 acts as the stimulatory factor for nspl6 by stabilizing the
SAM-binding pocket and extending the substrate RNA-binding groove of nspl6 as
revealed by crystallographic and biochemical studies (28). Interference of the
interaction between nspl0 and nspl6 of SARS-CoV by short peptides could
specifically inhibit the activity of 2'-O-MTase (30). However, nspl6 of feline
coronavirus (FCoV) from the genus alphacoronavirus was shown to methylate the
cap-0 structure at the ribose 2'-O position of the first nucleotide of viral RNA to form
cap-1 structure in the absence of nsp10 (25). Therefore, it remains unclear whether the
stimulatory effect of nspl0 on nspl6 methyltransferase is universal for all
coronaviruses. Therefore, further studies on the mechanisms and characteristics of the
2'-O-MTase of different coronaviruses will benefit the development of antiviral

inhibitors that specifically targeting coronaviral 2'-O-MTase.

In this study, we provide evidence that stimulation of nsp16 methyltransferase activity
by nspl0 is a common mechanism for coronaviruses although FCoV nspl6 alone
possesses a low 2'-O-MTase activity. We further demonstrate that nsplO is
interchangeable in the stimulatory function among different coronaviruses, and a
peptide derived from the conserved interaction domain of MHV nspl0 shows

broad-spectrum inhibitory effect on 2'-O-MTase activity in vitro and virus replication .

6
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These results have implications for designing specific anti-coronaviral drugs to

control the viral infection.
Materials and Methods
Protein expression and purification

The coding sequences of nsp16 and nsp10 from SARS-CoV, MHV, TGEV and FCoV
were PCR amplified from cDNAs of the SARS-CoV WHU strain (GenBank
accession no. AY394850), MHV-A59 (GenBank accession no. AY700211.1), TGEV
(GenBank accession no. FJ755618.2) and FCoV (GenBank accession no.
AJ311317.1). The cDNAs of MERS-CoV nspl6 and nspl0 were chemically
synthesized according to the deposited sequence of MERS-CoV (GenBank accession
no. KF192507.1). The cDNAs of nspl16 or nspl0 of SARS-CoV or MHV-A59 was
inserted into the Ndel and Sall sites of the vector pET30a using standard recombinant
DNA techniques. The coding sequence of nspl6 or nspl0 of TGEV (kindly provided
by Dr. Luis. Enjuanes), FCoV (kindly provided by Dr. Peter J. M. Rottier) and
MERS-CoV was cloned into the BamHI and Xhol sites of pET30a, resulting in
addition of 30 extra amino acid residues at their N-terminus. The plasmid for IBV
expression (pDest14-IBV-nsp16 and pDest14-IBV-nsp10) was a kind gift from Dr.
Eric J. Snijder.

All expression plasmids separately transformed into E. coli BL21 (DE3) cells
(Novagen) that were cultured at 37°C in 1 liter of Luria-Bertani (LB) medium with 50
pg/ml kanamycin or 100 pg/ml ampicillin and then induced with 0.4 mM

isopropyl-p-D-1-thiogalactopyranoside (IPTG) at 16°C for 12 hours. The purification
7
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of nspl6 and nspl0 with His-Tag of SARS-CoV, MHV-A59, MERS-CoV, TGEV,

IBV and FCoV were performed as described previously (28).
Preparation of RNA substrates

ATP- and UTP-initiated RNA substrates comprising 20 nucleotides (pppACao
andpppUC,) were in vitro transcribed and purified as previously described (23, 28).
Unlabeled cap-0 structure m7GpppA-RNA was prepared from transcribed RNA
(pppA-RNA) by vaccinia virus capping enzyme (D1/D12) following the
manufacturer’s  protocol  (Epicentre). The  *?P-labeled cap  structures
(m7G*pppA-RNA) used as RNA substrates and cap analogues (G*pppA, m7G*pppA
and m7G*pppAm) used as positive controls were prepared and purified as previously

described (23, 29).
Biochemical assays for MTase activity

The MTase activity analyses were performed by thin layer chromatography (TLC)
using *’P-labeled RNA substrates or by liquid scintillation assays after purification of
the *H-labeled substrates with DEAE-Sephadex chromatography as previously
described (28, 29, 31). The protocol of the MTase assay is also available in the

Bio-protocol (http://www.bio-protocol.org/).

Peptide synthesis

Based on the crystal structure and our previous study (30), short peptides (Table 1)
were synthesized (Shanghai Ji’er Biochemistry) with N-terminal acetyl and
C-terminal amide modifications. The N-termini of TP29 (Tat-P29), TP29S

(Tat-Scramble) and TP29M (Tat-P29-R93A & F96A) were fused with HIV
8
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Tat-derived peptide (YGRKKRRQRRRGSG) to increase the cell-penetrating
capability of peptides. All of the peptides were purified by HPLC and verified by
mass spectrometry. The peptides were dissolved in phosphate buffer saline (PBS)

before use.

Cell, viruses and mice

Rat lung epithelial cells (L2) and wild-type MHV-A59 were kindly provided by Dr.
Rong Ye (Shanghai Medical School of Fudan University). L2 cells, Baby hamster
kidney cells (BHK-21) and Vero E6 cells were grown in DMEM (GIBCO, Invitrogen)
supplemented with 10 % fetal bovine serum (FBS). Virus-free C57BL/6 mice were
obtained from the Center for Disease Control and Prevention of Hubei province
(Wuhan, China). All mice were maintained in individually ventilated cages in
bio-safety level 2 (BSL2) facilities and received care in compliance with international
legal requirements throughout the experiments. Intrahepatic inoculations were carried
out under anesthesia with 4 % chloral hydrate and all efforts were made to minimize

suffering.

Cell viability, peptide inhibition and luciferase activity assays

Cell viability of L2, BHK-21 and Vero E6 cells in 96-well plates was assessed 16
hours after peptide was added by Cell Counting Kit-8 (CCK8) (Dojindo). Cell culture
in each well was added with 10 pl of CCK-8 solution (WST-8
[2-(2-methoxy-4-nitropheny)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt]), which specifically stained the living cells, by following the

manufacturer’s protocol.
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L2 cells were infected with viruses at a multiplicity of infection (MOI) of 0.1 and
incubated at 33°C for 1 hour. Infected cells were washed three times with 2 mL of
DMEM and supplied with peptide at the final concentration of 200 uM in pre-warmed
10 % FBS-DMEM. Cells were then incubated at 33°C and the virus was collected at
20 hours post infection. Virus titers were determined by Virus Counter (Virocyt Virus
Counter 2100) and plaque assays. For measurement with the Virus Counter, virus in
cell culture was collected at room temperature, centrifuged at 14,000 rpm for 10 min
and then the supernatant was added in Sample Dilution Buffer with 1:10 dilution.
Subsequently, in the process of staining, Combo Dye was mixed with the sample at a
ratio of 1:2 and incubated in dark for 30 min at room temperature. The number of
virus particles was determined following the manufacturer’s protocol.

BHK-21 cells were transfected with Rep-SCV-luc/neo reporters (180 ng) together
with pRL-TK (50 ng, as transfection efficiency control) with FuGENE HD
Transfection Reagent (Roche Applied Science) according to the manufactturer’s
instruction. The peptides were added to the culture medium at the final concentration
of 200 uM at 1 hour post transfection. The cells were collected and lysed at 20 hours
post transfection (32), and then subjected to luciferase activity assays by using the

Dual-Glo System (Promega, Madison, WI) following the manufacturer’s protocol.

Viral infection of mice, histological analysis and alanine aminotransferase (ALT)

measurements

Groups of three-week old mice were infected by intrahepatic (i.h.) inoculation with

MHV-A59 diluted in PBS containing 0.75 % bovine serum albumin or an equal

10
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volume of uninfected cell preparation (mock infection) at a comparable dilution. Liver
tissues were harvested at the indicated days post infection. The tissues were cut into
blocks and fixed in phosphate buffered 4 % paraformaldehyde, pH 7.4, for tissue
embedding, or frozen in PBS with 0.167 % gelatin for titering of infectious virus (33).
For the homogenization, livers were soaked in chilled PBS and ground in a tissue
homogenizer (OSE-Y20, TIANGEN) at 4°C with 20 volumes of PBS. The
homogenates were centrifuged for 10 min at 400x g and the supernatant kept at -20°C
until use. Standard plaque assays were performed on L2 cells as described previously
(34).

For the measurement of the inhibition of peptides on the virus replication in mouse,
groups of mice were infected by intrahepatic (i.h.) inoculation with 500,000 PFU of
MHV-A59 and then the peptide (TP29, TP29M or TP29S) at the final concentration
of 0.5 mg/g or PBS (non-treatment control) were injected intrahepatically. Mice for
each test group were sacrificed at days 1, 3, 5 and 7 post infection, respectively, and
the livers were removed and placed directly into 2 ml of isotonic saline with 0.167 %
gelatin, weighed, and stored frozen at -70°C until use.

For the measurement of alanine aminotransferase (ALT)/glutamic-pyruvic
transaminase (GPT) levels, blood was incubated with serum accelerator at room
temperature to allow coagulation, and was then centrifuged to obtain serum; the
serum was used for measurements of ALT levels using an ALT/GPT kit (NJJCBIO,

C009-2).
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Results

Stimulation of the 2'-O-MTase activity of nsp16 by nsp10 is a common mechanism

for coronaviruses

Previous studies have revealed that FCoV nsp16 alone possesses 2'-O-MTase activity
but SARS-CoV nspl6 requires the stimulation of nspl0 (25-28). To address this
disparity and test whether the nspl0 from other coronaviruses displays stimulatory
function, we characterized the 2'-O-MTase activity of representative viruses from
three coronavirus genera: transmissible gastroenteritis virus (TGEV) and FCoV from
alphacoronavirus; mouse hepatitis virus (MHV) from lineage A of betacoronavirus;
SARS-CoV from lineage B of betacoronavirus; MERS-CoV from lineage C of
betacoronavirus; and infectious bronchitis virus (IBV) from gammacoronavirus. The
recombinant nsp10s and nsp16s of these coronaviruses were expressed and purified,
and SDS-PAGE analysis showed that the purity of the recombinant proteins was more
than 95 % with the expected molecular mass (Fig. 1A). As different cloning sites were
used, the nspl6 and nspl0 of TGEV, FCoV and MERS-CoV contain 30 additional
amino acid residues at their N-terminus, leading to slower mobility than that of
SARS-CoV, MHV and IBV (Fig. 1A) but no activity reduction (Figures 1B-1H). The
biochemical assays were performed to measure the MTase activity of each nspl6 in
the presence or absence of the corresponding nsplO0 using cap-0 RNA
(m7GpppA-RNA) and *H-labeledS-adenosyl [methyl-*H] methionine as substrates.
SARS-CoV nsp7 and vaccinia virus (VV) VP39, the latter representing a well

characterized 2'-O-MTase, were used as negative and positive control, respectively.

12
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As shown in Fig. 1, nspl0 or nspl6 alone of all the coronaviruses, except FCoV
nspl6 (Fig. 1C), did not show 2'-O-MTase activity. FCoV nsp16 alone showed a low
but detectable MTase activity, which is consistent with a previous report (25). In
contrast, in the presence of the corresponding nsp10, the nspl16s of TGEV (Fig. 1B),
MHYV (Fig. ID), SARS-CoV (Fig. 1E), MERS-CoV (Fig. IF) and IBV (Fig. 1G) were
activated and showed robust MTase activities. Although the nspl6 of FCoV alone
could methylate the RNA substrate to certain extent, its MTase activity was increased
more than 3 fold in the presence of nsp10 (Fig. 1C). These results clearly indicate that
the stimulation of nspl6 MTase activity by nsplO is a common mechanism for
coronaviruses including FCoV. To further confirm the position of methylation on the
RNA substrates, the cap-0 m7G*pppA-RNA (where * indicates that the following
phosphate was *?P-labeled) was treated with nsp16 or nsp10/nspl6 complex of all
selected coronaviruses. The methylated RNAs were digested with nuclease P1 that
cleaves capped RNAs into 3'-OH-terminated cap structures and 5-pNon. The
resulting cap structures were analyzed by thin layer chromatography (TLC). As
expected, the P1 cleavage products of RNA treated with nspl0/nspl6 complex
co-migrated with m7G*pppAm, the cap-1 structure (Fig. 1H). In contrast, the
cleavage products treated by the nsp16 alone remained as cap-0 structure m7G*pppA,
except for FCoV nspl6 treatment, which generated a small fraction of products that
co-migrated with m7G*pppAm structure (Fig. 1H).

Although structural analysis shows that nsp10 and nsp16 stay at the ratio of 1:1 in the
nspl10/nspl6 complex of SARS-CoV (27, 28), the nspl0 is translated 3 to 5 times

13
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more than nsp16 in the infected cells (35, 36). Therefore, we investigated whether the
physiological surplus of nspl0 plays a role in the enzymatic activity of nspl6,
especially for FCoV nsp16. As shown in Fig. 2, nsp10 could significantly increase the
enzymatic activity of coronavirus nsp16 in dose-dependent manner, including FCoV
nspl6. The ratio of nspl6 to nspl0 for maximal enzymatic activity of FCoV
2'-O-MTase is 1:3; while it is around 1:8 for other coronaviruses, although the MTase
activities did not significantly increase from 1:6. This is consistent with the
physiological ratio of nspl6 to nspl0O in infected cells. Therefore, the ratio 1:6 of
nspl6 to nspl0 was used in the following biochemical assays to mimic the

physiological environment of coronaviral infection.

The nspl0s of coronaviruses are interchangeable in stimulating the nsp16

2'-O-MTase activity among coronaviruses

In previous studies, the crystal structure of SARS-CoV 2'-O-MTase revealed the
critical residues involved in the interaction between nspl10 and nsp16, which might
contribute to the binding of cofactor SAM (such as Lys93 of nspl10 with Ser105 of
nsp16) (28) and RNA substrates (such as Tyr96 of nspl10 with GIn87, Arg86, Ala83
and Val84 of nspl6), respectively (27, 28, 37). Although alignments of primary
sequences of both nsp10 (Fig. 3A) and nsp16 (Fig. 3B) of coronaviruses showed the
similarity of approximate 40 %, the identified critical residues on the interaction
interface of nspl0 and nspl6 of SARS-CoV are highly conserved among
coronaviruses (Figs. 3A and 3B). Therefore, we assumed that the nspl0 of one

coronavirus might be able to stimulate the nsp16 2'-O-MTase of another virus. To test

14
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this assumption, we first analyzed whether nsp10 was interchangeable among the
coronaviruses of the same genus. As shown in Figs. 3C and 3D, the MTase activities
of nsp16 could be stimulated efficiently by any other nspl10 from the same genus to
the similar level. We further analyzed the stimulatory effect of nsplO from
coronaviruses of different genera. As shown in Fig. 4, the nspl6 of TGEV could be
fully stimulated by the nsp10 of alphacoronavirus and less efficiently activated when
using the nsp10 of betacoronavirus and gammacoronavirus (Fig. 4A). In contrast, the
FCoV nspl6 could be stimulated to similar level either by cognate nspl0 or
non-cognate nspl0s (Fig. 4B), which may reflect the fact that FCoV nspl6 alone
already possesses a certain degree of MTase activity (Fig. 1C) and thus indicates that
it may be further stimulated more efficiently by an nspl0O of any coronavirus.
Interestingly, nsp16s of betacoronavirus, including MHV (Fig. 4C), SARS-CoV (Fig.
4D) and MERS-CoV (Fig. 4E), could be fully activated and stimulated with the help
of nsp10s of all selected coronaviruses from different genera. In contrast, the nsp16 of
IBV (gammacoronavirus) was only activated and stimulated remarkably by its
cognate nsp10 (Fig. 4F). Taken together, these results indicate that the characteristics
of coronavirus nspl0 and nspl6 might vary, but the mechanisms of 2'-O-MTases
stimulated by nspl0Os are relatively conserved. Moreover, the nspl0s of different
coronaviruses may share some critical residues for binding nspl6s and they are

functionally interchangeable among different coronaviruses.

Development of a broad-spectrum peptide inhibitor against coronaviral

2'-O-MTase
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The conserved mechanism and interchangeability of nspl0 in the activation and
stimulation of coronaviral 2'-O-MTases provides a possibility to develop
broad-spectrum inhibitors for repressing the 2'-O-MTase activities of different
coronaviruses. In previous studies, we showed that the region of amino acids (aa)
65-107 of nsp10 is sufficient for the interaction with nsp16 but unable to stimulate the
2'-O-MTase activity while peptides derived from this region could suppress nspl6
activity in vitro (30). In this study, we designed a peptide that corresponds to aa 68-96
of MHV nsp10 and tested its inhibitory effects in the replication models of MHV and
SARS-CoV replicon. Two residues (the basic K93 and aromatic Y96) of SARS-CoV
nspl0 were shown to be critically involved in the interaction with nsp16 (27, 28, 37)
and are well conserved in nsp10 of different coronaviruses, where the lysine can be
replaced by arginine (R) and tyrosine by phenylalanine (F) (Fig. 3A, marked by open
triangles). To confirm that these two residues are important for the stimulatory
function of nsp10, recombinant nsp10s of 6 coronaviruses with either K/R to A or Y/F
to A mutation were expressed, purified and tested in MTase activity assays. As shown
in Fig. 5A, when either of the two critical residues was changed to alanine, the
stimulatory function of nspl10 was largely disrupted, indicating that the two residues
are essential for stimulating nspl6 activity. To test the inhibitory effect of MHV
nsp10-derived peptide on nsp16 of different coronaviruses, we chemically synthesized
three peptides: P29 (aa 68-96 of MHV), P29M (P29 sequence with mutations of the
critical residues, R93A and F96A), and P29S (with scrambled sequence of P29)
(Table 1). P29M and P29S were used as negative controls in the assays. The peptides
were added to the mixture of nsp16s and nsp10s in the MTase assays. As shown in Fig.
5B, comparing with P29M and scrambled peptide P29S, P29 could significantly

inhibit the MTase activity of nspl6s of MHV, SARS-CoV, MERS-CoV and IBV by
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more than 50 % inhibitory efficiency, and modestly repress that of nspl6s of
alphacoronavirus (TGEV and FCoV). These results indicate that the peptide P29
derived from the interaction domain of MHV nspl0 possesses a broad-spectrum
inhibitory activity on nsp10/nsp16 complex of a number of different coronaviruses in

the in vitro assays.

Inhibition of coronavirus replication by P29 in cell culture models

Next we tested whether the peptide P29 could inhibit virus replication in the
replication models of MHV live virus and SARS-CoV replicon. To deliver the short
peptide to cells, the N-terminus of peptides P29, P29M and P29S was fused with a
short peptide from HIV-Tat (YGRKKRRQRRRGSG), which is arginine-rich and can
act as cell-penetrating carrier to deliver the cargo to cytosol and nucleus (38). The
HIV-Tat fused peptides were named as TP29, TP29M and TP29S, respectively (Table
1). To evaluate the cytotoxicity of the Tat fused peptides, cell viability was tested by
CCK-8 assays, which showed that they were well tolerated by baby hamster kidney
cells (BHK-21), Vero E6 cells and rat lung epithelial cells (L2) at final concentrations
20~400 uM and no cytotoxicity was observed (data not shown).

We first tested the inhibitory effects of P29 on MHV replication. L2 cells were
infected with MHV-AS59 at a multiplicity of infection (MOI) of 1. 1 hour after
infection, peptides TP29, TP29M, P29 and TP29S were added to the culture medium
at the final concentration of 200 uM. Virus titers were measured (Fig. 6A) and further
verified by plaque assays (Fig. 6B) 20 hr post infection. TP29 reduced the titer of
MHV-A59 by 80 %in comparison with the mock control (PBS), while TP29M, TP29S
and P29 did not display significant inhibitory effects (Figs. 6Aand 6B). Notably, the
peptide P29 showed inhibitory activity in the in vitro assays (Fig. 5B) but not in cell

cultures, indicating that the fused HIV-Tat peptide is essential for the delivery of the
17
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peptides into cells. Moreover, the average diameter of viral plaque with TP29
treatment was two times smaller than that with TP29S 20 hours post infection (Fig.
6C), which indicates that TP29 slowed down the growth of MHV-AS59. The
dose-response curve of TP29 showed that the inhibitory concentration of 50 % (IC50)
value against MHV is approximately 60 uM (Fig. 6D).

We then tested the capacity of the peptides TP29, TP29M and TP29S to inhibit the
replication of SARS-CoV replicon (Rep-SCV-luc/neo), which harbors the firefly
luciferase reporter gene under the control of M gene transcription regulatory sequence
(TRS) (32). Renilla luciferase was employed as a transfection control. The peptides
were added to the culture medium at the final concentration of 200 uM, 1 hour post
co-transfection of Rep-SCV-luc/neo and Renilla luciferase in BHK-21 cells. As
shown in Fig. 6E, comparing with TP29M and TP29S, TP29 repressed the replication
of SARS-CoV replicon by 50 %. Together, these results suggest that peptide TP29
could suppress the replication of different coronaviruses in cell cultures, consistent

with its broad-spectrum activity observed in the in vitro assays.

Peptide TP29 can rescue MHV-infected mice by inhibiting viral replication and

enhancing the IFN response

We further tested whether peptide TP29 could inhibit virus replication in vivo in an
animal model. C57BL/6 mice (n = 10) were infected by intrahepatic (i.h.) inoculation
with 500,000 PFU of wild-type MHV-A59 or an equal volume of uninfected cell
preparation (mock infection) at a comparable dilution. The peptides (TP29 or TP29S)
at a final concentration of 0.05 mg/g (the amount of peptide to the body weight of

mice) or PBS were intrahepatically injected immediately post infection (p.i.) of
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MHV-AS59, respectively. The survival percentage (%) of each group (mock infection
and MHYV infection with TP29, TP29S and PBS) was statistically analyzed during the
14-day observation period (Fig. 7A). The MHV infected mice supplied with TP29S
and PBS began to die at day 4 p.i., and all of them (10/10) died 7 days post infection
(Fig. 7A). However, all (10/10) of the infected mice treated by TP29 and the mice
inoculated with uninfected cell preparation (mock infection) survived (Fig. 7A),
which exceeds the expectations considering its inhibitory effect in cell culture models
(Fig. 6). To evaluate the effects of TP29 on virus replication and pathological changes,
C57BL/6 mice (n = 7) were infected with MHV-AS59 as described above, and
intrahepatically injected with peptides or PBS (mock control) immediately (0 hour) or
1 hour post infection, respectively. The mice were sacrificed at day 3 post infection
and viral titers in livers (Fig. 7B) and serum alanine aminotransferase (ALT) values
(Fig. 7C) of each group were analyzed. Interestingly, with the protection of TP29 at or
after infection, the virus titers of MHV infected mice livers sharply decreased by 1.5
logio (Fig. 7B), and the serum ALT values, which indicate the damage level of liver
cells caused by the virus-induced acute hepatitis in clinical diagnosis (39), were 10
times less than that of other groups (Fig. 7C). Moreover, the intrahepatic injection of
the peptides showed no side effects to hosts as the ALT values in mock infection
controls remained at background level (Fig. 7C). These results demonstrated that the
inhibitory efficacy of TP29 in vivo is significantly higher than in cell cultures (Fig. 6),
which implies that an additional antiviral mechanism such as innate immunity might
be enhanced beside the direct inhibitory effect of TP29 on the nsp16 MTase activity.

19
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The nspl6 2'-O-MTase activity has been shown to play an important role in the
evasion of innate immunity and deficiency in the 2'-O-MTase may lead to increased
IFN responses against virus infection (6, 7). Therefore, we further tested whether
TP29 treatment could increase IFN production during MHV infection and analyzed
IFN-f levels as well as serum ALT values in the MHV-infected C57BL/6 mice (n = 7)
treated by TP29, TP29S (scrambled TP29) or PBS, respectively. In addition, one
group of mice was treated with TP29 but not infected with MHV. The mice were
sacrificed 1, 3, 5 and 7 days post infection. As shown in Fig. 7D and 7E, the serum
IFN-B levels of TP29-treated mice were significantly enhanced 24 hours post
infection while the virus titer was 1.5 logjo times lower than that in TP29S-treated
mice (Fig. 7D). The treatment with TP29 without MHV infection did not enhance
IFN-B production in mice (Fig. 7D). In contrast, the serum IFN-f levels of TP29S
treated mice sharply increased to 115 pg/ml 72 hours (3 days) post infection (Fig. 7D).
Accordingly, the viral titers of TP29S-treated mice kept increasing and were finally
killed 6 days post infection (Fig. 7E). The kinetics of serum ALT values showed that
the livers of TP29 treated mice were well protected at day 3 post infection and the
ALT values began to decrease 7 days post infection (Fig. 7F). These phenomena were
also verified by pathological section analysis of mice livers stained with hematoxylin
and eosin. As shown in Fig. 7G, the number and size of the foci of hepatocyte necrosis,
inflammatory cells and lymphocytic infiltration, which represent acute hepatitis in the
liver parenchyma, were significantly smaller in TP29-treated mice than in other
groups; the liver of the former was restored to a normal state 7 days post infection.
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Taken together, these results indicate that the peptide TP29 could rescue
MH V-infected mice by inhibiting viral replication and inducing the IFN response at
the early stage of infection. Therefore, the increase of IFN response by TP29
treatment may have contributed to the potent inhibition of virus replication and

pathogenesis of MHV infection.

Discussion

Coronaviruses belong to the largest RNA viruses and form a complicated
replication/transcription complex (RTC), which is composed of 16 non-structural
proteins (nsps) and some unknown host factors (40, 41). A number of nsps have been
identified as RNA processing/modification enzymes, among which nspl4 is an
exoribonuclease/N7-(guanine)-methyltransferase (21-23) and nsp16 is a 2'-O-MTase
(25-28). In the previous studies, it has been shown that SARS-CoV nspl6 exerts the
2'-O-MTase activity only in the presence of nspl0 whereas FCoV nspl6 alone
possesses the 2'-O-MTase activity to some degree (25-28). In this study, we
demonstrated that stimulation of the nspl6 2'-O-MTase by nsplO is universal to
coronaviruses including FCoV (Figs. 1 and 4). In contrast with the nspl6 of other
coronaviruses, FCoV nsp16 possesses a low but detectable 2’-O-MTase activity but it
is stimulated to full activity by its cognate nsp10 (Fig. 1)

Interestingly, the nsp10s of coronaviruses could activate and stimulate, in varying
degrees, the 2'-O-MTase activities of non-cognate nspl6s except that of IBV
(gammacoronavirus) (Fig. 4), indicating that both nspl0 and nspl6 have been

structurally and functionally conserved during coronavirus evolution. Moreover, the
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strength of the nspl6é 2’-O-MTase activity stimulated by non-cognate nspl0
corresponds to the phylogenetic distances and taxonomic positions of nspl0 and
nspl6 in their phylogenetic trees, in which alphacoronavirus is more closely related
to betacoronavirus (data not shown). However, in the phylogenetic tree inferred using
genome RNA, gammacoronavirus is more closely related to betacoronavirus,
indicating that nsp10 has coevolved with nsp16 at the protein level. Furthermore, the
nspl0 mutants of IBV (K to A and F to A indicated by open triangles in Fig. 3A)
showed the weakest stimulation capability of 2'-O-MTase comparing with other
coronaviruses (Fig. 5A). These results indicate that the stimulation of IBV
(gammacoronaviral) 2'-O-MTase activity most strictly depends on the assistance of
its cognate nsp10, and the two critical residues of IBV nspl0 are essential for the
interaction of the nspl10/nspl6 complex. Therefore, although MHV nspl0 cannot
stimulate IBV nsp16, the interaction domain of MHV nspl0 that contains the two
critical residues and is 4 amino acids shorter than the corresponding interaction region
of IBV nspl0 (Fig. 3A), could still possess the capability to bind with nsp16 of IBV.
Such an assumption was supported by our result that the peptide P29 that is derived
from the interaction domain of MHV nsp10 could strongly suppress the 2'-O-MTase
activity of IBV (Fig. 5B). The conserved mechanism and the interchangeability of
nspl0 in stimulating nspl16 provide a theoretical basis for possible development of
broad-spectrum inhibitors by targeting coronaviral nsp10/nsp16 2°-O-MTase (Fig. 6).

During coronavirus replication, ORF1b (harboring nspl16) is translated via a -1
ribosomal frameshifting mechanism from ORFla that contains nspl0 (42) , and
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consequently nsp10 is produced in 3 to 5 fold excess relative to nsp16 in infected cells
(35, 36). Although nsp10 and nsp16 exist at 1:1 ratio in the crystal structure (27, 28),
we demonstrate that the surplus nsplO could significantly increase the enzymatic
activity of nsp16 (Fig. 2). Moreover, the critical residues of nsp10s (K/R and F/Y are
indicated by open triangles in Fig. 3A), which are essential for the stimulation of
2'-O-MTase activities of coronaviruses (Fig. 5A), are concentrated in the interaction
region of around 42 amino acids. In contrast, the conserved residues of nspl6s
involved in the interaction of nspl10/nspl6 complex are scattered throughout a large
region of the protein and brought together to the interface by protein folding (28, 30).
Therefore, it is more feasible to design inhibitory peptides by mimicking the sequence
of the interaction interface of nspl0 rather than nspl6. Comparing with the MTase
inhibitors previously used in research work, the peptide inhibitor developed based on
the characteristics of coronaviruses 2'-O-MTases could more specifically repress viral
replication without less side effects (Figs. 6 and 7) because it specifically targets the
viral structure that does not exist in cellular proteins.

Previous studies have revealed that the viral RNA cap structures play important roles
in viral replication, evasion of recognition by host RNA sensors and suppression of
IFN-mediated antiviral response (6, 7). Therefore, antiviral drugs targeting the viral
RNA capping enzymes may lead to both inhibition of virus replication and
enhancement of interferon responses as we demonstrated in this study (Fig. 7). It is
interesting that the inhibitory efficiency of TP29 was remarkably higher in vivo in
animal infection than that in biochemical assays and cell culture. This may be
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explained by the enhancement of antiviral response in vivo when the 2'-O-MTase
activity is inhibited by the peptide. Many studies have reported that coronaviruses are
poor inducers of type I IFN in cell lines (43). However, in primary cells such as
plasmacytoid dendritic cells (pDC) and macrophages, IFN is induced by MHV
infection (33, 44, 45). In this study, we assume that TP29 treatment may have
suppressed the 2'-O-MTase activity of nsp10/nsp16, which may lead to increase of the
blood level of IFN-B at the early stage of infection and consequently enhance the
antiviral immunity in animals. Here, we propose a testable hypothesis to explain how
the peptide inhibitor promotes antiviral response and suppresses virus replication (Fig.
8). First, the peptide may inhibit the formation nspl0/nspl6 complex and the
2'-O-MTase activity, directly contributing to the suppression of genome replication;
second, the reduced 2'-O-MTase activity of nspl6 may lead to deficiency in the
2'-O-methylation in the RNA cap structure, thus resulting in more cap-0 structures,
which have a lower efficiency of translation and consequently suppress the synthesis
of viral proteins, and third, the viral RNA lacking a cap-1 structure can be recognized
by innate RNA sensors and thus stimulate the type I interferon responses (Fig. 8).
These possibilties shall be tested in the future studies to reveal the mechanisms of
peptide-mediated inhibition of coronavirus replication.

In conclusion, our data demonstrate that stimulation of nsp16 2'-O-MTase activity by
nspl0 is a common mechanism for coronaviruses, and nsplO is functionally
interchangeable in activation and stimulation of non-cognate nspl6 among different
coronaviruses. Moreover, broad-spectrum inhibitors can be developed by targeting the
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nspl0/nsp16 2'-O-MTase as demonstrated by the result that the MHV nsp10-derived
TP29 peptide can suppress 2'-O-MTase activity of different coronaviruses and
efficiently suppress MHV-induced pathogenesis in mice by promoting antiviral
responses. Therefore, our study provides experimental evidence and the
proof-of-principle that peptide inhibitor targeting the 2'-O-MTase can efficiently
suppress coronavirus replication, suggesting that the 2'-O-MTases of coronaviruses
may be ideal and potential antiviral drug targets. In future work, more potent peptides
will be screened and optimized to inhibit the 2'-O-MTase activity and replication of

coronaviruses.
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Figure Legend

Fig. 1. Biochemical analysis of the 2'-O-MTase activity of coronavirus proteins.

(A) The SDS-PAGE of the recombinant nsp16 and nsp10 of 6 coronaviruses. (B to G)
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Purified nsp10 (18 puM) and nspl16 (3.0 puM) of the indicated coronaviruses were
incubated with the substrate m7GpppA-RNA (with a cap-0 structure at the 5'-end) in
the presence of [*H]-AdoMet. The 2'-O-MTase activities were analyzed by liquid
scintillation assays after purification of the ‘H-labeled substrates with
DEAE-Sephadex chromatography. SARS-CoV nsp7 and vaccinia virus 2'-O-MTase
(VP39) were used as a negative and positive control, respectively (n = 3, mean values
+ SD). ***p < 0.001 (unpaired Students’s t-test). (H) TLC analysis of nuclease
Pl-resistant cap structures released from **P-labeled m7G*pppA-RNA methylated by
nspl6 or nsp10/nsp16 complex of TGEV, FCoV, MHV, SARS-CoV, MERS-CoV and
IBV, respectively. The markers G*pppA, m7G*pppA, and m7G*pppAm were
prepared with commercial vaccinia virus capping enzymes. The position of origin and
migration of G*pppA, m7G*pppA, and m7G*pppAm are indicated on the left.
SARS-CoV nsp7, vaccinia virus N7-MTase (D1-D12) and 2'-O-MTase (VP39) were

used as a negative and positive control, respectively.

Fig. 2. MTase assays of coronavirus nsp16 with different molar ratios of cognate
nsp10. The substrate m’GpppA-RNAs with a cap-0 structure were used to test the
2'-O-MTase activities of nspl6 of TGEV, FCoV, SARS-CoV and IBV. The ratio of

nspl0 to nspl6 is indicated below the x-axis (n = 3, mean values + SD).

Fig. 3. Conservation of nsp10 and nspl6 in coronaviruses. (A and B) Primary
sequence alignments of nsp10 (A) and nsp16 (B) of TGEV, FCoV, MHV, SARS-CoV,
MERS-CoV and IBV. The well conserved and relatively conserved residues are

indicated by solid black boxes and solid gray boxes, respectively. The conserved
33
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residues invovled in the interactions of nsp10/nsp16 complexes are indicated by solid
black and open triangles. The region corresponding to the peptide inhibitor P29 is
marked by a line indicates. The aligment was generated with the program Clustal and
the figure was prepared using Genedoc. (C and D) MTase assays of alphacoronaviral
nspl6 (C) and betacoronaviral nsp16 (D) stimulated by the non-cognate nsp10 from a
coronavirus of the same generus. SARS-CoV nsp7 and vaccinia virus 2'-O-MTase
(VP39) were used as a negative and positive control, respectively (n = 3, mean values

+ SD).

Fig. 4. MTase assays of nsp16 stimulated by non-cognate nsp10 from different
genera of coronaviruses. The m7GpppA-RNAs with a cap-0 structure were used to
test the 2'-O-MTase activities of nspl6 of TGEV (A), FCoV (B), MHV (C),
SARS-CoV (D), MERS-CoV (E) and IBV (F) stimulated by nspl0 from different
genera of coronaviruses as indicated. SARS-CoV nsp7 and vaccinia virus 2'-O-MTase
(VP39) were used as a negative and positive control, respectively (n = 3, mean values

+ SD). ***p < 0.001 and no significant (ns) (unpaired Students’s t-test).

Fig. 5. Biochemical analyses of nsp10 mutants and its derived short peptides. (A)
The MTase activities of nsp16 of TGEV, FCoV, MHV, SARS-CoV, MERS-CoV and
IBV, stimulated by corresponding wild type nsp10 and their mutants K/R to A or F/Y
to A, were tested by MTase assays. (B) The inhibition effects of P29, P29M and P29S
peptides at a final concentration of 200 uM on 2'-O-MTase activities of different

coronaviruses (n = 3, mean values + SD). ***p <0.001 (unpaired Students’s t-test).
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Fig. 6. Inhibitory effects of short peptides on coronavirus replications in cell
culture models. (A) and (B) The inhibitory effects of the peptides TP29, TP29M, P29
and TP29S at the final concentration of 200 pM and PBS control on the replication of
MHV-A59 in L2 cells. The virus titers were determined by Virus Counter (A) and
further comfirmed by the plaque assays in L2 cells 20 hr post infection (B). (C) The
plaque size of MHV-A59 on L2 cells with treatment of TP29S or TP29 at the final
concentration of 200 pM. (D) Inhibition effects of TP29 at different final
concentration (0-800 uM) on the replication of MHV-A59. (E) The inhibitory effects
of the indicated peptides on the replication of SARS-CoV replicon. (n = 3, mean
values + SD). *p < 0.05, **p < 0.01, ***p<0.001 and not significant (ns) (unpaired

Students’s t-test).

Fig. 7. Rescue of MHYV infected mice by peptide inhibitor TP29. (A) Lethality of
groups of MHV-infected or mock-treated mice (n = 10) after treatment with peptides
(PBS, TP29 and TP29S). The mice were monitored for 14 days. (B and C) Viral titers
of clarified liver homogenates (B) and serum ALT (alanine aminotransferase) values
(C) were determined at day 3 postinfection. 0 hr or 1hr represents that peptides were
injected immediately or 1 hour after the mice (n = 7) were infected with MHV-AS59.
The virus titer was normalized for liver mass. (D) Enzyme-linked immunosorbent
assay of interferon-f in serum 12 h, 24 h and 72 h post infection with MHV-A59 and
injection of 0.05 mg/g (amount of peptide to body weight of mice) TP29 or TP29S
peptide (n = 7). V represents MHV infection; B = PBS, P = TP29 and S = TP29S

(scrambled TP29). TP29 injection without MHV infection (P) was used as mock
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control. Viral titers (E) and serum ALT values (F) were measured at the indicated time
points. Groups of mice (n = 7) were sacrificed at 1, 3, 5 and 7 days p.i. (G)
Hematoxylin and eosin stainingof paraformaldehyde-fixed liver sections at day 1, 3, 5
and 7 p.i of C57BL/6 mice (magnification, x40; inset, x200). (n = 7, mean values +
SD), *p< 0.05, **p < 0.01, ***p < 0.001 and not significant (ns) (unpaired Students’s

t-test).

Fig. 8. Hypothesis for the mechanisms of peptide TP29-mediated inhibition of
coronavirus infection. Peptide inhibitor TP29 may modulate three steps in the
coronavirus replication cycle: inhibiting the formation of nsplO/nspl6 complex,
decreasing the translation efficiency of viral RNAs, and promoting the recognition of

viral RNAs by cellular innate RNA sensors, leading to enhanced immune responses.
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Table 1. List of short peptides designed based on MHV nspl0

Peptides

Amino acid sequences®

P29

YGGASVCIYCRSRVEHPDVDGLCKLRGKF

P29M (P29-RI3A&Y96A)

YGGASVCIYCRSRVEHPDVDGLCKLAGKA

P29S (scrambled P29)

VLKLSCCYDGYIRACSRVGEPVGGSDDFH

TP29 (Tat-P29)

YGRKKRRQRRRGSGYGGASVCIYCRSRVEHPDVD
GLCKLRGKF

TP29M
(Tat-P29-R93A&Y96A)

YGRKKRRQRRRGSGYGGASVCIYCRSRVEHPDVD
GLCKLAGKA

TP29S (Tat-Scramble P29)

YGRKKRRQRRRGSGVLKLSCCYDGYIRACSRVGEP
VGGSDDFH

®ltalics indicates the sequence of HIV-Tat.




