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A B S T R A C T

MERS-CoV is the only lethal human CoV still endemic in the Arabian Peninsula and neither vaccine nor
therapeutics against MERS-CoV infection is available. The nsp1 of CoV is thought to be a major virulence factor
because it suppresses protein synthesis through the degradation of host mRNA. In contrast, viral RNA
circumvents the nsp1-mediated translational shutoff for an efficient propagation. In this study, we identified
amino acid residue in MERS-CoV nsp1 that differ from those of SARS-CoV nsp1, and that appear to be crucial
for circumventing the translational shutoff. In addition, reverse genetics analysis suggested the presence of a cis-
acting element at the 5′-terminus of the nsp1-coding region, which contributes to the specific recognition of
viral RNA that is required for an efficient viral replication. Our results suggest the CoVs share a common
mechanism for circumventing the nsp1-mediated translational shutoff.

1. Introduction

Coronaviruses (CoVs) are pathogens that infect a large variety of
vertebrate animals, resulting in mainly respiratory and enteric diseases
(Weiss and Navas-Martin, 2005). Most human CoVs are causative
agents of mild illness and common cold (Bradburne et al., 1967; van
der Hoek et al., 2006, 2004; Woo et al., 2005). However, an epidemic of
severe acute respiratory syndrome (SARS) occurred in China in 2002,
and the causative agent was designated as SARS-CoV (Drosten et al.,
2003; Ksiazek et al., 2003). Ten years after the SARS outbreak, another
highly pathogenic human CoV, designated as Middle East respiratory
syndrome (MERS)-CoV, emerged in Saudi Arabia (Zaki et al., 2012).
Many patients infected with MERS-CoV have been identified, most of
them in the Arabian Peninsula, although MERS-CoV has also spread to
several other countries in North Africa, Europe, and Asia (Bermingham
et al., 2012; Buchholz et al., 2013; Cowling et al., 2015; Müller et al.,
2014; Mailles et al., 2013; Perera et al., 2013; Reusken et al., 2014). In
humans, MERS-CoV infection causes high fever, cough, and pneumo-
nia, and is transmitted through close contact with infected dromedary
camels (Memish et al., 2014; Reusken et al., 2013).

CoVs are enveloped viruses possessing a large single-stranded and
positive-sense RNA genome (~ 32 kb). The 5′ two-thirds of the CoV
genome consists of two overlapping open reading frames (ORFs 1a and
1b) that encode non-structural proteins (nsps). The other one-third of

the genome consists of ORFs encoding structural proteins, including
spike (S), membrane (M), envelope (E) and nucleocapsid (N) proteins,
and accessory proteins (Woo et al., 2010). Upon infection of CoV into
host cells, the translation of two precursor polyproteins, pp1a and
pp1ab, occurs and these polyproteins are cleaved into 15 or 16 nsps by
viral proteases, papain-like protease (PLpro: nsp3) and 3C-like protease
(3CLpro: nsp5) (Prentice et al., 2004; Thiel et al., 2003). Alpha and beta
CoVs possess 16 nsps, while gamma and delta CoVs, lacking nsp1,
possess 15 nsps (nsp2 to nsp16) (Neuman et al., 2014). Although the
amino acid sequences of nsp3 to nsp16 are predicted to be conserved
among CoVs, those of nsp1 are highly divergent (Connor and Roper,
2007). However, the nsp1s of several CoVs, such as porcine transmis-
sible gastroenteritis virus (TGEV), human CoV (HCoV)-229E, mouse
hepatitis virus (MHV), and SARS-CoV, exhibit a similar function to
induce translational suppression (Huang et al., 2011a; Kamitani et al.,
2006; Wang et al., 2010; Züst et al., 2007). The nsp1 of SARS-CoV is
the most studied among CoVs and is known to inhibit host gene
expression via a two-pronged strategy (Kamitani et al., 2009)—i.e.,
translational shutoff through interaction with the 40 S ribosomal
subunit, and host mRNA degradation through the recruitment of
unidentified host nuclease(s) (Huang et al., 2011a; Kamitani et al.,
2009; Lokugamage et al., 2012). This two-pronged strategy of nsp1
inhibits expression of the IFN gene (Kamitani et al., 2006; Narayanan
et al., 2008; Wathelet et al., 2007). Murine models of SARS-CoV have
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revealed that the dysregulated type I IFN response is a key factor for
inducing lethal pneumonia (Channappanavar et al., 2016; Kindler and
Thiel, 2016). In addition, Züst and colleagues showed that a mutant
MHV with partial deletion in nsp1 is highly attenuated (Züst et al.,
2007). These accumulated data indicate that the nsp1 of CoV is a major
virulence factor.

Although viral mRNAs of CoVs are capped and polyadenylated
(Cencic et al., 2011; Chen et al., 2011; Decroly et al., 2011; Yount et al.,
2000) like host mRNA, the viral mRNAs are resistant to the transla-
tional suppression induced by the expression of nsp1. Like many CoV
nsp1s, expression of MERS-CoV nsp1 suppresses host protein synth-
esis (Lokugamage et al., 2015). The nsp1 of MERS-CoV targets nuclear
transcribed host mRNAs for suppression, but mRNAs of cytoplasmic
origin are resistant to the nsp1-meditated gene suppression
(Lokugamage et al., 2015). However, the mechanisms of the interaction
between nsp1 and viral RNA of MERS-CoV and the roles of this
interaction on the viral replication are largely unknown.

In this study, we examined the biological significance of the
interaction of viral RNA with the nsp1 of MERS-CoV. As we expected,
MERS-CoV nsp1 also induced translational suppression and RNA
degradation. Like SARS-CoV, MERS-CoV circumvents the nsp1-
mediated translational suppression by inducing a specific interaction
between SL1 in the 5′ UTR of viral RNA and nsp1. Interestingly, the
amino acid residue of MERS-CoV nsp1 required for viral RNA
recognition appeared to differ from those of SARS-CoV nsp1. In
addition, reverse genetics analysis of MERS-CoV revealed that the
specific interaction of nsp1 with SL1 is crucial for the efficient
replication of MERS-CoV. These results indicate CoVs share a common
mechanism of viral gene expression that is regulated by a specific
interaction between SL1 in the 5′ UTR of viral RNA and nsp1.

2. Materials and methods

2.1. Cells

293 T cells (human embryonic kidney) and Huh7 cells (human
hepatocellular carcinoma) were maintained in Dulbecco's modified
minimum essential medium (DMEM) (Nacalai Tesque, Kyoto, Japan)
containing 10% heat-inactivated fetal bovine serum (FBS), 100 U/ml
penicillin, and 100 µg/ml streptomycin (Nacalai Tesque). Vero cells
(African green monkey kidney) were maintained in DMEM containing
5% FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin (Nacalai
Tesque). All cells were cultured in a humidified 5% CO2 atmosphere at
37 °C.

2.2. Plasmid constructions

The construction of a firefly luciferase-expressing plasmid, pcD-
fLuc, has been described elsewhere (Tanaka et al., 2012). The PCR
products of the CAT gene were cloned into pCAGGS-MCS-FLAG,
pCAG-CAT. Using the supernatants of Vero cells infected with the
MERS-CoV (EMC2012 Strain), first-strand cDNA was prepared by
using a SuperScript II First-Strand Synthesis Kit (ThermoFisher
Scientific, Waltham, MA) according to the manufacturer's instructions.
The cDNA was used for construction of the expression plasmids. The
PCR products of the MERS-CoV nsp1 sequence were cloned into
pCAGGS-MCS-FLAG, yielding pCAG-nsp1-wt. An inverse PCR proce-
dure using pCAG-nsp1 as the template was employed to generate
pCAG-nsp1-Δ1, pCAG-nsp1-Δ2, pCAG-nsp1-Δ3, pCAG-nsp1-G11A,
pCAG-nsp1-R13A, pCAG-nsp1-G14A, and pCAG-nsp1-T15A by using
a KOD-Plus-Mutagenesis Kit (TOYOBO, Osaka, Japan). The In-fusion
HD cloning procedure (Clontech, Mountain View, CA) was employed to
generate pCAG-nsp1-Δ4 according to the manufacturer's instructions.
The 5′ UTR sequence of MERS-CoV was connected downstream of the
cytomegalovirus (CMV) promoter by overlapping PCR using the same
method as described previously (Tanaka et al., 2012; Yamshchikov

et al., 2001). The fragment was cloned between the CMV promoter and
firefly luciferase gene into pcD-fluc, yielding pcD-5′-fluc. For muta-
tional analysis of the nucleotide sequence from position 1–190 in the
MERS-CoV 5′ UTR, the inverse PCR procedure using pcD-5′-fluc was
employed to generate pcD-ΔSL1-fluc, pcD-ΔSL2-fluc, pcD-ΔSL4-1-
fluc, pcD-ΔSL4-2-fluc, and pcD-SL1-fluc by using a KOD
Mutagenesis Kit (TOYOBO). All plasmid constructs were confirmed
by sequence analysis using a BigDye Terminator v1.1 Cycle Sequencing
Kit (Applied Biosystems, Foster City, CA).

2.3. Luciferase assay

293T cells were transfected with reporter and expression plasmids
by using TransIT LT1 (Mirus, Madison, WI) according to the manufac-
turer's instructions. At 24 h posttransfection, transfected cells were
collected and luciferase activities were determined by using a luciferase
assay system (Promega, Madison, WI) and AB-2200 luminometer
(Atto, Tokyo, Japan). Luciferase activities were shown after standardi-
zation with those in cells expressing CAT.

2.4. Northern blot analysis

Intracellular RNA of transfected 293T cells was extracted using a
PureLink RNA Mini Kit (ThermoFisher Scientific) according to the
manufacturer's instructions and stored at −80 °C until use. RNA
samples were diluted to 1 µg in 5 µl by UltraPure DW (Invitrogen,
Waltham, MA) and then mixed with 5 µl of 2× Loading Dye (New
England Biolabs, Ipswich, MA). After heating at 65 °C for 5 min, 10 µl
RNA samples were electrophoresed through 1.2% denaturing agarose
gel and then transferred onto a positively charged nylon membrane
(Roche, Basel, Switzerland). Northern blot analysis was performed
using a digoxigenin (DIG) Wash and Block Buffer Set and a DIG
Luminescence Detection Kit (Roche). The DIG-labeled riboprobe to
detect the firefly luciferase gene was generated by using a DIG RNA
Labeling Kit (SP6/T7) (Roche) as described previously (Kamitani et al.,
2006; Tanaka et al., 2012).

2.5. Western blot analysis

Transfected 293T cells were lysed using RIPA buffer (25 mM Tris-
HCl (pH 7.6), 150 mM NaCl, 1% NP40, 1% sodium deoxicholate, 0.1%
sodium dodecyl sulfate (SDS) and 2.5U benzonase) and then centri-
fuged at 16,000×g for 10 min at 4 °C. Supernatants were collected and
mixed with 2× sample buffer (0.1 M Tris-HCl (pH6.8), 4% SDS, 20%
glycerol, 0.004% bromophenol blue and 10% 2-mercaptoethanol). Ten
microliters of boiled samples was electrophoresed by SDS-poly acryla-
mide gel electrophoresis (PAGE). Electrophoresed gels were trans-
ferred onto a polyvinylidene difluoride (PVDF) membrane (Merck
Millipore, Billerica, MA). The transferred membranes were blocked
by 3% skim milk in phosphate-buffered saline (PBS) containing 0.05%
tween 20 (Nacalai Tesque) (PBS-T). Anti-DYKDDDDK (FLAG) mouse
antibody (Wako, Osaka, Japan) or Anti-β-Actin mouse antibody
(Sigma, St. Louis, MO) was used as a primary antibody, and goat
anti-mouse IgG-horseradish peroxidase (HRP) (Sigma) was used as a
secondary antibody. ChemiLumi One Ultra (Nacalai Tesque) was used
for visualization.

2.6. Immunoprecipitation of reporter RNA

At 24 h posttransfection, the 293T cells were lysed with lysis buffer
(1% triton X-100, 0.5% sodium deoxycholate, 0.1% SDS in PBS)
containing 40U RNase inhibitor (Takara, Shiga, Japan) and protease
inhibitor (cOmplete, EDTA-free; Roche). After centrifugation, the
supernatants of the cell lysates were collected and mixed with protein
A/G Plus-Agarose (Santa Cruz Biotechnology, Santa Cruz, CA), then
incubated for 30 min at 4 °C. After centrifugation, the supernatants
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were collected and incubated with anti-FLAG mouse antibody for 1 h at
4 °C. After incubation, the samples were mixed with protein A/G Plus-
Agarose and incubated for 1 h at 4 °C. The bead pellets were washed
four times with lysis buffer, and the precipitated RNAs were extracted
from the agarose beads by using Sepazol-RNA I Super G reagent
(Nacalai Tesque). After ethanol precipitation, the RNA pellets were
suspended in 10 µl RNA loading dye (New England Biolabs). The RNAs
were subjected to Northern blot analysis as described above.

2.7. BAC constructions

In this study, we employed a reverse genetics system for MERS-CoV
by using a bacterial artificial chromosome (BAC) system. The BAC
clone carrying a full-length infectious genome of the MERS-CoV
EMC2012 strain, pBAC-MERS-wt, was generated according to a
previous report (Almazán et al., 2013). The BAC DNA of SARS-CoV-
Rep (Almazán et al., 2006), which was kindly provided by Luis
Enjuanes, was used as a backbone BAC sequence to generate pBAC-
MERS-wt. The BAC infectious clones carrying amino acid substitutions
in nsp1 were generated by modification of the pBAC-MERS-wt as a
template using a Red/ET Recombination System Counter-Selection
BAC Modification Kit (Gene Bridges, Heidelberg, Germany), yielding
pBAC-MERS-R13A and pBAC-MERS-A9G/R13A. The sequences of the
two introduced mutations were confirmed as described above.

2.8. Recovery of recombinant MERS-CoV from the BAC plasmids

Huh7 cells were grown to approx. 60% confluence on a 6-well plate
(VIOLAMO, Osaka, Japan) and then transfected with 4 µg of the
indicated BAC DNA using X-tremeGENE 9 DNA Transfection
Reagent (Roche). After transfection, the transfected cells were cultured
at 37 °C for the indicated durations, and then the culture supernatants
and cell pellets were collected. The culture supernatants were used for
determination of the infectious viral titers. Intracellular RNAs were
extracted by using a PureLink RNA Mini Kit (Thermo Fisher Scientific)
and subjected to real-time RT-PCR as described below. Recovered
viruses were stored at −80 °C as P0 viruses.

2.9. Virus propagation

Vero cells were seeded onto a 10 cm dish (VIOLAMO) and cultured
overnight. After washing with DMEM without FBS, 1.5 ml of P0 viruses
was inoculated onto Vero cells with 3.5 ml DMEM without FBS. After
incubation at 37 °C for 1 h, the dishes were washed twice with DMEM,
and then 10 ml DMEM containing 2% FBS was added. Infected cells
were incubated at 37 °C for 3 or 4 days until a cytopathic effect (CPE)
was observed. Culture supernatants were collected and then centri-
fuged at 2500×g for 5 min at 4 °C. The supernatants were collected and
stored at −80 °C as P1 viruses.

2.10. Growth kinetics

Vero cells or Huh7 cells were seeded onto 24-well plates
(VIOLAMO) and cultured overnight. P1 viruses were diluted using
DMEM without FBS to an MOI of 0.001. After washing the cells using
DMEM, the diluted viruses were inoculated onto the cells and
incubated at 37 °C for 1 h. After incubation, the infected cells were
washed twice using DMEM and supplemented with 0.5 ml/well DMEM
containing 2% FBS. The cells were then incubated at 37 °C for the
indicated amounts of time. Supernatants and cell pellets were collected
to investigate the virus titers and levels of subgenomic N mRNA,
respectively.

2.11. Titration and Plaque assay

The 50% tissue culture infectious dose (TCID50) method was

adopted to determine the infectious titer of each virus. Briefly, Vero
cells were seeded onto 96-well plates (VIOLAMO) and cultured over-
night at 37 °C. Viruses were diluted by 10-fold serial dilution from 10
times dilution using DMEM without FBS. The diluted viruses were
inoculated into Vero cells and incubated at 37 °C for 4 days. After
incubation, the infected cells were fixed with buffered formaldehyde
(Nacalai Tesque) and stained with crystal violet. The TCID50 was
calculated by the Spearman and Karber algorithm. All work with
infectious MERS-CoV was performed at a biosafety level 3 facility at
Osaka University. We carried out the plaque assay according to the
ordinary method. Briefly, 1.5 × 105 cells/ml Vero cells were seeded
onto 6-well plate (VIOLAMO) and cultured at 37 °C overnight. Then,
Vero cells were washed using DMEM. Recombinant MERS-CoVs were
diluted to 1.25 × 102 TCID50/ml with DMEM containing 2% FBS.
400 µl/well diluted viruses were inoculated onto Vero cell monolayer.
After adsorption at 37 °C for 1 h, cells were washed twice using DMEM
and then overlaid 0.8% agarose (Seaplaque® GTG Agarose; Lonza,
Switzerland) in DMEM containing 10% FBS. Infected cells were
cultured at 37 °C for 3 days and then fixed by phosphate-buffered
formalin. The fixed cells were stained with crystal violet.

2.12. Real-time RT-PCR

Total RNA was prepared from cells by using a PureLink RNA Mini
Kit (Thermo Fisher Scientific), and first-strand cDNA was synthesized
using a ReverTra Ace qPCR RT kit (TOYOBO) according to the
manufacturer's instructions. The level of each cDNA was determined
by using Thunderbird Probe qPCR Mix (TOYOBO), and fluorescent
signals were analyzed by using a CFX Connect Real-Time PCR
Detection System (BioRad, Hercules, CA). For the quantification of
subgenomic N mRNA, we used wk1350 (5′- TCGTTCTCTTG
CAGAACTTTG -3′) and wk1351 (5′- TTGGATTACGTCCTCTA
CCTC -3′) as primers and wk1352 (5′- CCTCGTGCTGTTTCCTTTGCC
GAT -3′) labeled with FAM as a probe. For quantification of GAPDH
mRNA, wk1288 (5′- GAAGGTGAAGGTCGGAGT -3′) and wk1289 (5′-
GAAGATGGTGATGGGATTTC -3′) were used as primers and FAM-
labeled wk1290 (5′- CAAGCTTCCCGTTCTCAGCC -3′) was used as a
probe. Reactions were carried out at 95 °C for 1 min, followed by 40
cycles of 95 °C for 15 s and 58 °C for 1 min.

3. Results

3.1. 5′ UTR of MERS-CoV RNA is required for circumvention of the
translational suppression by nsp1

In previous reports, the interaction of nsp1 with the 5′ UTR of
SARS-CoV was shown to be important for circumvention of the
translational suppression by nsp1 (Tanaka et al., 2012). To determine
the role of this interaction in another human pathogenic CoV, MERS-
CoV, we constructed two reporter plasmids carrying a firefly luciferase
with or without the 5′ UTR of MERS-CoV (pcD-5′-fluc or pcD-fluc) and
two expression plasmids, pCAG-nsp1 and pCAG-CAT, carrying a FLAG
tag in the C-termini of MERS-CoV nsp1 and chloramphenicol acetyl-
transferase (CAT), respectively (Fig. 1A). 293T cells transfected with
either pcD-fluc or pcD-5′-fluc together with pCAG-CAT or pCAG-nsp1
were harvested at 24 h posttransfection, and subjected to Western blot
analysis. The expression level of MERS-CoV nsp1 was significantly
lower than that of CAT protein (Fig. 1B). Cells transfected with the
plasmids were harvested at 24 h posttransfection and subjected to
immunoprecipitation analysis using anti-FLAG antibody. Total RNAs
extracted from the immunoprecipitates were subjected to Northern
blot analysis by using a specific probe for the luciferase gene (Fig. 1C,
top panel). The luciferase RNAs were co-precipitated with nsp1, but
not with CAT, in cells co-transfected with pcD-5′-fluc but not in those
co-transfected with pcD-fluc (Fig. 1C, top panel), suggesting that
MERS-CoV nsp1 specifically interacts with viral 5′ UTR. Although
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the expression of luciferase mRNA was impaired in cells co-transfected
with pcD-fluc, it was significantly increased in those transfected with
pcD-5′-fluc (Fig. 1C, second panel), as reported in SARS-CoV (Tanaka
et al., 2012), suggesting that MERS-CoV nsp1 also induces mRNA
degradation as reported in SARS-CoV (Tanaka et al., 2012). Although
the precise mechanism of the increase of mRNA carrying the 5′ UTR in
the presence of nsp1 of either MERS-CoV or SARS-CoV is unclear, the
interaction between nsp1 and viral 5′ UTR might contribute to the
stabilization of RNA.

Next, to determine the effect of the 5′ UTR of MERS-CoV on nsp1-
mediated translational shutoff, cells transfected with the plasmids were

harvested at 24 h posttransfection and subjected to luciferase assay
(Fig. 1D). Consistent with previous reports (Lokugamage et al., 2015),
the expression of nsp1 of MERS-CoV, but not of CAT, suppressed
luciferase expression in the cells transfected with pcD-fluc (Fig. 1D).
However, the expression of nsp1 of MERS-CoV failed to suppress the
luciferase expression in cells transfected with pcD-5′-fluc (Fig. 1D),
suggesting that MERS-CoV nsp1 also participates in circumvention of
the nsp1-mediated translational shutoff through the interaction with
viral 5′ UTR, as seen in SARS-CoV. In addition, pCAG-nsp1 possesses
no nucleotide sequence of viral 5′ UTR upstream of nsp1 gene
(Fig. 1A). Therefore, it was thought that low level of nsp1 expression
was due to its own translational shutoff (Fig. 1B).

3.2. Interaction between SL1 in the 5′ UTR of MERS-CoV and nsp1
participates in circumvention of the nsp1-mediated shutoff

The 5′ UTR of MERS-CoV genomic RNA possesses four stem-loop
(SL) structures, SL1, SL2, SL4-1 and SL4-2 (Yang and Leibowitz,
2015). To determine the region(s) in the 5′ UTR responsible for the
interaction with nsp1, we constructed a series of SL deletion mutants
based on pcD-5′-fluc as shown in Fig. 2A. Cells transfected with pCAG-
nsp1 together with each of the SL deletion mutants were harvested at
24 h posttransfection and subjected to immunoprecipitation assay
using anti-FLAG antibody. Total RNAs extracted from the precipitates
were subjected to Northern blot analysis. The ΔSL2-fluc, ΔSL4-1-fluc,
and ΔSL4-2-fluc RNAs, but not ΔSL1-fluc RNA, were co-immunopre-
cipitated with nsp1 (Fig. 2B, top panel), suggesting that the SL1 in the
5′ UTR is responsible for the interaction with nsp1. In addition,
Northern blot analysis of the total RNA showed that the amounts of
ΔSL1-fluc RNA and fluc RNA were low in cells expressing nsp1,
suggesting that the specific interaction of nsp1 with SL1 in the 5′
UTR is critical for escape from the nsp1-induced RNA degradation
(Fig. 2B, second panel). To confirm this specific interaction between
nsp1 and SL1 in the 5′ UTR of MERS-CoV, we constructed a pcD-SL1-
fluc plasmid, containing only SL1 in the region upstream of the
luciferase gene (Fig. 2A). As we expected, the SL1-fluc RNA was co-
immunoprecipitated with nsp1 in cells co-transfected with pcD-SL1-
fluc and pCAG-nsp1 (Fig. 2D, top panel). In addition, no RNA
degradation of the SL1-fluc was observed in cells transfected with
pcD-SL1-fluc and pCAG-nsp1 (Fig. 2D, second panel), indicating that
the specific interaction of nsp1 with SL1 in the 5′ UTR of MERS-CoV is
critical for evading the nsp1-induced RNA degradation.

Next, to determine the effect of the SL region(s) on the nsp1-
mediated translational suppression, luciferase expression in cells
transfected with pCAG-nsp1 together with each of the SL deletion
mutant plasmids was determined at 24 h posttransfection. The expres-
sion of nsp1 suppressed the luciferase activities in cells transfected with
pcD-ΔSL1-fluc or pcD-fluc but not in those transfected with pcD-ΔSL2-
fluc, pcD-ΔSL4-1-fluc or pcD-ΔSL4-2-fluc (Fig. 2C). In addition, the
expression of nsp1 failed to suppress the luciferase activities in cells
transfected with either pcD-5′-fluc or pcD-SL1-fluc (Fig. 2E). These
results suggest that the specific interaction between SL1 in the 5′ UTR
of MERS-CoV and nsp1 is crucial for circumventing the nsp1-mediated
translational shutoff.

3.3. Interaction of the 5′ UTR of MERS-CoV with amino acid residues
11–15 in nsp1 participates in circumvention of the nsp1-mediated
shutoff

To determine the binding region in MERS-CoV nsp1 responsible for
the interaction with viral 5′ UTR, a series of N-terminal deletion nsp1
mutants based on pCAG-nsp1 were generated as shown in Fig. 3A. The
name and deleted amino acid regions were as follows: pCAG-nsp1-Δ1,
amino acid positions (aa) 1–5; pCAG-nsp1-Δ2, aa 1–10; pCAG-nsp1-
Δ3, aa 1–15; pCAG-nsp1-Δ4, aa 1–20. First, we determined the effect
of deletion on the protein expression levels. Although the expression

Fig. 1. MERS-CoV nsp1 binds to the 5′UTR of MERS-CoV to facilitate evasion
of nsp1-mediated shutoff and RNA degradation. (A) Schematic diagrams of the
reporter plasmids carrying the firefly luciferase (fLuc) gene with or without the 5′ UTR
(5′-fLuc) of MERS-CoV under the control of the CMV promoter (CMV) and of the
expression plasmids carrying the nsp1 or chloramphenicol acetyltransferase (CAT) gene
under the control of the CAG promoter (CAG). pA represents the polyadenylation signal.
(B) Lysates of 293T cells transfected with either pCAG-CAT or pCAG-nsp1 together with
the indicated reporter plasmids were subjected to Western blot analysis using anti-FLAG
and anti-actin antibodies. Short and long represent short exposure and long exposure,
respectively. (C) Lysates of 293T cells transfected with either pCAG-CAT or pCAG-nsp1
together with the indicated reporter plasmids were immunoprecipitated with anti-FLAG
antibody at 24 h posttransfection. RNAs extracted from the precipitates were subjected to
Northern blot analysis using a riboprobe for the luciferase gene (top panel). The second
panel represents the amount of intracellular reporter RNAs in the lysate. 28S rRNA was
stained with ethidium bromide (third panel). Immunoprecipitated CAT or nsp1 proteins
were detected by Western blot analysis using anti-FLAG antibody (bottom panel). (D)
Luciferase activities in 293T cells transfected as described for panel B were determined at
24 h posttransfection after standardization with those in cells expressing CAT. The values
represent the means ± SD from three independent experiments.
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levels of nsp1-Δ1 and nsp1-Δ2 were low, those of nsp1-Δ3 and nsp1-Δ4
were comparable to that of the nsp1-wildtype (wt) (Fig. 3B). Next, cells
transfected with pcD-5′-fluc together with each of the deletion mutants
were immunoprecipitated with anti-FLAG antibody at 24 h posttrans-
fection, and total RNAs extracted from the precipitates were subjected
to Northern blot analysis. Although the total amounts of the luciferase
RNAs carrying the 5′ UTR in cells transfected with the nsp1 deletion
mutants were comparable to those with in cells transfected with the
nsp1-wt (Fig. 3C, second panel), the luciferase RNAs were efficiently
co-precipitated with nsp1-wt, nsp1-Δ1 or nsp1-Δ2 but not with nsp1-
Δ3 or nsp1-Δ4 (Fig. 3C, top panel), suggesting that the low levels of co-
precipitation of the luciferase RNA carrying the 5′ UTR in cells co-
transfected with nsp1-Δ3 or nsp1-Δ4 were not due to the low levels of
intracellular expression of the RNA. In addition, the amounts of RNAs

without the 5′ UTR of MERS-CoV were low in cells co-transfected with
all nsp1 mutants or the nsp1-wt, suggesting that all of the nsp1
mutants retain the ability to degrade RNA (Fig. 3D). These data
indicate that the N-terminal region (aa 11–15) of nsp1 participates
in the interaction with the 5′ UTR of MERS-CoV.

To further confirm the effect of the N-terminal region (aa 11–15) on
the evasion from the nsp1-mediated translational suppression, cells
transfected with either pcD-fluc or pcD-5′-fluc together with the
deletion nsp1 mutants were subjected to luciferase assay at 24 h
posttransfection. The expression of the nsp1-wt and each of the
mutants of nsp1, but not of CAT, suppressed the luciferase expression
of pcD-fluc, suggesting that all of the nsp1 mutants retained the ability
to suppress the translation of mRNA lacking the 5′ UTR of MERS-CoV
(Fig. 3E). In contrast, the translational suppression of mRNA carrying
5′ UTR was abrogated by the expression of nsp1-wt, nsp1-Δ1, and
nsp1-Δ2 but not by the expression of nsp1-Δ3 and nsp1-Δ4 (Fig. 3E).
These results suggest that the specific interaction of the 5′ UTR of
MERS-CoV with nsp1 through the N-terminal regions (aa 11–15) is
required for evasion from the nsp1-mediated shutoff.

Fig. 2. Binding to SL1 in the 5′ UTR of MERS-CoV by nsp1 is important for
escape from nsp1-mediated shutoff. (A) Schematic diagrams of deletion mutants
derived from the pcD-5′-fluc plasmid. Gray boxes, white boxes and dashed lines, and
black boxes represent stem-loops (SL1, SL2, SL4-1, and SL4-2), deletions, and the firefly
luciferase gene (fLuc), respectively. The numbers indicate nucleotide positions. (B)
Lysates of 293T cells transfected with pCAG-nsp1 together with the indicated reporter
plasmids were immunoprecipitated with anti-FLAG antibody at 24 h posttransfection.
RNAs extracted from the precipitates were subjected to Northern blot analysis using a
riboprobe for the luciferase gene (IP-NB). The second panel represent the amounts of
intracellular reporter RNAs in the lysates. 28S rRNA was stained with ethidium bromide
(28S). Immunoprecipitated nsp1 was detected by Western blot analysis using anti-FLAG
antibody (bottom panel). (C) Luciferase activities in 293T cells transfected with either
pCAG-CAT or pCAG-nsp1 together with the indicated reporter plasmids were determined
at 24 h posttransfection after standardization with those in cells expressing CAT. The
values represent the means ± SD from three independent experiments. (D) Lysates of
293T cells transfected with pCAG-nsp1 together with the indicated reporter plasmids
were immunoprecipitated with anti-FLAG antibody at 24 h posttransfection. RNAs
extracted from the precipitates were subjected to Northern blot analysis using a
riboprobe for the luciferase gene (IP-NB). The second panel represent the amounts of
intracellular reporter RNAs in the lysates. 28S rRNA was stained with ethidium bromide
(28S). Immunoprecipitated nsp1 was detected by Western blot analysis using anti-FLAG
antibody (bottom panel). (E) Luciferase activities in 293T cells transfected with either
pCAG-CAT or pCAG-nsp1 together with the indicated reporter plasmids were determined
at 24 h posttransfection after standardization with those in cells expressing CAT. The
values represent the means ± SD from three independent experiments.

Fig. 3. N-terminal region of nsp1 binds to the 5′ UTR of MERS-CoV. (A)
Schematic diagrams of deletion mutants derived from the pCAG-nsp1 plasmid. The
numbers indicate amino acid positions. (B) Lysates of 293T cells transfected with the
indicated deletion nsp1 plasmid were subjected to Western blot analysis using anti-FLAG
and anti-actin antibodies. Short and Long represent short exposure and long exposure,
respectively. (C) Lysates of 293T cells transfected with pcD-5′-fluc together with the
indicated deletion nsp1 plasmids were immunoprecipitated with anti-FLAG antibody at
24 h posttransfection. RNAs extracted from the precipitates were subjected to Northern
blot analysis using a riboprobe for the luciferase gene (top panel). The second panel
represents the amount of intracellular reporter RNAs in the lysate. 28S rRNA was stained
with ethidium bromide (third panel). Immunoprecipitated CAT or nsp1 proteins were
detected by Western blot analysis using anti-FLAG antibody (bottom panel). (D) 293T
cells were transfected with pcD-fluc together with the indicated deletion nsp1 plasmids.
At 24 h posttransfection, total RNAs were extracted, and Northern blot analysis was
performed by using a riboprobe for the luciferase gene (top panel). 28S rRNA was stained
with ethidium bromide (bottom panel). (E) Luciferase activities in 293T cells transfected
with either pcD-fluc or pcD-5′-fluc together with the indicated deletion nsp1 plasmids
were determined at 24 h posttransfection after standardization with those in cells
expressing CAT. The values represent the means ± SD from three independent experi-
ments.
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3.4. Arginine at position 13 of MERS-CoV nsp1 is critical for the
recognition of viral RNA

Next, to determine the critical amino acid residue in MERS-CoV
nsp1 responsible for recognition of the 5′ UTR, we constructed four
alanine substitution mutants of MERS-CoV nsp1—i.e., pCAG-nsp1-
G11A, pCAG-nsp1-R13A, pCAG-nsp1-G14A, and pCAG-nsp1-T15A—
as shown in Fig. 4A. The expression levels of all nsp1 mutants were
lower than that of CAT control and nsp1-R13A showed slightly higher
amount than other nsp1 mutants and nsp1-wt (Fig. 4B). Cells
transfected with each of the alanine mutants together with pcD-5′-fluc
were immunoprecipitated with anti-FLAG antibody at 24 h posttrans-
fection, and total RNAs extracted from the precipitates were subjected
to Northern blot analysis. The luciferase RNAs containing the 5′ UTR
of MERS-CoV were efficiently co-precipitated with nsp1-wt, nsp1-
G11A, nsp1-G14A, and nsp1-T15A but not with nsp1-R13A (Fig. 4C,
top panel). The total amounts of the luciferase RNAs carrying the 5′

UTR in cells transfected with the alanine substitution mutants were
almost comparable to that with in cells transfected with the nsp1-wt
(Fig. 4C, second panel). However, nsp1-R13A expressing cells showed
a little lower amount of RNA than other nsp1 mutants or nsp1-wt
expressing cells (Fig. 4C, second panel). In compared with the amount
of input RNA from 293T cells co-transfected with pcD-5′-fluc and
pCAG-nsp1-R13A, that of co-precipitated RNA was apparently low
(Fig. 4C, top and second panel). It indicated that the amino acid
residue R13 participates in the binding to the 5′ UTR of MERS-CoV
(Fig. 4C, top panel). In addition, the amounts of RNA without the 5′
UTR of MERS-CoV were low in cells co-transfected with the nsp1-wt or
all nsp1 mutants including nsp1-R13A, suggesting that all of the nsp1
mutants retain the ability to degrade RNA (Fig. 4D). These results
suggest that R13 in MERS-CoV nsp1 plays a critical role in evasion
from the nsp1-mediated RNA degradation through a specific recogni-
tion of viral RNA.

To further confirm the role of R13 in MERS-CoV nsp1 on the
translational shutoff, the luciferase activities in cells transfected with
either pCAG-CAT, pCAG-nsp1-wt, pCAG-nsp1-G11A, pCAG-nsp1-
R13A, pCAG-nsp1-G14A, or pCAG-nsp1-T15A together with pcD-fluc
or pcD-5′-fluc were determined at 24 h posttransfection. Luciferase
activities in cells transfected with pcD-fluc exhibited a moderate
reduction by the expression of nsp1-R13A compared to those expres-
sing other mutants or the wt of nsp1, and those with pcD-5′-fluc
showed no reduction by the expression of the mutants or the wt of
nsp1except for nsp1-R13A (Fig. 4E). These data looked inconsistent
with the translational suppression in cells expressing nsp1-Δ3 or nsp1-
Δ4, as shown in Fig. 3E. However, we found the mutant which deleted
5 amino acids at C-terminus completely lost its translational shutoff
activity (Supplemental Fig. 1). In compared with this mutant, nsp1-
R13A mutant still retained its shutoff activity (Fig. 4E). Although the
activity of translational shutoff of nsp1-R13A mutant was a little
weaker than that of nsp1-wt (Fig. 4E), these data indicated that
R13A mutation made nsp1 critically lost its activity to bind with 5′
UTR but retained translational shutoff activity. This contradiction
might be attributable to the structure of nsp1 surrounding R13
facilitating the binding activity and/or translational suppression. In
fact, the predicted secondary structure of MERS-CoV nsp1 showed that
the amino acid region from 13 to 20 constitutes an alpha helix
structure, as shown in Fig. 7A, suggesting that the specific interaction
of MERS-CoV nsp1 with the 5′ UTR through R13 is critical for
circumvention of the nsp1-mediated shutoff.

3.5. A mutant MERS-CoV carrying R13A substitution in nsp1 exhibits
a growth defect

To determine the biological significance of the viral RNA recogni-
tion by MERS-CoV nsp1 in viral propagation, we employed a reverse
genetics system for MERS-CoV by using a BAC system as described
previously (Almazán et al., 2013). We introduced an R13A mutation
into the nsp1 gene of the parental infectious cDNA (pBAC-MERS) to
generate pBAC-MERS-R13A (Fig. 5A). Culture supernatants of Huh7
cells transfected with either pBAC-MERS or pBAC-MERS-R13A were
harvested at 2 and 3 days posttransfection, and infectious titers in the
supernatants were determined by a TCID50 assay with Vero cells. The
virus infectivity in cells transfected with pBAC-MERS reached 1.0E+03
TCID50/ml at 3 days posttransfection, while no virus production was
observed in cells transfected with pBAC-MERS-R13A (Fig. 5B). Next,
to determine the effect of R13A on viral RNA replication, cell lysates of
Huh7 cells transfected with either pBAC-MERS or pBAC-MERS-R13A
were harvested at 2 and 3 days posttransfection, and total RNAs were
extracted. The level of MERS-CoV subgenomic N mRNA was deter-
mined by real-time RT-PCR. As we expected, the amounts of the
subgenomic N mRNA were increased in cells transfected with pBAC-
MERS, while no subgenomic N mRNA was observed in cells transfected
with pBAC-MERS-R13A (Fig. 5C). These results suggest two possibi-

Fig. 4. Arginine at position 13 plays a critical role in the binding with 5′ UTR.
(A) The sequence from amino acids 10–16 of the wt and each alanine substitution
mutant of MERS-CoV nsp1. (B) Lysates of 293T cells transfected with the indicated nsp1
plasmid were subjected to Western blot analysis using anti-FLAG (top panel) and anti-
actin (bottom panel) antibodies. (C) Lysates of 293T cells transfected with pcD-5′-fluc
together with the indicated nsp1 plasmids were immunoprecipitated with anti-FLAG
antibody at 24 h posttransfection. RNAs extracted from the precipitates were subjected to
Northern blot analysis using a riboprobe for the luciferase gene (top panel). The second
panel represents the amount of intracellular reporter RNAs in the lysate. 28S rRNA was
stained with ethidium bromide (third panel). Immunoprecipitated CAT or nsp1 proteins
were detected by Western blot analysis using anti-FLAG antibody (bottom panel). (D)
293T cells were transfected with pcD-fluc together with the indicated nsp1 plasmids. At
24 h posttransfection, total RNAs were extracted, and Northern blot analysis was
performed by using a riboprobe for the luciferase gene (top panel). 28S rRNA was
stained with ethidium bromide (bottom panel). (E) Luciferase activities in 293T cells
transfected with either pcD-fluc or pcD-5′-fluc together with the indicated nsp1 plasmids
were determined at 24 h posttransfection after standardization with those in cells
expressing CAT. The values represent the means ± SD from three independent experi-
ments.
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lities: one is that the nsp1 protein carrying the R13A mutation is
unable to bind to the 5′ UTR, and the other is that the R13A mutation
disrupts cis-replication elements in the 5′ region of viral RNA. In fact,
in other CoVs, the 5′ portion of the nsp1-coding region acts as a cis-
acting element, and the RNA structure of this region is critical for viral
replication, as described previously (Brown et al., 2007; Chen and
Olsthoorn, 2010; Guan et al., 2011). Therefore, as shown in Fig. 5D, we
used Mfold software to predict the MERS-CoV RNA structure from 1 to
460 nt containing the nsp1-coding region (Zuker, 2003). The predicted
structure revealed that the R13A mutation in nsp1 affected the

Fig. 5. R13A mutation caused the loss of viral replication capacity. (A)
Schematic diagrams of the genome structure of MERS-CoV (top). Black boxes represent
5′ and 3′ UTR. Light gray boxes represent ORF 1a and 1b. Gray and white boxes
represent ORFs encoding structural and accessary proteins, respectively. The middle and
bottom diagrams represent the schematic diagrams of BAC DNA of MERS-CoV. pA
represents the polyA tail. Rz represents the HDV ribozyme. BGH represents the BGH
termination and polyadenylation sequence. An asterisk represents the position of the
mutated amino acid. (B, C) Huh7 cells were transfected with either pBAC-MERS or
pBAC-MERS-R13A, and the virus titers of culture supernatants (B) and levels of
subgenomic N mRNA in transfected cells (C) were determined at 2 and 3 days
posttransfection. The dashed line represents the limit of detection (LOD). (D, E)
Secondary RNA structures from 1 to 460 nt at the 5′ UTR of MERS-CoV were predicted
using Mfold software (Zuker, 2003). The nucleotide position of each 40 nt is indicated by
an arrow with the position number. TRS represents the transcription regulatory
sequence. (E) The partial RNA structure of the wt MERS-CoV represents the black box
in panel D. A bold line represents the codon of arginine at position 13. (F) Partial RNA
structure of the R13A mutant of MERS-CoV. The bold line represents the codon of
alanine at position 13.

Fig. 6. Rigorous viral RNA recognition by nsp1 in viral replication. (A) The
predicted SL5C in MERS-CoV structures of the wt (left) and A9G/R13A mutant (right).
Introduced nucleotide mutations are shown in a gray box with white letters. (B) Partial
RNA structures of the wt (left) and A9G/R13A mutant (right) of MERS-CoV from the
region in the black square in Fig. 5D. Free energies (dG) are shown below. (C) Lysates of
293T cells transfected with either pCAG-CAT, pCAG-nsp1 or pCAG-nsp1-A9G/R13A
together pcD-5′-fLuc were immunoprecipitated with anti-FLAG antibody at 24 h
posttransfection. RNAs extracted from the precipitates were subjected to Northern blot
analysis using a riboprobe for the luciferase gene. (D) Luciferase activities in 293T cells
transfected with either pcD-fluc or pcD-5′-fluc together with the indicated expression
plasmids were determined at 24 h posttransfection after standardization with those in
cells expressing CAT. The values represent the means ± SD from three independent
experiments. (E, F) Vero cells were infected with each recombinant MERS-CoV at an
MOI of 0.001, and the virus titers of culture supernatants (E) and levels of subgenomic N
mRNA in infected cells (F) were determined at 12, 24 and 48 h postinfection. Because the
values of mock samples were under LOD, the data of mock were not shown. (G, H) Huh7
cells were infected with each recombinant MERS-CoV at an MOI of 0.001, and the virus
titers of culture supernatants (G) and levels of subgenomic N mRNA in infected cells (H)
were determined at 6, 12 and 24 h postinfection. Because the values of mock samples
were under LOD, the data of mock were not shown. (I) Plaque morphology of the wt and
nsp1-A9G/R13A mutant MERS-CoVs following agarose overlay plaque assay using Vero
cell. Infected cells were fixed with phosphate-buffered formaldehyde at 3 days postinfec-
tion and stained using crystal violet.
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secondary structure at SL5B, C and D of MERS-CoV (Fig. 5E and F).
These results suggest that the nsp1 mutation (R13A) impairs the viral
replication through the disruption of SL structures in the 5′ region of
MERS-CoV RNA.

3.6. A secondary structure in the 5′ region of MERS-CoV is crucial for
efficient viral propagation through the interaction with nsp1

To examine the possibility that the absence of R13A mutant-virus
production is due to disruption of the SL structure in the 5′ region of
viral RNA, we generated an additional mutant possessing substitutions
of A9 and R13 to G and A, respectively (Fig. 6A), in order to retain the
secondary structure of SLs of MERS-CoV. The deduced secondary
structures showed that SL5B, 5C, and 5D were retained in the 5′ region
of the viral RNA possessing the substitutions of A9G and R13A, as
shown in Fig. 6B. First, we investigated the biological properties of
nsp1-A9G/R13A mutant by immunoprecipitation (Fig. 6C) and luci-
ferase assay (Fig. 6D). The results showed that nsp1-A9G/R13A
mutant possessed low activity of binding with 5′ UTR and induced
translational shutoff against both reporter plasmids with or without 5′
UTR (Fig. 6C and D). These results indicated that nsp1-A9G/R13A
mutant possessed similar properties with nsp1-R13A mutant (Fig. 4C
and E). To determine the effect of A9G and R13A mutations in nsp1 on
the viral propagation, supernatants of Huh7 cells transfected with
either pBAC-MERS or pBAC-MERS-A9G/R13A were harvested at 72 h
posttransfection and passaged once on Vero cells. Preservation of the
mutations in the recovered viruses was confirmed by direct sequencing
(data not shown). The recovered wt and A9G/R13A mutant MERS-CoV
were inoculated into Vero cells at a multiplicity of infection (MOI) of
0.001, and infectious titers in the culture supernatants and intracellular
viral RNA were determined. Although the propagation efficiency was
lower compared to that of the wt MERS-CoV, the mutant virus carrying
two substitutions of A9G/R13A recovered the production of infectious
particles in the supernatants and replication in cells (Fig. 6E and F).
We also observed similar results using Huh7 cells (Fig. 6G and H). In
addition, the A9G/R13A mutant MERS-CoV showed smaller plaque
size than wt virus (Fig. 6I). These results suggest that 1) the secondary
structure in the 5′ region of MERS-CoV is crucial for an efficient viral
propagation and 2) viral RNA recognition by nsp1 is also important for
efficient viral propagation.

4. Discussion

Many viruses suppress host protein synthesis and modify host cell
environments to promote virus-specific translation (Lloyd, 2006;
Schneider and Mohr, 2003). The CoV nsp1 is a multifunctional protein
involved in viral replication, pathogenesis, evasion from antiviral
signaling, and suppression of host protein synthesis (Brockway and
Denison, 2005; Kamitani et al., 2009, 2006; Lokugamage et al., 2012;
Narayanan et al., 2008; Wang et al., 2010; Wathelet et al., 2007; Züst
et al., 2007). In alphacoronaviruses, the nsp1s of HCoV-229E, HCoV-
NL63 and TGEV induce suppression of protein synthesis in mamma-
lian cells (Huang et al., 2011a; Wang et al., 2010; Züst et al., 2007). In
betacoronaviruses, the nsp1s of MHV, SARS-CoV and several bat CoVs
also have the ability to induce translational suppression (Kamitani
et al., 2006; Tohya et al., 2009; Züst et al., 2007). The nsp1 of SARS-
CoV is the most studied among CoVs. The nsp1 of SARS-CoV
predominantly localizes in the cytoplasm of cells upon infection or
expression (Kamitani et al., 2006), while the nsp1 of MERS-CoV
diffuses into both the nucleus and cytoplasm (Lokugamage et al.,
2015). Although the nsp1s of SARS-CoV and MERS-CoV have been
suggested to suppress host protein synthesis through inhibition of the
translational machinery and digestion of mRNA by endonuclease
activity (Huang et al., 2011b; Lokugamage et al., 2015), the molecular
mechanisms of translational shutoff and RNA degradation induced by
MERS-CoV nsp1 are largely unknown. Bovine coronavirus nsp1 has

been shown to bind viral RNA and to regulate viral replication (Gustin
et al., 2009). A previous study revealed that SARS-CoV nsp1 specifically
binds to the 5′ UTR of viral RNA to evade nsp1-mediated shutoff
(Tanaka et al., 2012). In this study, we identified crucial amino acid
residues in MERS-CoV nsp1 responsible for the interaction with the 5′
UTR of MERS-CoV RNA and demonstrated that the interaction of nsp1
with viral RNA facilitates an efficient replication. We also showed that
the RNA sequence of the 5′-terminus of the nsp1-coding region plays a
critical role in viral replication by acting as a cis-acting element.

Fig. 7. Alignment of the amino acid sequences of MERS-CoV and SARS-CoV
nsp1 and their predicted secondary structures. (A) Nsp1 sequences of the MERS-
CoV strain EMC2012 (accession no.: YP_009047229) and SARS-CoV strain Urbani
(accession no.: AAP13442) were aligned using MEGA6 software (Tamura et al., 2013).
Completely conserved residues are shown with an asterisk. The numbers beside the
aligned sequences indicate the positions of amino acid residues. Residues indicated by a
red arrow represent the functional amino acids of viral RNA recognition. Residues shown
in a blue box with white characters represent the functional amino acids of RNA cleavage.
Residues shown by red circles represent the conserved region in betacoronavirus nsp1.
Residues shown by a green box with white characters represent the functional amino
acids of translational shutoff. The secondary structures of MERS-CoV and SARS-CoV
nsp1 are predicted using PSIPRED v3.3 (Buchan et al., 2013). Arrows with dashed lines
represent the predicted alpha-helix structures. Black arrows represent the predicted beta-
strand structures. (B) Functional amino acid residues of MERS-CoV and SARS-CoV
nsp1. (a): Tanaka et al., 2012 (Tanaka et al., 2012). (b): Lokugamage et al., 2015
(Lokugamage et al., 2015). (c): Lokugamage et al., 2012 (Lokugamage et al., 2012). (d):
Narayanan et al., 2008 (Narayanan et al., 2008). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article).
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MERS-CoV and SARS-CoV belong to lineages C and B in the genus
Betacoronavirus, respectively (Ksiazek et al., 2003; Snijder et al.,
2003; van Boheemen et al., 2012). Although the nsp1s of SARS-CoV
and MERS-CoV consist of 180 and 193 amino acids, respectively, and
share only 26.1% amino acid sequence identity, Almeida et al. showed
that a consensus amino acid sequence, LRKxGxKG, is observed in the
nsp1s of SARS-CoV and MHV (Almeida et al., 2007), and a similar
sequence of LRKxGxGG was also conserved in MERS-CoV nsp1, as
shown in Fig. 7A. In addition, both SARS-CoV and MERS-CoV possess
RNA cleavage activity in nsp1 and the amino acid sequences of RK
responsible for RNA cleavage are conserved in R124/K125 and R146/
K147, respectively, within the conserved sequence, as shown in blue in
Fig. 7A (Lokugamage et al., 2012, 2015). Our previous report showed
the positively charged R124 in the consensus sequence for RNA
cleavage in SARS-CoV nsp1 is also crucial for binding to the viral 5′
UTR (Tanaka et al., 2012). However, R146A substitution in MERS-CoV
nsp1 exhibited no effect on the interaction with the 5′ UTR of viral
RNA (data not shown). Interestingly, the mutation of R13A in MERS-
CoV nsp1, which is distant from the conserved sequence, abrogated the
interaction with the 5′ UTR of viral RNA (Fig. 4C), suggesting that the
binding domain in nsp1 with the 5′ UTR of viral RNA is different
between MERS-CoV and SARS-CoV. In fact, SARS-CoV nsp1 has a
deletion in the region corresponding to R13 in MERS-CoV nsp1, as
shown in Fig. 7A. Although the partial structure information of SARS-
CoV nsp1 (aa 13–128) revealed a novel complex beta-barrel fold by
using NMR (Almeida et al., 2007), no structural information on either
the N or C terminal regions was available due to their flexibilities
(Almeida et al., 2007). The secondary structure of MERS-CoV nsp1
predicted by PSIPRED v3.3 (Buchan et al., 2013) suggested that R13 is
located in an alpha-helix structure, as shown in Fig. 7A. Collectively,
these data suggest that SARS-CoV and MERS-CoV are evolved to utilize
R124 and R13 in nsp1, respectively, for interaction with the 5′ UTR of
viral RNA to circumvent the nsp1-mediated shutoff. Further structural
analysis studies will be needed to elucidate the molecular mechanisms
underlying the interaction of MERS-CoV nsp1 with the 5′ UTR of viral
RNA.

The 5′ UTR of CoV RNA forms higher-order structures and
contains cis-acting sequences (Yang and Leibowitz, 2015). Many cis-
acting sequences have been identified, and their functional roles in
viral RNA transcription and replication were investigated by using
defective interfering RNAs (Kim and Makino, 1995; Raman et al.,
2003; Raman and Brian, 2005). The 5′ UTR of MERS-CoV possesses 4
stem-loops, SL1, SL2, SL4-1, and SL4-2, which are conserved among
beta coronaviruses (Yang and Leibowitz, 2015). As previously shown
for SARS-CoV SL1 (Tanaka et al., 2012), we found here that MERS-
CoV SL1, which is located in both genomic and subgenomic viral RNAs,
plays a critical role in viral replication through the interaction with
nsp1. Although the structural significance of SL1 in both SARS-CoV
and MERS-CoV remains to be investigated, SL1 is critical for the
recognition of viral RNA by the nsp1s of both CoVs, suggesting that the
interaction between SL1 and nsp1 is an ideal therapeutic target for
infection with CoV.

The R13A mutant of MERS-CoV was replication defective and the
secondary structure model predicted that R13A substitution (CGC to
GCC) in viral RNA induced structural changes in SL5B, 5 C and 5D
(Fig. 5E and F), suggesting that the secondary RNA structure of SL5B,
5C and 5D acts as a cis-acting RNA element. In fact, a mutant MHV
possessing a deletion in the N-terminal region of nsp1 was replication
defective in DBT-9 cells (Brockway and Denison, 2005). In addition,
SL5 of CoV was shown to be crucial as a cis-acting element and
packaging signal (Brown et al., 2007; Chen and Olsthoorn, 2010; Guan
et al., 2011). Although the R13A mutant was defective in RNA
replication, the A9G/R13A mutant, which retained the SL5 structure,
successfully replicated in Huh7 and Vero cells (Fig. 6), suggesting that
RNA structures in SL5B, C and/or D of MERS-CoV act as cis-acting
elements and are critical for viral replication.

SARS-CoV nsp1 is localized in the cytoplasm, while MERS-CoV
nsp1 is localized in both the nucleus and cytoplasm (Lokugamage et al.,
2015), just as in TGEV nsp1 and other alphacoronaviruses (Narayanan
et al., 2015). Although the functional relevance of the nuclear localiza-
tion of nsp1 remains unclear, nsp1 in the nucleus has been suggested to
participate in host gene transcription or mRNA export. In MHV, nsp1
localizes to the site of RNA replication through an interaction with
nsp7 and nsp10 upon infection, while nsp1 translocates to the
assembly site of infectious particles at a late stage of infection
(Brockway et al., 2004). These data suggest that the nsp1 of CoVs
participates not only in RNA replication but also in particle assembly
processes. Further studies are needed to clarify the roles of nsp1 in the
life cycle of CoVs.

In conclusion, the data in this study suggest that MERS-CoV nsp1,
as well as SARS-CoV nsp1, has acquired a functional role to selectively
recognize its own mRNA, and this role is critical for circumvention of
the nsp1-mediated translational shutoff. This common strategy for
viral RNA recognition by nsp1 should provide new insight into the roles
of nsp1 in the CoV life cycle as well as a target for the development of
novel antivirals broadly effective against coronavirus infection.
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