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Regulation viral RNA transcription 
and replication by higher‑order 
RNA structures within the nsp1 
coding region of MERS coronavirus
Yutaka Terada 1,2, Sodbayasgalan Amarbayasgalan 3, Yoshiharu Matsuura 4,5,6 & 
Wataru Kamitani 1,3*

Coronavirus (CoV) possesses numerous functional cis-acting elements in its positive-strand genomic 
RNA. Although most of these RNA structures participate in viral replication, the functions of RNA 
structures in the genomic RNA of CoV in viral replication remain unclear. In this study, we investigated 
the functions of the higher-order RNA stem-loop (SL) structures SL5B, SL5C, and SL5D in the ORF1a 
coding region of Middle East respiratory syndrome coronavirus (MERS-CoV) in viral replication. Our 
approach, using reverse genetics of a bacterial artificial chromosome system, revealed that SL5B and 
SL5C play essential roles in the discontinuous transcription of MERS-CoV. In silico analyses predicted 
that SL5C interacts with a bulged stem-loop (BSL) in the 3′ untranslated region, suggesting that 
the RNA structure of SL5C is important for viral RNA transcription. Conversely, SL5D did not affect 
transcription, but mediated the synthesis of positive-strand genomic RNA. Additionally, the RNA 
secondary structure of SL5 in the revertant virus of the SL5D mutant was similar to that of the wild-
type, indicating that the RNA structure of SL5D can finely tune RNA replication in MERS-CoV. Our 
data indicate novel regulatory mechanisms of viral RNA transcription and replication by higher-order 
RNA structures in the MERS-CoV genomic RNA.

Coronaviruses (CoVs) (order Nidovirales, family Coronaviridae, subfamily Coronavirinae) are enveloped and 
contain large single-stranded, positive-sense RNA. Most CoVs cause enteric and/or respiratory diseases in both 
mammals and birds1. In humans, most CoVs cause mild illnesses, including the common cold2–5. Three lethal 
human CoVs have emerged as zoonotic pathogens within this century. One is the severe acute respiratory 
syndrome CoV (SARS-CoV), which emerged in 2002 in China6,7, and second is the Middle East respiratory 
syndrome CoV (MERS-CoV), which emerged in Saudi Arabia in 20128. MERS-CoV remains endemic, with 
more than 2000 cases and 858 deaths reported. Third, most recently, coronavirus disease 2019 (COVID-19), 
caused by SARS-CoV-2, became a global pandemic9–11.

Numerous RNA viruses utilize functional RNAs in their genomes as cis-acting elements for efficient viral 
replication12–15. One of the most well-known functional RNA structures is the internal ribosome entry site 
(IRES)16,17, which induces efficient translation of viral proteins by directly recruiting the host translational system. 
As CoVs have the largest RNA genome among all RNA viruses, they possess several types of RNA structures18,19. 
The stem-loop (SL) structure within the non-structural protein 15 (nsp15)-coding region of the mouse hepati-
tis virus (MHV) acts as a packaging signal20. Similar to other viruses, higher-order RNA structures within the 
5′ or 3′ untranslated region (UTR) of the CoV genome have been proposed to be cis-acting elements21–26. We 
discovered that nsp1 from SARS-CoV and MERS-CoV are RNA-binding proteins that bind and utilize the SL1 
region within the 5′ UTR of viral RNA as a gene marker for viral RNA. This recognition plays an important role 
in evading translational shutoff and RNA degradation induced by nsp127,28. RNA structures in CoV genomic 
RNA have been proposed to act as cis-acting elements for replication based on experiments using defective 
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interfering (DI)-RNA22,24,25,29. However, the detailed mechanisms through which cis-acting RNA in the CoV 
genome regulate viral replication remain unclear.

Recently, we used a reverse genetics approach in a bacterial artificial chromosome (BAC) system and discov-
ered that RNA structures of the SL5 region in MERS-CoV RNA participate in viral replication28. The SL5 RNA 
region, which consists of SL5B, SL5C, and SL5D, encodes the 5′ UTR and the nsp1 coding region. However, the 
infectious virus could not be recovered from the cDNA clone because of an amino acid substitution at position 
13 of nsp1 in the SL5 region, which disrupted the RNA structure and impaired viral replication. In contrast, 
the cDNA clone that retained the RNA structure of SL5 produced an infectious virus. Our previous results sug-
gest that higher-order RNA structures in SL5 of the MERS-CoV genome play critical roles in viral replication. 
Although the importance of RNA structures for viral replication has been discussed, the functions of specific 
RNA structures during the CoV life cycle remain unclear.

In this study, we examined the biological effects of RNA structures in SL5 of the MERS-CoV genome on 
viral RNA transcription and replication using a reverse genetics approach in a BAC system. Our mutant viruses 
showed that the RNA structures of both SL5B and SL5C were important for the production of subgenomic 
mRNAs. In contrast, the RNA structure of SL5D proved to be critical for the replication of positive-stranded 
genomic RNA. Our results suggest that the higher-order RNA structures of SL5 in the MERS-CoV RNA genome 
play critical roles in regulating RNA transcription and replication during the viral life cycle.

Results
Effects of higher‑order RNA structures, SL5B, SL5C, and SL5D in viral propagation
In a previous report, the RNA sequence consisting of SL5B, SL5C, and SL5D within the nsp1-coding region was 
shown to likely function as a cis-acting element in viral propagation28. To examine the roles of SL5B, SL5C, and 
SL5D in viral propagation, we constructed cDNA clones carrying mutations in these regions (Fig. 1A,B). The 
SL5B-Loop and SL5C-Loop mutants (pBAC-MERS-SL5B-Loop and pBAC-MERS-SL5C-Loop, respectively) were 
designed to retain their RNA structures within the loop regions. SL5B-R, SL5C-R, and SL5D-R, which contain 
mutations on the right side of each stem region, were designed to disrupt the RNA structures (pBAC-MERS-
SL5B-R, pBAC-MERS-SL5C-R, and pBAC-MERS-SL5D-R, respectively). To retain the secondary RNA structures 
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in each SL, mutations were introduced to the left side of each stem region, yielding SL5B-RL, SL5C-RL, and 
SL5D-RL (pBAC-MERS-SL5B-RL, pBAC-MERS-SL5C-RL, and pBAC-MERS-SL5D-RL, respectively). Nucleotide 
substitutions in SL5C-RL and SL5D-RL caused non-synonymous mutations in the nsp1 protein. The secondary 
RNA structures of the mutants used in this study using Mfold analysis30 are shown in Fig. 1C. As expected, SL5B-
Loop, SL5B-RL, SL5C-Loop, SL5C-RL, and SL5D-RL retained the same RNA structure as their wild-type (WT) 
counterparts. In contrast, SL5B-R, SL5C-R, and SL5D-R were predicted to disrupt the RNA structures of SL5.

To investigate the functional significance of SL5 structures in viral propagation, we transfected full-length 
cDNA clones of either WT or mutant viruses into Huh7 cells, and viral titers in the culture supernatants were 
determined using a 50% tissue culture infectious dose (TCID50) assay with Vero cells (Fig. 2A). Viral infectivity 
in cells transfected with pBAC-MERS-WT reached 3.16E+05 TCID50/mL 72 h post-transfection. Although the 
viral infectivity levels in cells transfected with pBAC-MERS-SL5B-Loop and pBAC-MERS-SL5B-RL were low 
at 48 h post-transfection, both values increased to approximately 1.0E+04 TCID50/mL at 72 h post-transfection 
(Fig. 2A). In particular, there was a statistically significant (two-way ANOVA) difference in the infectious virus 
titer in the 5B-R, 5C-R, and 5D-R samples at 72 h compared to the WT. The predicted RNA secondary struc-
tures of SL5B-Loop and SL5B-RL indicated that both mutants retained the RNA secondary structure from nts 
1–460, which contains the nsp1-coding region (Fig. 1C). In contrast, the SL5B-R mutation disrupted the RNA 
secondary structure (Fig. 1C). In combination with our finding that no viral progeny was recovered from the 
pBAC-MERS-SL5B-R transfected cells (Fig. 2A), data suggest that the RNA structure of SL5B is important for 
efficient viral replication.
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Fig. 2.   Effects of SL5B, SL5C, and SL5D RNA structures on viral propagation. (A) Viral growth of SL5 mutants. 
Huh7 cells were transfected with the MERS-CoV cDNA clones and cultured. Experiments were carried out in 
triplicate and representative results were shown. Culture supernatants were collected to harvest the virus, and 
viral titers were determined by TCID50 assay using Vero cells. Mock indicates the transfected Huh7 cells with 
backbone BAC plasmid without any viral sequence. **** P < 0.0001. (B) Real-time RT-PCR results evaluating 
viral RNA transcription. Huh7 cells transfected with each cDNA clone were cultured for the indicated times. 
Total RNA was extracted from each infected cell, and real-time RT-PCR targeting sg N mRNA was performed. 
The sg N mRNA levels were normalized to the GAPDH mRNA levels. **** P < 0.0001. # represents the limit 
of detection.  (C) Immunoblot analysis for the detection of MERS-CoV N protein. Cell lysates of Huh7 cells 
transfected with each cDNA clone were subjected to western blot analysis using anti-MERS-CoV N antibody 
(a-N) and anti-actin antibody (a-Actin). (D) Luciferase activities of replicons carrying each of the SL5 mutants. 
293T cells were transfected with each cDNA replicon and cultured for 48 h. Nluc activities in cultured cells 
were measured using confocal microscopy. Firefly luciferase activities from pGL3-control plasmid were also 
measured as an internal control. Polymerase dead mutant (SAA) was used as a negative control.* P <0.05.
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As shown in Fig. 2A, SL5C mutants presented features similar to those of SL5B. Both SL5C-Loop and SL5C-
RL produced viral progeny in the culture supernatants, whereas SL5C-R, which had a disrupted secondary 
structure, produced no viral progeny (Figs. 1C and 2A). As expected, SL5D-RL, which retained its RNA sec-
ondary structure, produced viral progeny (Fig. 2A). Unlike SL5B-R and SL5C-R, SL5D-R released viral progeny 
into the culture supernatant; however, the viral titer was lower than that of the WT construct (Fig. 2A). These 
results suggest that the RNA structures of SL5B, SL5C, and SL5D are important for efficient viral propagation, 
and that the SL5D structure regulates viral propagation through an unknown mechanism that is different from 
that of SL5B and SL5C.

Effect of SL5 RNA secondary structure on viral RNA transcription and viral protein expression
To examine the functional significance of SL5 RNA secondary structures in viral RNA transcription, we extracted 
total RNA from Huh7 cells transfected with cDNA clones and performed real-time RT-PCR to measure the 
expression levels of subgenomic (sg) mRNA for nucleocapsid (N) protein (sg N mRNA) (Fig. 2B). As expected, 
the four mutants that retained their RNA secondary structures, SL5B-Loop, SL5B-RL, SL5C-Loop, and SL5C-
RL–efficiently produced sg N mRNA (Fig. 2B). In contrast, the mutants with disrupted RNA secondary struc-
tures, SL5B-R and SL5C-R, did not produce sg N mRNA (Fig. 2B). A statistically significant difference (two-way 
ANOVA) was observed between the amount of 5B-R and 5D-R viral RNA at 72 h compared to the WT. Notably, 
the amount of 5C-R viral RNA was below the detection limit. Although the infectious viral titers in pBAC-
MERS-SL5D-R-transfected cells were substantially lower than those in pBAC-MERS-SL5D-RL-transfected cells 
(Fig. 2A), the expression levels of sg N mRNA in pBAC-MERS-SL5D-R-transfected cells were similar to those 
in the SL5D-RL mutant (Fig. 2B). These results indicate that the disruption of SL5B and SL5C, but not SL5D, 
reduces sg N mRNA transcription.

Next, we measured the expression levels of the viral N protein in Huh7 cells transfected with cDNA clones 
using immunoblotting (Fig. 2C). The amount of N protein increased in pBAC-MERS-WT-transfected cells in 
a time-dependent manner. N protein expression was detected in cells transfected with SL5B-Loop, SL5B-RL, 
SL5C-Loop, and SL5C-RL at 72 h post-transfection. However, the levels of the N protein were lower than those 
in cells expressing the WT virus (Fig. 2C, left panels). In contrast, no expression of the N protein was observed 
in cells expressing the RNA-disrupting mutants SL5B-R and SL5C-R (Fig. 2C, left panels), which was due to a 
significant reduction in sg N mRNA production (Fig. 2B). Unlike SL5B-R and SL5C-R mutants, the SL5D-R 
mutant produced the N protein (Fig. 2C, right panel); however, the amount of N protein produced was lower 
than that in cells expressing SL5D-RL (Fig. 2C, right panels). These results suggest that the RNA structures in 
SL5 regulate the transcription of sg N mRNA.

To confirm the functional significance of the SL5 RNA structure in viral RNA transcription, we used a 
MERS-CoV RNA replicon system in which MERS-CoV RNA efficiently replicates but does not produce any 
infectious particles. The MERS-CoV replicon system was engineered to contain the nano luciferase (Nluc) gene 
and the TRS-M 100 nt upstream of the Nluc gene to increase Nluc expression (designated pBAC-MERS-Rep). 
As a negative control, we used a replicon cDNA clone containing dead RNA-dependent RNA polymerase (RdRP; 
nsp12). To generate a series of MERS-CoV replicon cDNA clones with SL5 mutants, pBAC-MERS-Rep was used 
as the template. Consistent with the expression levels of sg N mRNA (Fig. 2B), luciferase activity in 293T cell 
lysates at 48 h post-transfection with replicon cDNA, excluding SL5B-R and SL5C-R, was significantly increased 
(Fig. 2D). There was also a significant difference in the amount of replication of the replicon DNA of 5B-R and 
5C-R as compared to that of the WT. These results suggest that the RNA structures of SL5B and SL5C, but not 
that of SL5D, play critical roles in viral RNA transcription. In contrast, the RNA structure of SL5D may function 
only after viral RNA transcription.

Effects of SL5B and SL5C RNA structures on viral RNA transcription
Using a reverse genetics system for MERS-CoV, we discovered that mutations in SL5B-R and SL5C-R arrested 
the viral RNA transcription (Fig. 2B). This may be due to the low stability of the genomic RNA conferred by 
the introduction of nucleotide substitutions. To test this possibility, we evaluated the levels of genomic RNA at 
earlier time points after the transfection of WT, SL5B-R, SL5B-RL, SL5C-R, and SL5C-RL cDNA into Huh7 cells. 
Based on real-time RT-PCR analyses, the expression levels of genomic RNA at 0, 4, 8, and 12 h post-transfection 
were similar in all conditions (Fig. 3A); thus, suggesting that nucleotide substitutions in SL5B and SL5C did not 
affect viral genomic RNA stability.

In the CoV lifecycle, after uncapsidation, genomic RNA functions as an mRNA to produce nsps that are 
critical for subsequent viral RNA transcription and replication31. Next, we tested the effects of nucleotide sub-
stitutions in SL5B or SL5C on genomic RNA translation using a firefly luciferase reporter plasmid carrying nts 
265–348 of MERS-CoV, including SL5B, SL5C, and SL5D, upstream of the firefly luciferase gene (Fig. 3B). A 
reporter plasmid without the viral sequence was used as a control (fluc). Luciferase activity in 293T cells at 24 h 
post-transfection indicated that the levels in all SL5 mutants were comparable to those associated with the WT 
sequence (SL5) (Fig. 3C). These results indicated that nucleotide substitutions in SL5B and SL5C did not affect 
genomic RNA translation.

As shown in Fig. 3A,C, the impairment of viral RNA replication by SL5B-R and SL5C-R cDNA was not due 
to decreased RNA stability or loss of genomic RNA translation. Next, we investigated whether the secondary 
RNA structures of SL5B and SL5C affected viral nsp(s) expression using a luciferase-based biosensor system to 
detect nsp5 protease activity, as shown in Fig. 3D32. The specific amino acid sequence (VRLQS) recognized and 
cleaved by MERS-CoV nsp5 was inserted into a firefly luciferase reporter plasmid to produce pGlo-30F-VRLQS32. 
Luciferase activities of Huh7 cells co-transfected with pGlo-30F-VRLQS and MERS-CoV cDNA clones are 
shown in Fig. 3E. Similar to the WT, all SL5B and SL5C mutants showed increased luciferase activity, suggesting 
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that nucleotide substitutions in SL5B and SL5C did not impair genomic RNA translation. Thus, the structures 
of SL5B and SL5C are key factors in viral RNA transcription after the first round of translation and they play a 
role in nsps production.

Identification of the RNA‑RNA interaction region between SL5 and 3′ UTR​
In several positive-stranded RNA viruses, RNA-RNA interactions in genomic RNA are important for regulating 
viral RNA transcription or translation33. As shown in (Figs. 1, 2, 3), the RNA structures of SL5B and SL5C regulate 
viral RNA transcription. To identify the RNA-RNA interaction sites of SL5 in the genomic RNA of MERS-CoV, 
we used the LRIscan software33; 30,258 RNA-RNA interactions were predicted to occur within the MERS-CoV 
genome (Fig. 4A). Although the p-value above a commonly used threshold (0.277) (Fig. 4B), the stem region 
of SL5C (nts 301–305) was predicted to interact with the bulged stem-loop (BSL, nts 29,829–29,833) of the 3′ 
UTR (Fig. 4B). These results suggest that SL5C may play an important role in regulating viral RNA transcription 
through the circularization of genomic RNA via its interaction with the BSL in the 3′ UTR.

SL5D regulates positive‑strand genomic RNA replication
Although the infectious viral titer was low in pBAC-MERS-SL5D-R-transfected Huh7 cells (Fig. 2A), the expres-
sion levels of sg N mRNA and protein were comparable to those in pBAC-MERS-SL5D-RL-transfected cells 
(Fig. 2B,C). Furthermore, RNA transcription and replication occurred efficiently in the SL5D-R replicon DNA-
transfected cells (Fig. 2D). These results led us to hypothesize that viral assembly was impaired in the pBAC-
MERS-SL5D-R-transfected cells. We further believe that the identification of infected cells in the SL5D-R sample 
was difficult because of the low infectious viral titer in the pBAC-MERS-SL5D-R-transfected cells (Fig. 2A).

To overcome this difficulty, we used confocal microscopy to identify infected cells using reporter viruses 
carrying the fluorescent protein ZsGreen (data not shown). In addition, we utilized transmembrane serine pro-
tease 2 (TMPRSS2)-expressing Vero-TMPRSS2 cells34 to obtain a reasonable amount of rMERS-ZsGreen virus 
containing the SL5D-R mutation for transmission electron microscopy (TEM) analysis. The infectious viral titer 
of the WT and mutant viruses was higher in Vero-TMPRSS2 cells than that in Vero cells (data not shown). Vero 
cells inoculated with WT or SL5D-R reporter viruses (MOI = 0.1) were cultured for 24 h and fixed to identify 
infected cells by confocal microscopy. The infected cells were subsequently analyzed using TEM. As shown in 
Fig. 5B, the SL5D-R virus particles were approximately 100 nm in size, similar to those observed in infected WT 
cells. These results suggest that viral particles were produced in SL5D-R-infected cells.

Next, we evaluated the effects of the SL5D secondary structure on viral release from infected cells by inoculat-
ing Vero cells with either rMERS-ZsGreen or rMERS-ZsGreen-SL5D-R and measuring viral titers in the culture 
supernatants. The viral release was calculated by dividing the infectious viral titer in the culture supernatants by 
that in the cells (Fig. 5C). Statistically, there was a significant difference in the amount of virus released into the 
supernatant of the cells infected with the WT and SL5D-R virus. Although the viral release from cells infected 
with the WT virus increased in a time-dependent manner, no increase was observed for the SL5D-R-infected 
cells (Fig. 5C). These results suggest that the loss of the secondary structure in SL5D attenuates viral release.

Although viral particles were observed in the SL5D-R infected cells (Fig. 5B), the amount of virus released 
from the infected cells was low (Fig. 5C). Next, we examined the amount of positive-strand viral genomic RNA 
in SL5D-R-infected cells using real-time RT-PCR. Because positive-stranded genomic RNA is incorporated into 
infectious viral particles, we hypothesized that the loss of viral release was due to the decreased production of 
genomic RNA in SL5D-R-infected cells. To test this hypothesis, Huh7 cells transfected with pBAC-MERS-wt or 
pBAC-MERS-SL5D-R were cultured for 72 h, and total RNA was extracted and subjected to real-time RT-PCR 
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to detect either positive- or negative-strand genomic RNA. The amount of positive-strand genomic RNA was 
divided by that of the negative-strand genomic RNA. As shown in Fig. 5D, the amount of positive-stranded 
genomic RNA relative to negative-stranded genomic RNA in cells transfected with pBAC-MERS-WT was > 1.0, 
which was a statistically significant increase. In contrast, the value in pBAC-MERS-SL5D-R-transfected cells 
was 1.0, indicating that the synthesis of positive-strand genomic RNA was impaired in SL5D-R-infected cells. 
These results suggest that the structure of SL5D plays an important role in the synthesis of positive-stranded 
genomic RNA.

Emergence of revertant virus from SL5D‑R
Although the infectious viral titer in the culture supernatants released from pBAC-MERS-SL5D-R-transfected 
Huh7 cells was low, we successfully recovered the mutant virus from these cells (Fig. 2A). To understand the 
biological significance of the SL5D structure in viral RNA replication, we sought to obtain a revertant virus by 
serially passaging Vero cells. Although the cytopathic effect (CPE) was still weak in infected Vero cells at passages 
1 and 2, it became much stronger in cells after passage 10. The nucleotide sequences of the SL5D mutation sites 
in the P1, P2, P5, and P10 virus samples were examined. Although the introduced mutation (G335C/C338A) in 
SL5D-R was retained in the P1 and P2 viruses, a revertant mutation (C338) at position 338 was identified in the 
P5 virus (Fig. 6A,B). Additionally, the revertant mutation (C338) was predominant after passage 10 (Fig. 6B). 
The C population reached 50% (5/10), as shown in Fig. 6B. The emergence of the revertant virus indicates that 
the SL5D structure has beneficial effects on MERS-CoV propagation.

Next, we investigated the growth of the passaged SL5D-R virus in Vero cells. Vero cells inoculated with P2, 
P5, or P10 viruses (MOI = 0.01) were cultured for 24, 48, and 72 h, and infectious viral titers in the supernatants 
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were measured. The results show that the highly passaged viruses (P5 and P10) exhibited increased growth kinet-
ics compared to the low-passage virus P2 (Fig. 6C). The P2 virus produced the smallest plaques, the P5 virus 
produced both small and large plaques, and the P10 virus produced large plaques (Fig. 6D). Thus, plaque size cor-
related with the ratio of revertant to non-revertant viruses (Fig. 6B). These results suggest that the RNA structure 
of SL5D is important for efficient viral replication as it regulates the synthesis of positive-strand genomic RNA.

To clarify the molecular mechanisms underlying efficient viral replication in cells infected with the revertant 
virus (P10 virus), we predicted the RNA secondary structure of SL5D in the P10 virus using Mfold. As expected, 
the predicted RNA structures of the positive and negative strands of the P10 virus were analogous to those of the 
WT virus (Fig. 6E,F, right panel). Furthermore, the predicted RNA secondary structure of the negative strand 
of SL5D-R was different from that of the WT and P10 viruses (Fig. 6F). As shown in Fig. 6F, one stem-loop 
structure within the negative-strand RNA corresponding to the SL5D region (nts 328–338) was predicted for 
all three viruses (WT, SL5D-R, and P10). A short stem-loop with a stem structure consisting of seven base pairs 
was predicted in the negative strand of the WT virus. In contrast, the stem structure in the short stem-loop of the 
negative-strand of SL5D-R consisted of four base pairs (Fig. 6F, middle panel), whereas this structure consisted 
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of six base pairs in the P10 virus (Fig. 6F, right panel). This suggests that the stem-loop structure of SL5D in the 
negative-strand is important for regulating positive-strand genomic RNA synthesis.

Discussion
Several studies had reported the importance of RNA structures at the 5′ UTR, its adjacent ORF1a coding region, 
and the 3′ UTR of CoV genomes for viral and/or DI-RNA replication21,24,25,35,36. However, the detailed functions 
of these RNA structures in the viral life cycle have not yet been fully elucidated. In this study, we revealed the 
significant roles of the higher-order RNA structures SL5B, SL5C, and SL5D in the MERS-CoV lifecycle using a 
BAC-based reverse genetics system. Our results show that SL5B and SL5C play essential roles in regulating viral 
RNA transcription to synthesize sg mRNAs (Fig. 3). In contrast, SL5D is important for regulating the synthesis 
of the positive-strand genomic RNA (Fig. 5).

Higher-order RNA structures in viral genomic RNA are important for increasing its stability and evading 
host RNA degradation machinery37,38. We hypothesized that disrupting the RNA structure of the SL5 impairs 
viral replication by decreasing the stability of viral genomic RNA. However, the levels of genomic RNA in cells 
transfected with mutant viruses lacking the secondary structure (SL5B and SL5C) were similar to those in the 
WT (Fig. 3A); thus, suggesting that the higher-order structures in these regions do not directly affect genomic 
RNA stability. Furthermore, our luciferase reporter assay indicated that the disruption of RNA structures in the 
SL5B and SL5C mutants did not impair the translational ability of their own mRNAs (Fig. 3C). The protease 
activity of nsp5 in cells transfected with SL5B or SL5C mutant cDNA was similar to that in cells transfected 
with WT cDNA (Fig. 3E). Thus, the RNA structures of SL5B and SL5C are responsible for regulating viral RNA 
transcription during the MERS-CoV life cycle.

CoV has been shown to synthesize sg mRNAs via discontinuous transcription, which is a unique mechanism39. 
Given the lack of sg N mRNA, the RNA structures of SL5B and SL5C are essential for sg N mRNA synthesis. 
In this discontinuous transcription model, the transcription regulatory sequence (TRS) located at the leader 
sequence (TRS-L) and preceding each viral gene (TRS-B) plays a critical role in mediating long RNA-RNA 
interactions (leader-body joining) and switching the template40–42. Circularization of the CoV genome through 
the interaction between the 5′ and 3′UTRs is important for forming the leader-body joining and subsequent viral 
RNA elongation42. We predicted a specific interaction between SL5C and BSL at the 3′UTR (Fig. 4). Although 
further studies are required to investigate the interaction between SL5C and BSL, our results suggest that the 
RNA structure of SL5C is critical for the circularization of viral genomic RNA. Although a binding interaction 
was not predicted for SL5B, the SL5B disrupting mutant showed a phenotype similar to that of the SL5C mutant. 
These results indicate that the RNA structure of SL5B neighboring SL5C may affect the interaction between 
SL5C and BSL.

CoVs use both host proteins and viral proteins to replicate and transcribe viral RNA. Poly A binding protein 
is involved in the RNA circularization of CoV43, and the viral N proteins of the MHV and the transmissible 
gastroenteritis virus participate in viral RNA transcription through RNA-RNA interactions between TRS-L 
and TRS-Bs44–46. The MHV N protein also interacts with RNA sequences to modulate the packaging of MHV 
genomic RNA47. Although further studies are needed to identify the host factor(s) or viral proteins that interact 
with the SL5 region of MERS-CoV, our results suggest that these higher-order RNA structures interact with the 
host and/or viral proteins to play important roles in viral RNA transcription and replication. Our data indicates 
that the RNA structures of SL5 have drastic effects on MERS-CoV replication; hence, host proteins that interact 
with SL5 are attractive candidates for developing therapeutic agents against MERS-CoV infection.

Interestingly, SL5D mutants showed a different phenotype than that of SL5B and SL5C mutants (Fig. 2), 
even though SL5D is adjacent to both SL5B and SL5C in the MERS-CoV genomic RNA. Although the SL5D-R 
mutant synthesized sg mRNA, it did not efficiently produce viral progeny (Fig. 2A,B). These results indicate that 
SL5D functions at a different step in the viral lifecycle than SL5B and SL5C. Our results suggested that SL5D is 
important for the synthesis of positive-strand genomic RNAs (Fig. 5C). In addition, we recovered a revertant 
SL5D-R virus. We introduced two nucleotide substitutions (G335C and C338A) into the SL5D region to con-
struct the SL5D-R mutant (Fig. 1B); however, the P10 virus acquired one revertant substitution at position 338 
(Fig. 6B). As expected, the predicted RNA secondary structure of the positive-strand RNA in SL5 of the P10 
virus was similar to that of the WT (Fig. 6E). Furthermore, the negative-strand RNA of the WT and passaged 
P10 viruses was predicted to contain longer stem-loop structures within SL5D than those associated with the 
SL5D-R mutant (Fig. 6F). Thus, the stem-loop structure of the negative-strand RNA in the region corresponding 
to SL5D is important for regulating the synthesis of genomic (positive-strand) RNA from negative-strand RNA.

In conclusion, we identified that higher-order RNA structures within the nsp1 coding region play critical 
roles in the MERS-CoV lifecycle through several steps. Our approach using a BAC-based reverse genetics sys-
tem revealed that higher-order RNA structures within viral RNA regulate viral RNA transcription and replica-
tion. Furthermore, these RNA structures are conserved among betacoronaviruses despite their low nucleotide 
homology19,21,48, thereby suggesting that these RNA structures are potential targets for developing novel antivirals 
against betacoronaviruses. Further studies are required to reveal the mechanisms through which the highly 
structured SL5 RNA regulates CoV RNA transcription and replication through RNA-RNA and/or RNA–protein 
interactions.

Methods
Cells and viruses
Huh7 (human hepatocellular carcinoma, JCRB0403 from JCRB cell bank) and 293T (human embryonic kidney, 
CRL-3216 from ATCC) cells 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, 
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and 100 µg/mL streptomycin (Nacalai Tesque). Vero cells (African green monkey kidney) and Vero-TMPRSS234 
were maintained in DMEM containing 5% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin (Nacalai 
Tesque). Vero-TMPRSS2 cells were a kind gift from Dr. Shutoku Matsuyama (National Institute of Infectious 
Diseases, Tokyo, Japan). Cells were cultured in a humidified, 5% CO2 atmosphere at 37 °C.

BAC construction
We previously established a reverse genetics system for MERS-CoV using the BAC system: pBAC-MERS-WT28. 
To construct cDNA clones of several SL5 mutants from pBAC-MERS-WT, we used the Red/ET Recombination 
System Counter-Selection BAC Modification Kit (Gene Bridges, Heidelberg, Germany). The nucleotide muta-
tions in each SL5 mutant are shown in Fig. 1B. To generate SL5B and SL5C mutants, synonymous mutations 
that retained the RNA structure were introduced within the loop regions. These constructs were designated as 
pBAC-MERS-SL5B-Loop and pBAC-MERS-SL5C-Loop, respectively. To generate SL5B-R, SL5C-R, and SL5D-
R mutants, synonymous mutations that disrupted RNA structures were introduced into the right side of each 
stem region, which were designated as pBAC-MERS-SL5B-R, pBAC-MERS-SL5C-R, and pBAC-MERS-SL5D-R, 
respectively. To retain the RNA secondary structures in each SL, mutations were introduced to the left side of each 
stem region, yielding SL5B-RL, SL5C-RL, and SL5D-RL, these cDNA clones were designated as pBAC-MERS-
SL5B-RL, pBAC-MERS-SL5C-RL, and pBAC-MERS-SL5D-RL, respectively (Fig. 1A,B). Sequence analyses were 
performed by Eurofins Scientific (Tokyo, Japan) to confirm substitutions.

We established a MERS-CoV replicon system by replacing the genomic sequence between the S and M 
genes with that of Nluc. A red/ET recombination system counterselection BAC modification kit was used to 
construct the MERS replicon. To increase Nluc activity, we inserted nts 27,737–27,861 of the MERS-CoV EMC 
strain, which contain the TRS of the M gene, upstream of Nluc. The cDNA clone of the replicon with the WT 
sequence was designated as pBAC-MERS-Rep. To construct a polymerase-dead mutant of the MERS replicon, 
we introduced substitutions (SDD to SAA) within the active site of the viral RNA-dependent RNA polymerase 
(RdRp; nsp12). In addition, cDNA clones of SL5 mutants were constructed using the method described above.

To establish the reporter MERS coronavirus carrying the ZsGreen gene, the ORF5 gene of the pBAC-MERS-
WT was replaced with the ZsGreen gene using the recombination method described above and designated as 
pBAC-MERS-ZsGreen. Recombination was performed to construct a pBAC-MERS-ZsGreen-SL5D-R cDNA 
clone carrying the SL5D-R mutation.

Transfection
Huh7 cells were seeded into 6-well plates (Violamo; Misumi, Schaumberg, IL, USA) at 4.0 × 105 cells/well. After 
incubation at 37 °C overnight, the cells were transfected with 4 µg of cDNA clones using XtremeGene 9 DNA 
Transfection Reagent (Roche, Basel, Switzerland) according to manufacturer’s instructions. After incubating at 
37 °C for the indicated time, the culture supernatants and cell pellets were collected and stored at − 80 °C until 
further use.

Virus rescue and propagation
To propagate reporter viruses, rMERS-ZsGreen and rMERS-ZsGreen-SL5D-R, pBAC-MERS-ZsGreen, or pBAC-
MERS-ZsGreen-SL5D-R were transfected into Huh7 cells as described above. After incubating for 3 days, culture 
supernatants were collected and stored at − 80 °C. Viruses were stored at P0. The rMERS-ZsGreen P0 virus was 
propagated twice in Vero cells and stored as the P2 virus. The rMERS-ZsGreen-SL5D-R P0 virus was propagated 
twice in Vero-TMPRSS2 cells and stored as the P2 virus. Viral titers were determined using the titration assay 
described below.

Titration
The TCID50 method using Vero cells was used to determine the infection titer of each virus, as described 
previously28.

Realtime RT‑PCR
Total RNAs from transfected Huh7 cells were extracted using a PureLink RNA Mini Kit (Thermo Fisher Scien-
tific, Waltham, MA, USA) according to manufacturer’s instructions and stored at − 80 °C until use. First-strand 
cDNA was synthesized using a ReverTra Ace qPCR RT kit (TOYOBO, Osaka, Japan) according to the manufac-
turer’s instructions. For cDNA synthesis, a primer mix (TOYOBO) was used for sg N mRNA, YT750 (5′-GGG​
CTT​GAG​GCT​TCT​CCA​ATG-3′) was used for positive-strand genomic RNA, and YT749 (5′-ACA​CTT​TTC​
TTG​TTG​CCT​GTGG-3′) was used for negative-strand genomic RNA. The reverse-transcribed samples were 
treated with RNase H at 37 °C for 20 min. The level of each cDNA was determined using a Thunderbird Probe 
qPCR Mix (TOYOBO), and the reaction was performed using a StepOne Real-Time PCR System (Applied Bio-
systems, Waltham, MA, USA). To quantify the sg N mRNA, we used the primer pair, WK1350 (5′-TCG​TTC​TCT​
TGC​AGA​ACT​TTG-3′) and WK1351 (5′-TTG​GAT​TAC​GTC​CTC​TAC​CTC-3′), and the FAM-labeled specific 
probe, WK1352 (5′-CCT​CGT​GCT​GTT​TCC​TTT​GCC​GAT​-3′). To quantify the positive- or negative-strand 
genomic RNA, we used the primer pair, YT727 (5′-CCA​CTA​CTC​CCA​TTT​CGT​CAG-3′) and YT728 (5′-CAG​
TAT​GTG​TAG​TGC​GCA​TAT​AAG​CA-3′), and the FAM-labeled specific probe, YT729 (5′-TTG​CAA​ATT​GGC​
TTG​CCC​CCACT-3′). For quantification of GAPDH mRNA, we used the primer pair, WK1288 (5′-GAA​GGT​
GAA​GGT​CGG​AGT​-3′) and WK1289 (5′-GAA​GAT​GGT​GAT​GGG​ATT​TC-3′), and the FAM-labeled specific 
probe, WK1290 (5′-CAA​GCT​TCC​CGT​TCT​CAG​CC-3′). Cycling conditions were 95 °C for 1 min, followed by 
40 cycles of 95 °C for 15 s and 58 °C for 45 s. The RNA levels of GAPDH were used to normalize viral RNA levels.
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Immunoblotting
Transfected Huh7 cells were lysed in lysis buffer (100 mM Tris–HCl, pH 8.0, 150 mM NaCl, and 1% TritonX-100). 
After centrifugation at 16,000×g, the supernatants were collected and mixed with 2× sample buffer (0.1 M 
Tris–HCl pH 6.8, 4% sodium dodecyl sulfate [SDS], 20% glycerol, 0.004% bromophenol blue, and 10% 2-mer-
captoethanol). Next, samples were boiled. Proteins were separated by 10% SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred onto a polyvinylidene difluoride (PVDF) membrane (Merck Millipore, 
Billerica, MA, USA). The membranes were blocked with 3% skim milk in PBS containing 0.05% Tween 20 
(Nacalai Tesque). Rabbit anti-MERS-N (Sino Biological, Beijing, China) or mouse anti-β-Actin (Sigma-Aldrich, 
St. Louis, MO, USA) were used as primary antibodies, and goat anti-mouse IgG-horseradish peroxidase (HRP; 
Sigma-Aldrich) or goat anti-mouse IgG-HRP (Sigma-Aldrich) were used as secondary antibodies, respectively. 
ChemiLumi One Ultra (Nacalai Tesque) was used for visualization with the LAS-4000 image analyzer system 
(Fujifilm, Tokyo, Japan).

Replicon assay
293T cells were seeded into 24-well plates (Violamo) at 1.5 × 105 cells/well and cultured at 37 °C overnight. Next, 
cDNA clones of the replicon were transfected into seeded 293T cells using XtremeGene 9 DNA Transfection 
Reagent (Roche) according to the manufacturer’s instructions. The firefly luciferase reporter plasmid pGL3-
control was co-transfected with each cDNA clone as an internal control. After incubation for 48 h, the transfected 
cells were lysed using passive buffer (Promega, Madison, WI, USA). Luciferase activity was measured using a 
PowerScan HT (DS Pharma Biomedical, Osaka, Japan). The Nano-Glo Luciferase Assay System (Promega) was 
used to measure Nluc activity. A luciferase assay system (Promega) was used to measure firefly luciferase activity. 
Luciferase activity was normalized to that of firefly luciferase. The experiments were performed in triplicates.

Nsp5 reporter assay
To examine the expression levels of nsp5 in transfected Huh7 cells, we used the biosensor expression plasmid, 
pGlo-30F-VRLQS32, which was a kind gift from Dr. Susan Baker (Loyola University, Chicago, IL, USA). pGlo-
30F-VRLQS, encoding Photuris pennsylvanica luciferase with the inserted amino acid sequence VRLQS, was 
recognized and cleaved by the MERS nsp5 protease 3CLpro.

Huh7 cells were seeded into 24 well-plates (Violamo) at 1.0 × 105 cells/well and cultured overnight. The seeded 
cells were transfected with pGlo-30F-VRLQS and cDNA clones using the XtremeGene 9 DNA Transfection 
Reagent (Roche) according to the manufacturer’s instructions. As a control, pBAC-MERS-nsp5-rpsL, in which 
nsp5 was replaced with an rpsL cassette (Red/ET Recombination System Counter-Selection BAC Modification 
Kit; Gene Bridges), was used. Transfected cells were cultured for 24 and 48 h and then lysed with passive buffer 
(Promega). Luciferase activity was measured as previously described.

Correlative light and electron microscopy (CLEM) analysis
Vero cells were seeded into 35-mm glass bottom dishes (P35G-1.5-14-CGRD: MatTek) at 5.0 × 104 cells/well and 
cultured overnight. Cells were inoculated with rMERS-ZsGreen or rMERS-ZsGreen-SL5D-R at an MOI of 0.1. 
After adsorption at 37 °C for 1 h, the infected cells were washed with DMEM without FBS and DMEM contain-
ing 2% FBS was added. After incubation for 24 h at 37 °C, the laser scanning confocal microscope FluoView 
FV1000 (Olympus, Tokyo, Japan) was used to observe ZsGreen fluorescence to identify infected cells. Cells were 
fixed in 4% formaldehyde in 0.1 M phosphate buffer for 30 min at room temperature. Fixed cells were washed 
three times with washing buffer (4% sucrose in 0.2 M phosphate buffer). After washing, 2.5% glutaraldehyde in 
0.1 M phosphate buffer was applied for TEM analysis. Cells were post-fixed for 1 h with 1% osmium tetroxide 
and 0.5% potassium ferrocyanide in 0.1 M cacodylate buffer (pH 7.4), dehydrated in a graded series of ethanol, 
and embedded in Epon812 (TAAB, Reading, UK). Ultrathin (80 nm) sections were stained with saturated uranyl 
acetate and lead citrate solutions. Electron micrographs were acquired using a JEM-1011 transmission electron 
microscope (JEOL, Tokyo, Japan).

Viral titers in supernatants and cells
Vero cells were seeded into 12-well plates (Violamo) at 2.0 × 105 cells/well and cultured overnight at 37 °C. Cells 
were inoculated with rMERS-ZsGreen or rMERS-ZsGreen-SL5D-R at a MOI of 0.01. After adsorption at 37 °C for 
1 h, the inoculum was removed and 1 mL/well of DMEM containing 2% FBS was added. The infected cells were 
cultured at 37 °C for 24, 48, and 72 h. Culture supernatants were collected and stored at − 80 °C until use. DMEM 
containing 2% FBS (1 mL) was added to the cell supernatants, which were then stored at − 80 °C. Freeze–thaw 
cycles were performed three times, and the samples were centrifuged at 2500×g for 10 min. Supernatants were 
collected as cell samples. The infectious viral titers in the supernatants and cell samples were measured using 
the TCID50 method described above.

Plasmid construction
To construct a luciferase reporter plasmid carrying the MERS-CoV SL5 nucleotide sequence upstream of the 
firefly luciferase gene, pcDNA3.1-SL5-fluc, we first constructed the plasmid pcDNA3.1-MERS460nt-fluc carrying 
the first 460 nts of MERS-CoV. Next, the pBAC-MERS was used as a template to amplifying the 460-nt sequence. 
The PCR product was cloned into pcDNA3.1-fluc27, and the resulting vector was designated as pcDNA3.1-
MERS-460nt-fluc. To construct pcD-SL5-fluc, we deleted nucleotides 1–264 and 349–460 of the MERS-CoV 
from the pcDNA3.1-MERS-460nt-fluc using the PrimeSTAR mutagenesis kit (Takara Bio, Tokyo, Japan), 
according to the manufacturer’s instructions. To construct the SL5B and SL5C mutants pcDNA3.1-SL5B-R-fluc, 
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pcDNA3.1-SL5B-RL-fluc, pcDNA3.1-SL5C-R-fluc, and pcDNA3.1-SL5C-RL-fluc, we used the PrimeSTAR 
mutagenesis kit (Takara) and pcDNA3.1-SL5-fluc as the template.

Luciferase assay
293T cells were seeded into 24-well plates (Violamo) at 1.5 × 105 cells/well and cultured overnight at 37 °C. 
Cultured cells were transfected with pcDNA3.1, using TransIT LT1 (Mirus, Madison, WI, USA) according to 
the manufacturer’s instructions. Renilla luciferase reporter plasmid pRL-SV40 was used as an internal control. 
At 24 h post-transfection, the transfected cells were lysed with passive buffer (Promega) and luciferase activity 
was measured as described above. The firefly luciferase activity was normalized to the Renilla luciferase activity.

Viral passage in Vero cells
Vero cells were seeded into 10 cm dishes (Violamo) at 2.0 × 106 cells/well and cultured overnight at 37 °C. Seeded 
Vero cells were inoculated with rMERS-SL5D-R P0 virus and allowed to adsorb for 1 h. After adsorption, the 
inoculated cells were washed twice with DMEM and 10 mL of DMEM containing 2% FBS was added. The cells 
were cultured for 3 days and cytopathic effects (CPEs) were observed. The supernatant was collected and stored 
at − 80 °C as P1 virus. The rMERS-SL5D-R P1 virus was further amplified nine times in Vero cells (P10 virus) 
and viruses from each amplification were stored at − 80 °C. Viral titers were determined using the TCID50 assay 
described above.

Growth kinetics of passaged rMERS‑SL5D‑R viruses in Vero cells
Vero cells were seeded into 6-well plates (Violamo) at 4.0 × 105 cells/well and cultured overnight at 37 °C. Cul-
tured cells were inoculated with rMERS-WT or rMERS-SL5D-R (P1, P2, P5, or P10) viruses at an MOI of 0.01. 
After adsorption, the cells were washed twice with DMEM and 2 mL of DMEM containing 2% FBS was added to 
each well. The infected cells were cultured for 24, 48, and 72 h, and the supernatants were collected and stored at 
− 80 °C until use. Viral titers of the culture supernatants were determined using the TCID50 assay described above.

Plaque assay
Vero cells were seeded into 6-well plates (Violamo) at 6.0 × 105 cells/well and cultured overnight at 37 °C. Cultured 
Vero cells were inoculated at a TCID50 of 25 and passaged rMERS-SL5D-R (P2, P5, or P10) viruses. After adsorp-
tion at 37 °C for 1 h, the cells were washed twice with DMEM and then overlaid with 0.8% agarose (Seaplaque® 
GTG Agarose; Lonza, Switzerland) in DMEM containing 2% FBS. Infected cells were cultured at 37 °C for 3 days 
and then fixed with phosphate-buffered formalin. Fixed cells were stained with crystal violet.

LRIscan
To construct the RNA alignment data for LRIscan33, we used Molecular Evolutionary Genetics Analysis version 
6.0 (MEGA649). To construct the MERS-CoV alignment data, we used the full-length sequences of four MERS-
CoV strains: MERS-CoV_EMC (Accession No.: NC_019843), MERS-CoV Hu/Oman_50_2015 (Accession No.: 
KY673148.1), MERS-CoV Al-Hasa_1_2013 (Accession No.: KY673148.1), and MERS-CoV Korea/Seoul/SNU1-
035/2015 (Accession No.: KY673148.1). The cluster file containing MERS-CoV alignment data was analyzed 
using LRIscan33 and plotted with Circos50.

Statistical analyses
A two-way analysis of variance (ANOVA) test was conducted to determine statistical significance using Graph-
Pad Prism ver. 10 (GraphPad Software, San Diego, CA, USA). A p value of < 0.05 was considered statistically 
significant.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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