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1. INTRODUCTION 

Sub genomic mRNA transcription of mouse hepatitis virus (MHV) 
involves the interaction between the leader and the intergenic (lG) sequence 
of the template. All mRNAs contain multiple open reading frames (ORF) 
with the exception of the smallest mRNA. In general, only the 5' -most ORF 
of each mRNA is translated into a protein via the cap-dependent ribosomal 
scanning mechanism, while the down-stream ORFs are not translatable. 
The E (envelope) protein of MHV is a structural protein (Yu et aI., 1994), 
essential for virion assembly. It is translated from the downstream ORF of 
the bicistronic mRNA5 in vitro (Thiel and Siddell, 1995), suggesting that 
translation of the E protein is cap-independent, possibly via an internal 
ribosomal entry site (IRES). Subsequently, the IRES has been mapped 
through a series of deletion mutants in an in vitro translation assay to be 
located between :::::100-nt upstream and 180-nt downstream of the ORF5b 
(Jendrach et aI., 1999). The gene encoding the E in other coronaviruses 
includes ORF5b in bovine coronavirus (BCoV), ORF4 in transmissible 
gastroenteritis virus (TGEV) and human coronavirus (HCo V) 229E, and 
ORF3c in avian infectious bronchititis virus (IBV). Interestingly, while the 
ORF4 of TGEV and HCoV-229E, and ORF5b of BCoV are translated via 
the cap-dependent mechanism from a distinct mRNA species, mRNA4 and 
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mRNAS-1, respectively, the ORF3c of IBV and ORFSb of MHV are 
translated via an IRES from a downstream ORF of mRNA3 and mRNAS, 
respectively (see review by Lai and Cavanagh, 1997). More intriguingly, 
within TGEV strains, the ORF3b of Muller strain is translated from mRNA3 
via internal ribosomal entry whereas that of the Purdue strain is translated 
from mRNA3-1, an mRNA species differing from mRNA3, via cap
dependent mechanism (O'Connor and Brian, 2000). It is not known, 
however, why different strains of the same TGEV or different coronaviruses 
evolved such distinct mechanisms in regulating the expression of the same 
genes. 

Here it is reported that a novel mRNA was identified in JHM2c-infected 
cells. The leader-body joining site for this mRNA is located :::::ISO-nt down 
stream of the authentic IG for mRNAS. When this sequence was placed in 
front of the chloramphenicol acetyl-transferase (CAT) gene in the defective
interfering (DI) RNA-CAT reporter, it directed the synthesis of a 
subgenomic CAT-containing mRNA and the expression of CAT activity, 
thus confirming that the non-canonical sequence serves as a promoter for 
sub genomic mRNA transcription. 

2. MATERIALS AND METHODS 

2.1 Cells and Virus 

The murine astrocytoma cell line DBT (Hirano et al., 1974) was used for 
virus growth, virus infection and RNA transfection. The naturally occurring 
small plaque mutant JHM2c of MHV (Makino et al. 1984) were used 
throughout this study. 

2.2 Reverse Transcription and Polymerase Chain 
Reaction (RT -PCR) and Cloning of Viral 
Subgenomic mRNAs 

For detection of viral subgenomic mRNAs, DBT cells were infected with 
JHM2c at a multiplicity of infection (m.oj.) of S. Intracellular RNAs were 
isolated at 7 h postinfection (pj.) (Zhang et al., 1994) and used for eDNA 
synthesis by RT with an antisense primer 3'IGS-300 (S'-GCG TAG GCC 
GTG AAG CTA-3'). This primer is complementary to a sequence approxi-
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mately 300 nucleotides (nt) downstream of the IG5 (between genes 6 and 5). 
An additional sense primer (5'L9) specific to the leader (Zhang et al., 1994) 
was used for PCR amplification. The conditions for the RT-PCR were 
essentially the same as described previously (Zhang and Lai, 1994). 
Briefly, the RT reaction was carried out at 42°C for 90 min, and the PCR 
was performed in a thermocycler (DNA Engine, MJ. Research Inc.) for 30 
cycles. The condition for each cycle was: denaturation at 95°C for 30 
seconds, annealing at 62 °c for 1 minute, and extension at 72 °c for 1 
minute. For detection of subgenomic mRNAs containing the CAT reporter 
gene, RT -PCR was carried out using a primer complementary to the 3' -end 
of the CAT ORF and 5'L9. PCR products were analyzed by agarose gel 
electrophoresis either directly or after cloning and restriction enzyme 
digestion as indicated. PCR products were directly cloned into the 
pTOP02.1 TA cloning vector (In Vitrogen). 

2.3 Analysis and Sequencing of cDNA Clones 

All cDNA clones were analyzed by restriction enzyme digestion and 
agarose gel electrophoresis. Their sequences were determined with the 
automatic DNA sequencer (Model Prism 377, ABI) with either the T7 
promoter primer or M 13 reverse primer. 

2.4 Plasmid Constructions 

For generating DI CAT reporters containing TIS5-1 (13-nt core 
sequence) and its mutant, DNAs were synthesized from the pDECAT2-1 
DNA templates by PCR with the primer pairs 5'-SpeIG5-1(13)CAT (5'
ITA CTA GTG CTT CCA ATT TAA ATG GAG AAA AAA AT-3') and 
3'-CAT542 (Zhang et al., 1994). The 5'-primer contains an SpeI site at the 
5'-end (underlined), the 13-nt core sequence (bold case) and the first 14-nt 
of the CAT ORF at the 3'-end. PCR fragments were digested with Spel and 
EspEI, and directionally cloned into pDECAT2-1, resulting in pTIS5-1CAT 
(Fig. 2). 

2.5 In Vitro Transcription, RNA Transfection, and CAT 
Assay 

In vitro RNA transcription, RNA transfection and CAT assay were 
carried out as described previously (Zhang et al., 1994). 
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3. RESULTS AND DISCUSSION 

3.1 Identification of a Noncanonical Initiation Signal for 
Transcription of a Novel mRNA Species of MHV 
JHM2c. 

Previous studies have identified the heterogeneity of sub genomic 
mRNA2-1 of JHM2c (Zhang and Lai, 1994). However, it was not clear 
whether such heterogeneity is unique to mRNA2-1 or it is a general 
phenomenon to all mRNA species of JHM2c. To address this question, I 
began to analyze the structure of all mRNA species in JHM2c-infected cells. 
Results from such investigation are reported in the accompanying chapter. 
During the course of this study, I unexpected found a novel species of 
subgenomic mRNA. When intracellular viral RNAs were isolated and 
cDNAs corresponding to the 5' -end 370-nt of mRNA5 were synthesized 
with RT -peR, two species of the cDNA were identified: the major species 
(15 of 20 clones) has a size of 370-nt and the minor one (5 out of 20 clones) 
contains ::::::220-nt. This result suggests that the consensus IG5 sequence is 
the major site for leader-body fusion of mRNA5 and that a sequence 
downstream may serve as a second site for leader-body fusion for a minor 
mRNA species. 

A. 
IG5-CS TIS5-1 

Template 3'---fHAGAUUUGt-CGAAGGUUAAAUUAAUAA--I1- 5' 

Subgenomic 
mRNAs 
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Figure I, Identification of a noncanonical sequence for leader-body fusion of a novel 
subgenomic mRNA species. (A) mRNA leader-body fusion site. Template is in (-) sense; 
CS, consensus sequence; TIS, transcription initiation sequence. (8) Sequence profile showing 
the leader-body fusion site. 
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To confirm this finding, all 5 smaller clones representing the minor 
mRNA species were sequenced. As shown in Fig. 1, all 5 clones had a 
leader fused to a non-consensus sequence approximately l50-nt downstream 
of the authentic consensus IG5 sequence, with only three nuc1eotides 
complementary to the template. These data indicate that the noncanonical 
downstream sequence possibly serves as a site for leader-fusion for a 
smaller subgenomic mRNA species, which is termed mRNA5-l. It also 
suggests that RNA base-pairing may not be the major determinant for 
subgenomic mRNA initiation. 

3.2 The Noncanonical Transcriptional Initiation Signal 
of JHM2c is a Functional Promoter for the Synthesis 
of a Subgenomic mRNA in a DI RNA-CAT Reporter 
System 

To examine whether the non-canonical sequence is a functional 
promoter, the core sequence of 13-nt containing the leader-body fusion site 
for mRNA5-1 was placed in front of a CAT reporter gene in a DI RNA 
vector (Zhang et aI., 1994). As shown in Fig. 2, the CAT activity expressed 
from TIS5-ICAT RNA-transfected cells was almost as high as that from 
IG7-CAT, which contains the promoter sequence for transcription of 
mRNA7 (Zhang et aI., 1994). This result indicates that the 13-nt 
noncanonical sequence can drive the expression of the CAT gene in the DI 
RNA vector. 

Because it is known that ORF5b is translated from mRNA5 via an IRES 
sequence, it is important to determine whether the CAT activity resulted 
from translation of the bicistronic DI RNA or of a separate sub genomic 
mRNA, even though this 13-nt does not contain the IRES sequence 
identified by Jendrach et al. (1999). To directly identify the CAT
containing subgenomic mRNAs, RNAs were isolated from MHV-infected 
and TIS5-1CAT RNA-transfected cells. RNAs isolated from IG7-CAT 
RNA-transfected cells and from cells without transfection were used as 
positive and negative controls, respectively. Subgenomic mRNAs were 
then amplified by RT-PCR with a CAT-specific antisense primer and a 
leader-specific sense primer. As shown in Fig. 2B, a specific subgenomic 
mRNA containing the CAT gene was identified in TIS5-1 CAT RNA- and 
IG7-CAT RNA-transfected cells but not in the mock-transfected cells, 
indicating that a CAT -specific sub genomic mRNA was transcribed from the 
13-nt sequence in TIS5-ICAT reporter. This result demonstrates that the 
noncanonical sequence serves as an initiation signal (promoter) for 
subgenomic mRNA transcription in a DI RNA-reporter system. 
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Figure 2. The noncanonical sequence serves as a promoter for transcription of the CAT
containing subgenomic mRNA in the DI CAT-reporter system. (A) TIS5-1, the newly 
identified transcription initiation sequence; 107, intergenic sequence for mRNA 7; CAT 
activity is the fold-increase above the background (Ix). (B) RT-PCR results showing the 
specific amplification of subgemonic mRNAs as indicated. 

The identification of a noncanonical sequence as a transcription 
initiation signal has two important implications in coronavirus gene 
expression. Firstly, coronavirus subgenomic mRNA transcription usually 
initiates at the IG consensus sequence. Base pairing between the IG and the 
leader has been shown to be very important for this discontinuous synthesis. 
The finding that noncanonical sequence can serve as the leader-body fusion 
site suggests that base-pairing may not be the determining factor in the 
selection of the initiation site. Instead, it suggests that RNA secondary 
structure or protein-RNA interaction is likely involved in the leader-body 
fusion. It would be interesting to further investigate these possibilities. 
However, because only a quarter clones represent mRNAs initiated from the 
downstream noncanonical sequence, the current data indicate that the 
consensus IG5 is a more preferred initiation site as compared to the 
downstream noncanonical sequence. Secondly, the present finding raises 
the possibility that ORFSb of MHV JHM2c can be translated from the S'
most ORF of mRNAS-l. Indeed, we have recently observed that the E 
protein was translated from mRNAS-l in an in vitro translation experiment 
(Zhang et aI., unpublished results). Thus, it is likely that ORFSb of MHV 
can be translated from mRNAS via internal entry of ribosome as well as 
from mRNAS-l via cap-dependent mechanism. Why MHV requires two 
mechanisms to express the same protein remains unknown at present. But it 
may suggest that such a protein (E protein) is important for the viral life 
cycle. Indeed, the E protein is essential for virion assembly. In the case of 
TGEV, the ORF3b is translated from the second ORF of mRNA3 via 
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internal entry of ribosome for the Muller strain, but it is expressed from the 
first ORF ofmRNA3-1 via cap-dependent mechanism for the Purdue strain 
(O'Connor and Brian, 2000). These findings indicate that coronaviruses 
evolve diverse mechanisms for regulating their gene expression. 
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