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The genomic RNA of coronaviruses has two unique features. Firstly, it is one of the largest 
stable RNAs known to exist in nature and is unquestionably the largest viral genomic RNA. The 
complete sequence of avian infectious bronchitis virus (IBV) RNA shows that its size is 27.6 
kilobases (kb) (Boursnell et al., 1987). Although the complete sequences of other coronavirus 
genomic RNAs are not yet available, preliminary data from several laboratories indicate that the 
genomic RNA of mouse hepatitis virus (MHV) is as long as 32 kb (Shieh and Lai, unpublished 
observations). The large size of these RNAs poses a theoretical quandary for the replication of 
coronavirus RNA, considering the high error frequency of RNA-dependent RNA synthesis 
observed in some systems (Holland et al., 1982; Steinhauer and Holland, 1986). How does 
coronavirus RNA replicate faithfully despite the high error frequency of RNA synthesis? It is 
possible that a proof-reading mechanism operates to correct unavoidable mistakes which are 
expected to occur in almost every RNA molecule of this size. Secondly, coronavirus RNA 
contains a leader sequence (approximately 72 nucleotides) which is repeated at the 5'-end of 
every subgenomic mRNA species. This structural organization appears to be similar to that of 
most of eukaryotic mRNAs which contain leader sequences derived by RNA splicing. Yet the 
coronavirus RNA genome does not have consensus splicing signals and the virus replicates 
exclusively in the cytoplasm (Wilhelmson et al., 1981; Brayton et al., 1981), where there is no 
conventional RNA splicing machinery. Furthermore, UV transcriptional mapping studies 
suggest that coronavirus mRNA species are transcribed independently (Jacobs et al., 1981), 
instead of being derived by cleavage of a precursor RNA. Thus, a new transcriptional 
mechanism must operate to transcribe coronavirus mRNAs. 

LEADER-PRIMED TRANSCRIPTION OF SUBGENOMIC mRNAS 

Several possible mechanisms could explain the generation of coronavirus subgenomic RNAs 
(Baric et aI., 1983). Over the last 4-5 years, a considerable body of evidence has been 
accumulated in support of a transcription mechanism unique to coronavirus, i.e. "leader-primed 
transcription" (Fig. 1.). This mechanism proposes that a leader RNA is transcribed first from 
the template RNA. It dissociates from the template as a free leader RNA species, which then 
binds to the template RNA again at various transcription initiation sites and serves as a primer 
for mRNA transcription. 

The essence of this mechanism has been proven: (1) "Free" leader RNA species of 60-90 
nucleotides have been detected in the cytoplasm of MHV-infected cells (Baric et al., 1985, 
1987). These RNAs are not associated with the template RNA. (2) A temperature-sensitive 
mutant has been isolated, which makes leader RNA, but no mRNAs at nonpermissive 

Coronaviruses and Their Diseases 
Edited by D. Cavanagh and T.D.K. Brown 
Plenum Press, New York, 1990 

327 



(+)5' ..... --------- 3' 

-----0---

Fig. 1 Model of leader primed transcription. Solid squares represent leader RNA and open 
circles represent RNA polymerases. 

temperature, suggesting that the synthesis of leader RNA and the synthesis of mRNAs are 
discontinuous and require different viral proteins (Baric et al., 1985). (3) During mixed 
infection with two different MHV strains, the leader RNA of mRNAs can be freely exchanged 
between the coinfecting viruses as if the leader RNA exists as a separate transcription unit, 
independent of the rest of mRNAs (Makino et a/., 1986). (4) When two MHV strains which 
differ only in the sequence at the 3'-end of leader RNA were compared, it was found that the 
number of mRNA species transcribed by these two viruses was different (Makino and Lai, 
1989) . For instance, a derivative of JHM strain which contains two UCUAA repeat sequences 
at the 3'-end of leader RNA transcribes an additional mRNA, 2b, while the same virus with 
three UCUAA repeats does not (Makino and Lai, 1989). This result gives the clearest evidence 
that the transcriptional initiation of coronavirus subgenomic mRNAs is controlled by leader 
RNA sequence. (5) Each mRNA species of MHV is heterogeneous, varying in the number of 
UCUAA repeats at the 3'-end of leader RNA (Makino et al., 1988). Since this repeat sequence 
is present at both the 3'-end of leader RNA and the transcriptional initiation sites, this result 
suggests that these sequences are involved in leader RNA binding and that the leader RNA 
binding is imprecise. These studies indicate that coronavirus mRNA transcription is the result 
of interactions between the 3' -end of leader sequences and the transcription initiation sequences 
at the template RNA. 

CONSENSUS SEQUENCES OF TRANSCRIPTIONAL INITIATION SITES AND LEADER 
RNA 

A large number of various coronavirus genomic RNA sequences have already been obtained. 
Thus, it is now possible to derive a consensus sequence at the transcription initiation sites. 
Table 1 shows a compilation of the possible transcriptional initiation sites of various 
coronavirus strains. Since most of these sequences have not been conftrmed by sequencing 
of mRNAs to be the actual transcriptional initiation sites, the designation of these sequences 
as transcriptional initiation sites was based on sequence homology and their localization at 
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Table 1. Consensus sequences at transcriptional initiation sites 

Virus 
MHV, BCV, HCV-229E 

HCV-OC43 
TGEV,FIPV 

IBV 

Consensus sequence 
UCUAAAC 
UCUAAAU 
ACUAAAC 
UUAACAA 



intergenic regions. It is clear that these sequences are very well conserved, in contrast to the 
rest of the genomic sequences. The only exception is IBV, which has diverged extensively 
from other coronaviruses. When transcriptional initiation sites for different mRNAs on the 
same viral genome is compared, some minor divergence is noted in a few transcriptional 
initiation sites. These seven-nucleotide sequences appear to be the core of the leader-binding 
sites and is homologous between the 3' -end of the leader RNA and the intergenic sequences. 
It should be noted that leader-RNA binding probably involves sequences adjacent to these 
core sequences as well, as between the leader RNA and the transcriptional start sites (Shieh 
et al., 1987). The degrees of this homology at different sites parallel, to a certain extent, the 
amounts of the different mRNA species transcribed, but this correlation is not absolute 
(Shieh et al., 1987). It is also noted that the core sequence is devoid of any G residues. The 
minor heterogeneity observed at different transcriptional sites involves only A, C and U 
interchanges. The mutation of A to G within the core sequence in one of the mRNAs (mRNA 
2b) of A59 strain of MHV completely eliminates the transcription within this region (Shieh et 
al., 1989). 

The remaining sequence of the leader RNA is less well conserved. However, the leader 
RNA appears to maintain the same basic conformation in all of the coronaviruses which have 
been sequenced so far (Fig. 2). The functional significance of these secondary structures is not 
clear at the present time. 

TIlE STAlE OF lEMPLAlE RNA AND LEADER RNA IN INFECTED CELLS 

The state of the template RNA for coronavirus transcription has been less well studied due to 
the small quantity of template (negative strand) RNA. The single report characterizing the size 
of the coronavirus template RNA indicated that it is a genomic-sized RNA (Lai et al., 1982). 
There is currently a controversy concerning the kinetics of its synthesis: it is not known whether 
the negative-stranded RNA is synthesized only early in the infection (Brayton etal., 1984) or 
throughout the infection (Sawicki et aI., 1986). Recently, it has been shown that TGEV may 
synthesize sUbgenomic template RNAs which have sizes equivalent to those of sub genomic 
mRNAs (D. Brian, this volume). This finding is hard to reconcile with the existing data. 
Clearly more studies on the negative-strand RNA are warranted. 

IBY 

2 

JO 

Fig. 2 Predicted secondarY structures of MHV and IBV leader RNAs. 
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At least some of the leader RNAs exist as a free RNA species in the cytoplasm of infected 
cells. These RNAs range from 50 to 90 nucleotides in length (Baric et al., 1985). It is not clear 
which leader RNA species is utilized for transcription. Leader RNAs have been shown to be 
associated with the nucleocapsid (N) protein of coronavirus (Baric et al., 1988). Whether this 
association is a prerequisite to RNA transcription is not known. Biochemically it has not been 
demonstrated that these free leader RNAs could be chased into mature RNA species. Nor has 
the priming function of these leader RNAs been shown. 

A MODEL OF LEADER-PRIMED 1RANSCRIPTION 

Given the current state of knowledge, a model of leader-primed transcription can be proposed 
(Fig. 3). The leader RNA is synthesized from the 3'-end of the template RNA. The 
transcriptional termination could occur at multiple sites between nucleotides 60 and 90 from the 
5'-end, where there is a hairpin loop and a stretch of A-U-rich sequence (Shieh et al., 1987). 
Mter termination, the leader RNA is dissociated from the template and is then associated with N 
protein and possibly also with RNA polymerase. This free leader RNA binds to the 
downstream transcriptional initiation sites via complementary sequences between the leader 
RNA and the intergenic regions on the template RNA. The binding sites include the 
UCUAAAC consensus sequence and possibly also neighboring sequences. The 3'-end single
stranded tail of the bound leader RNA is then removed by either an endonuclease or exonuclease 
activity associated with the polymerase. Altematively, an endonuclease activity may recognize 
the mismatched nucleotide (e.g. at the initiation site of MHV mRNA 6) within the leader
binding sequence and cleave the leader RNA at a site upstream of the mismatched nucleotide. 
RNA transcription then takes place using the bound leader RNA as a primer. The endonuclease 
activity may be equivalent to a proof-reading activity for coronavirus RNA synthesis. 

Fig. 3 A detailed model of leader-primed trancription. 
Adapted from Lai (1986) with permission. 

FREE LEADER RNA IN RNA REPLICA nON 

Coronavirus genomic size RNA in infected cells has two functions: it serves on the one 
hand as the mRNA for the polymerase proteins, and on the other as the genomic RNA 
destined to be packaged into virus particles. No clear structural difference could be detected 
between these two classes of RNAs. Thus, whether there is a switch from transcription to 
replication of RNA during coronavirus growth cycle is hard to evaluate. The only case 
where there is an obvious switch from RNA transcription to replication is with bovine 
coronavirus (BCV) (Keck et al., 1988a). It is not clear whether transcription and replication 
utilize the same mechanism of RNA synthesis. 
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The understanding of the mechanism of coronavirus RNA replication has been aided by the 
studies of defective-interfering (DI) RNA. DI RNA has been generated from the JHM strain of 
MHV during high multiplicity passages of the virus (Makino et al., 1984). It replicates at a very 
high efficiency, thus providing an opportunity to study the mechanism of RNA replication. 
Furthermore, DI RNAs are much smaller than the virion genomic RNA; for instance, the 
smallest DI RNA detected in MHV-infected cells is only 2.2 kb (Makino et aI., 1988) as 
compared to 32 kb for the entire virion genomic RNA. A complete cDNA clone of this DI RNA 
has been obtained and the in vitro transcribed RNA is capable of extremely efficient replication 
in the presence of a helper virus. Surprisingly, when the leader RNA in the DI RNA transfected 
cells was examined, it was found to contain the leader RNA from the helper virus, instead of its 
own leader RNA (Makino and Lai, this volume). This result suggests that a leader RNA 
supplied in trans is utilized in coronavirus DI RNA replication. Thus, the same mechanism of 
leader-primed RNA synthesis is likely to operate in the RNA replication step. 

HIGH-FREQUENCY RNA RECOMBINATION SUGGESTS A DISCONTINUOUS 
MECHANISM OF RNA REPLICATION 

Another interesting phenomenon which is relevant to coronavirus RNA replication is the 
high frequency of RNA recombination (Makino et ai., 1986). Recombination occurs both in 
tissue culture and in animals (Keck et ai., 1988b). Recombination frequency can be more 
than 10% under some conditions (Makino et ai., 1986). Such a high frequency of 
recombination resembles reassortment of segmented RNAs in influenza viruses, suggesting 
that segmented RNA intermediates may be generated during MHV RNA replication. RNA 
intermediates may account for RNA recombination by a copy-choice mechanism. Indeed, 
RNAs of discrete, non-message sizes have been detected in the cytoplasm of MHV -infected 
cells; these may correspond to transcriptional intermediates pausing at secondary structures in 
the template RNA (Baric et aI., 1987). These results suggest that coronavirus RNA 
replication proceeds by a discontinuous and non-processive mechanism, with transcriptional 
pauses occurring at sites of secondary structure. The occurrence of high-frequency RNA 
recombination may explain why the coronavirus RNA genome of enormous size (32 kb) can 
be maintained as a stable and infectious RNA. 

ENZYMOLOGY OF RNA TRANSCRIPTION AND REPLICATION 

Coronavirus RNA synthesis is mediated by virus-specific RNA-dependent RNA 
polymerase. The enzyme activity has been demonstrated in TGEV and MHV -infected cells; 
however, the protein responsible for the polymerase activity has not been identified. Based 
on the size of the possible gene products and analogy to other RNA viruses, it is assumed 
that the 5'-most gene (gene 1) encodes the polymerase proteins. This gene has been 
completely sequenced in IBV (Boursnell et aI., 1987). It is approximately 18 kb in length 
and has two open reading frames (ORFs) which overlap each other slightly. It has been 
shown that these two ORFs can be translated into a polyprotein by a ribosomal frame-shifting 
mechanism (Brierley et ai., 1987, 1989), resulting, presumably, in a polyprotein of Mr 
greater than 700,000. This polyprotein is most likely processed into multiple proteins 
(Brierley et ai. this volume). 

In the case of MHV, the sequencing of the gene encoding the polymerase protein has not 
been completed. This gene is approximately 23 kb long (Baker et ai., this volume). It has the 
capacity to encode a protein of Mr 800,000. Again, this polyprotein is most likely processed 
into multiple proteins. Indeed, it has already been shown that the N-terminus of this 
polyprotein is cleaved into a p28 protein (Denison and Perlman, 1986); Soe et ai., 1987); the 
cleavage is catalyzed by an autoproteolytic activity inherent in this polyprotein (Baker et ai., 
this volume). The proteins encoded by this gene very likely contain other activities in addition 
to the polymerase activity. For instance, the putative endonuclease required for processing 
the leader RNA, and other activities such as those required for the regulation of RNA 
transcription may also be present within this polyprotein. 

The polymerases are likely to be associated with membranes (Dennis and Brian, 1982; 
Brayton et ai., 1982). Most likely, the transcription and replication complexes are in a 
membranous compartment, so that a high concentration of leader RNAs can be maintained 
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locally and RNA recombination between coinfecting viruses can therefore occur at a high 
frequency. 

PERSPECTIVES 

Studies conducted so far have clearly established that coronaviruses utilize unique 
mechanisms for the transcription and replication of their RNAs. Many details of these 
mechanisms are, however, yet to be unveiled. Several areas of research in the future may be 
particularly useful in revealing additional insights into the mechanism of coronavirus RNA 
synthesis: 

1. Establishment of An In Vitro Transcription and Replication System 
Several in vitro systems capable of synthesizing either genomic or subgenornic RNAs have 
been reported (Dennis and Brian, 1982; Brayton et al., 1982; Compton et aI., 1987; 
Leibowitz and DeVries, 1988). However, none of these are capable of utilizing exogenous 
RNAs as either template or primers. The ability of any in vitro system to transcribe or extend 
exogenous RNAs is a key to understanding the mechanism of RNA synthesis. 

2. Temperature-Sensitive Mutants Defective in RNA Synthesis 
An earlier report has grouped RNA (-) temperature-sensitive mutants into six 
complementation groups (Leibowitz et aI., 1982). However, no follow-up work has been 
reported. The characterization of phenotype and genotype of these mutants and genetic 
mapping of the temperature-sensitive lesions by complementation and recombination should 
yield valuable information on the possible gene products involved in coronavirus RNA 
synthesis. 

3. Characterization of the Protein Products of the Gene Encoding the Putative Polymerase 
This gene, ranging from 18 to 23 kb, very possibly encodes a polyprotein of Mr 700-800,000, 
which may subsequently be processed into multiple proteins. Its size is two to three times the 
size of the genomes of other positive-strand RNA viruses, such as flavi or picomaviruses. 
Thus, the primary gene product of this gene likely to undergo complex processing pathways, 
and possess multiple functions. The identification of these proteins and their functions will be 
an important contribution to the understanding of coronavirus RNA transcription and 
replication. 
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