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OVERVIEW 

Coronaviruses include a group of RNA viruses of medical and veterinary 
importance, all of which are characterized by spherical, enveloped virus 
particles with prominent surface projections, resembling the corona of the 
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sun. They infect various animal species, causing respiratory, gastrointestinal, 
cardiovascular, and neurological diseases. In humans, coronaviruses have 
been associated with common colds, diarrhea, and possibly multiple sclero
sis. The prototypical coronaviruses include avian infectious bronchitis virus 
(!BV) , mouse hepatitis virus (MHV), porcine transmissible gastroenteritis 
virus (TGEV), bovine coronavirus (BCV), human coronavirus (HCV), feline 
infectious peritonitis virus (FIPV) , rat sialodacryoadenitis virus (SDA V), 
turkey coronavirus (TCV), rabbit coronavirus (RCV), and several viruses of 
other animal species. The majority of the studies on the molecular biology of 
coronavirus have been carried out with MHV, !BV, TGEV, BCV, and, to a 
lesser extent, with HCV and FIPV. These studies have revealed many unique 
features of coronavirus biology. The scope of this review focuses mainly on 
the organization, transcription, and replication of coronavirus RNA. Other 
aspects of coronavirus biology have been dealt with in earlier reviews of 
Wege et al (126), Sturman & Holmes (116), and Lai (52, 53). A com
prehensive summary of the coronavirus gene structure and gene products can 
also be found in a review by Spaan et al (104). 

STRUCTURE OF CORONA VIRUS VIRION 

Coronavirus virions are spherical, enveloped virus particles, ranging from 80 
to 160 nm in diameter. Prominent surface projections of up to 20 nm in length 
cover the entire virion surface (117), giving it the corona appearance. In some 
species of coronavirus, e. g. TCV, smaller spikes are also seen on the virion 
surface (27). Inside the envelope resides a helical nucleocapsid of 6-8 nm in 
diameter, which can be released from virus particles by mild treatments with 
either NP-40 or Triton X-IOO (115, 117). The forma�ion of a helical nucleo
capsid in coronavirus is unexpected, since the helical nucleocapsid is usually 
associated with viruses containing a negative-stranded RNA genome; yet, 
coronavirus contains a positive-stranded RNA genome (see below). Typical

ly, positive-stranded RNA viruses have icosahedral nucleocapsids. This fact 
might have functional implications in the mechanism of coronavirus RNA 
synthesis. 

All coronavirus virion particles contain three to four structural proteins. 
The first one is the spike protein (S; old terms: E2 or gpI80), which con

stitutes the spikes, or peplomers, on the virion envelope. It weighs roughly 
180 kd and is frequently cleaved into two proteins of 90 kd in most of 
coronaviruses (23, 33, 118). In MHV, this cleavage has been shown to be 
mediated by cellular proteases and is required for the activation of viral 
infectivity (118). In some other coronaviruses, e. g. FIPV and TGEV, the S 
protein is not cleaved, however. The predicted sequence of the S protein 
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suggests that it contains an N-terminal signal sequence and a C-terminal 
hydrophobic membrane-anchoring domain (8, 70, 90, 95) and that it may 
assume a coil-to-coil structure (28). It contains N-linked carbohydrate chains 
( 108, 1 14) ;and may be further modified by palmitic acid (118). This protein is 
responsible for virus binding to virus receptors on the target cells, induction of 
cell-to-cell fusion, elicitation of neutralizing antibodies, and cell-mediated 
immunity (114, 116). The monoclonal antibodies specific for the S protein 
can neutraliize virus infectivity and inhibit fusion-inducing ability of the virus 
(25, 124). 

The second viral structural protein, designated M (old terms: El, gp23) is 
also an integral membrane glycoprotein. Sequence and biochemical analysis 
suggests that most of the protein is hydrophobic and spans the envelope 
several tim(!s (1, 24, 92, 93). The protein is glycosylated by either N-linked 
carbohydrates, as in IBY (108, 109), or O-linked carbohydrates, as in MHY 
(41, 84). The function of this protein is unclear: it is unlike the matrix protein 
present in other enveloped viruses. The inside domain of the M protein may 
interact with the virion nucleocapsid (117). This interaction could be the focal 
point for the assembly of virus particles because virus budding appears to 
occur at the site of M accumulation ( 120). The monoclonal antibodies specific 
for the M protein do not neutralize virus infectivity (25, 124). 

The third glycoprotein on the virion surface is HE (old terms: E3 or gp65). 
The presenc:e of this glycoprotein in coronavirus virion appears to be optional: 
it is present in BCY, TCY, HCY, and some strains of MHY, but is absent in 
IBY and TGEY (33, 37, 39, 49, 88, 108, 1 29). This protein most likely 
constitutes the smaller spikes observed on virus particles in some electron 
micrographs of coronaviruses (27). It is glycosylated by N-linked carbohy
drates ( 129). An interesting aspect of this glycoprotein is that it shares some 
sequence homology with the hemagglutinin protein of influenza C virus (69). 
Correspondingly, the HE protein of Bey also exhibits hemagglutinating and 
esterase actIvity (122, 1 23) and some strains of MHY show esterase activity 
( 1 29). The latter activity represents the receptor-destroying activity in in
fluenza e virus (121) .  Furthermore, monoclonal antibodies specific for the 
HE protein of Bey can inhibit virus-induced hemagglutination and neutral
ize viral infectivity (32). Thus , HE protein may play a significant role in 
coronavirus biology. However, the optional nature of this protein suggests 
that it is dispensable, and may serve an unknown lUXUry function for the 
virus. 

The fourth structural protein is an internal component of the virus. This 
protein, N, is a phosphoprotein of 50 kd (113), which constitutes the nucleo
capsid prote:in of the virus . The protein binds to virion RNA, providing the 
structural basis for the helical nucleocapsid. The RNA-binding activity of the 
N protein has been demonstrated in vitro (4, 1 12). The protein appears to bind 
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specifically to a segment of the leader RNA (see below) (112). It may provide 
not only a structural role, but possibly also regulatory functions for viral RNA 
synthesis. 

GENOME STRUCTURE AND GENE ASSIGNMENTS 

Coronavirus contains a single piece of nonsegmented RNA genome with an 
estimated molecular weight of 6x 106 to 8x 106 daltons (60, 68, 125). The 
RNA contains a 5' cap structure and 3' poly(A) tail (61, 128) and is infectious 
upon transfection of the naked RNA into a susceptible cell line . The RNA also 
serves as a template for in vitro translation of viral proteins (66, 100). Thus, 
this RNA is a typical positive-stranded RNA. No negative-stranded RNA has 
been detected in the virion (61). The complete sequence of genomic RNA for 
IBV RNA (11) revealed a big surprise, i .  e .  the genomic RNA oflBV is 27.6  
kilobases (kb) long, much bigger than the previous size estimates for corona
virus RNAs. Current estimates of MHV genomic RNA by cDNA cloning and 
sequencing showed that it has an even larger genome, i. e. 32 kb (2, 86). 
These RNAs are considerably larger than any other known viral RNA (the 
next smaller viral RNA is paramyxovirus RNA, which is approximately 14 kb 
long). The fact that these genomic RNAs are larger than the previous es
timates was not a surprise because no suitable RNA markers of this size range 
were available for the determination of RNA sizes by gel electrophoresis. The 
surprise was that RNA of such a large size can exist at all, considering the 
high error frequency of RNA-dependent RNA synthesis (40). This large size 
of the virion RNA entails that the virus must have a unique mechanism of 
synthesis to counter the deleterious effects of possible errors in RNA synthe
sis. 

Sequencing analysis of the virion genomic RNAs reveals the presence of at 
least 10 open reading frames (ORFs), some of which correspond to a distinct 
mRNA species (see below). The ORFs corresponding to the same mRNA are 
considered to belong to the same gene. Based on the number of mRNA 
species (see below), coronaviruses are thought to have six to eight separate 
genes. These ORFs encode various structural and nonstructural proteins 
of coronaviruses. Figure 1 shows the gene arrangements in different coro
naviruses. Several striking features are noticeable: 1. The gene orders 
in the genome of different coronaviruses are comparable. The order of 
genes 4 and 5 of IBV is reversed, however, when compared with other 
coronaviruses. TGEV probably contains an additional gene (gene 7) at the 3' 
end, which has a small ORF and a corresponding mRNA (31, 130). 2. 
MHV and BCV contain two additional genes, encoding the HE protein 
and a nonstructural protein, p30, neither of which is present in IBV or 
TGEV. 3. Several overlapping ORFs are included within a gene. For in
stance, genes 1 and 5 of MHV contain two ORFs each and genes 1 and 3 of 
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Figure 1 Gene organization of coronavirus genome. Capital letters indicate the structural 
protein genes. The numbers on top of the genes are designations of mRNAs corresponding to 

each gene. L stands for the leader RNA. The structure of gene 1 of Bev and TGEV has not been 

determined. The organization of MHV RNA is deduced from published sequences (98, 101) and 
unpublished sequence (C.-K. Shieh & M. M. C. Lai); that of IBY from published sequence (10, 

1 1, 102). The structure of BeV and TGEV are from Refs. 62 and 90 and unpublished data of D.  
Brian. 

!BV contain two and three ORFs, respectively . The significance of gene 
rearrangement and insertion of genes in different coronavirus RNA genomes 
is discussed in later sections. 4. Gene I, which probably encodes nonstructu
ral proteins including RNA polymerase, accounts for more than two-thirds 
(17-23 kb) of the genome. 

IBV and MHV RNA genomes contain approximately 200-500 nucleotides 
of the untranslated sequence at the 5' end ( 1 1 ,  86, 1 03). The terminal 60-70 
nucleotides are termed leader sequence and are transposed to the 5' ends of 
every mRNA species (19, 54, 105). This leader sequence is important in the 
regulation and transcription of coronavirus genomic RNA and sUbgenomic 
mRNAs. At every intergenic region, there is a small stretch of consensus 
sequence of approximately 8-10 nucleotides ( 18 , 21, 99), which is important 
for the transcription of the downstream genes (see below). 

GENERAL PATHWAY OF CORONA VIRUS 
REPLICATION 

Coronaviruses, in general, have very restricted host ranges,  infecting only 
cells of the:ir own host species. However, some cross-species infections do 
occur. For instance, BCV can infect bovine, human, and rat cells. In animals, 
coronaviruses also have restricted tissue specificity. For instance, MHV 
infects only cells of gastrointestinal tracts, reticuloendothelial systems, and 
occasionally nervous systems . The species and tissue specificity may be 
controlled at the cellular receptor level. This control is demonstrated by a 
classic experiment that showed that MHV does not infect COS cell, a monkey 
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kidney cell line, but the transfection of purified genomic RNA of MHV into 
COS cells led to the production of infectious viruses (L. Banner & M. M. C. 
Lai, unpublished data). A candidate membrane receptor protein for the MHY 
has been identified in the gastrointestinal tract of a susceptible mouse strain 
(12). The presence or absence of this protein correlates with the sensitivity or 
resistance of the mouse strains. A monoclonal antibody against this protein 
can block viral infections (K. Holmes, personal communication). Thus, the 
receptor molecules on the surface of the target cells appear to provide the 
entry points for the viral infection. The S (peplomer) protein of the coronavi
rus is probably the viral component that interacts with the receptors (116). 
Studies showing that monoclonal antibodies against the S protein neutralized 
virus infectivities indirectly suggest the S protein's role as the viral com
ponent (25 , 124). However, direct biochemical interactions between the S 
protein and the receptors have not been demonstrated. Monoclonal antibodies 
against the HE protein of Bey can also block infections of BCY (32). Thus, 
the HE protein may also interact with the viral receptors. Whether S and HE 
proteins have distinct receptors is a matter of speculation. The presence of two 
different receptor-interacting proteins may allow the virus to infect different 
types of cell. After virus binding, the virus penetrates into cells probably by 
viropexis and uncoats through endosomal fusion (50, 83). However, virus 
entry by cell fusion has not been ruled out. 

Once the viral RNA genome is released into the cells, the subsequent 
biochemical events in viral replication cycle take place entirely in the cyto
plasm. The nuclear functions are apparently not required for the growth of 
viruses, inasmuch as coronaviruses can grow in enucleated cells and in the 
presence of actinomycin D and a-amanitin (13, 127). The replication of my 
may require some nuclear functions (35), although this report has not been 
confirmed. The biosynthetic events of coronavirus replication in the infected 
cells start with the synthesis of a virus-encoded, RNA-dependent RNA 
polymerase. This enzyme is not carried in the virion particle; thus, it has to be 
synthesized de novo from the incoming viral genomic RNA.  Indeed, the 
replication of coronavirus RNA requires continued protein synthesis almost 
from the very beginning of viral infections (71, 94). Inhibition of protein 
synthesis at any point of the viral replication cycle will interrupt viral RNA 
synthesis. This virus-encoded RNA-dependent RNA polymerase transcribes 
the incoming viral genomic RNA into full-length (58) and subgenomic (94a, 
97) negative-stranded RNA, which then serve, in tum, as the template for the 
synthesis of subgenomic and genomic mRNAs. The transcription of these 
rnRNAs may be catalyzed by a different RNA-dependent RNA polymerase, 
which is either modified from the earlier viral RNA polymerase or represents 
a completely new one (14). The mRNAs are then used for the synthesis of 
structural and nonstructural proteins. The functions of the nonstructural 
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proteins are not yet clear; some of them probably participate in viral RNA 
synthesis and others may be involved in virus assembly, and still others may 
be responsible for the shut-off of host macromolecular synthesis. 

Accumulation of viral structural proteins is a prerequisite for the assembly 
of virus particles and may also signal the switch of viral RNA synthesis from 
making mRNAs to making genomic RNA that is destined to be packaged into 
virion. The assembly of virus particles is probably initiated by the interaction 
between the virion genomic RNA and structural proteins, such as N protein, 
thus forming a nucleocapsid. This interaction may trigger a cascade of 
additional viral protein-protein and protein-RNA interactions such as the 
binding of N to M (117). The virus nucleocapsid buds into the endoplasmic 
reticulum in the perinuclear membranes (34, 82, 85) and, in the process, 
acquires lipid bilayer and S and/or HE proteins. The mature virus particles are 
transported across the golgi complex and eventually released from the cells. A 
final step of virus maturation probably occurs extracellularly as the S protein 
is cleaved by cellular proteases into two disulfide-linked subunits. This 
cleavage is required only for certain coronaviruses, such as MHV (118), but 
not for FIPV. The infected cells develop cytopathic effects (CPE), which may 
result from the viral inhibition of host macromolecular synthesis and from the 
S protein-induced cell fusion. In most of the cell lines studied, coronaviruses 
cause cytocidal infection, resulting in cell death. The kinetics of virus growth 
vary with c:ell lines and virus strains. In some cells, coronavirus infections 
result in persistent infections with minimal ePE. In general, persistent infec
tion can be: readily established in most of the coronavirus infections. The 
mechanisms of persistent infection are largely unknown. 

TRANSCRIPTION OF CORONA VIRUS mRNAS 

The Structure and Gene Products of mRNAs 

Coronavirus RNA synthesis occurs independently of DNA-dependent RNA 
synthesis. Thus, the coronavirus-specific RNA synthesis in the infected cells 
is usually studied in the presence of actinomycin D, which inhibits host RNA 
synthesis. Depending on the cell lines and viruses involved, virus-specific 
RNAs can usually be detected a few hours after virus infections. The vast 
majority of these RNAs are poly(A)-containing mRNAs, which can usually 
be separated into 6 to 8 species, ranging in size from 0.6x 106 to more than 
8x 106 molecular weight (55, 67,106, 107). These RNAs are named mRNAs 
1 to 7 in the order of decreasing size. [!BV RNAs were previously named A to 
F in the order of increasing size (107). The recommendation that these RNAs 
be renamed 1 to 6 placed them in conformity with the nomenclature of other 
coronaviruses (23a). An MHV mRNA was named mRNA 2b or 2-1 (98) 
because it w,as discovered later than the rest of mRNAs.] The same RNA 
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species were detected on polysomes (59, 1 06), thus indicating that they are 
functional mRNAs. The largest mRNA (mRNA 1 )  corresponds in size to the 
genomic RNA of the virion. The rest of the mRNAs are subgenomic in size. 
The structure of these mRNAs has been determined initially by oligonucleo
tide fingerprinting studies (55, 67, 107), which showed that these mRNAs 
have a nested-set RNA structure, i. e. the sequence of each RNA represents a 
subset of the next larger mRNA, and the largest mRNA is identical to the 
virion genomic RNA. Furthermore, all sequences of the mRNAs start from 
the 3' end of the genome and extend for various distances in the 5' direction. 
Thus, all the mRNAs overlap in sequence, and, except for the smallest 
mRNA, all are polycistronic in their structure. However, in vitro translation 
studies showed that only the 5' portion of each mRNA that does not overlap 
with the next smaller mRNA is translatable (43, 66, 100, 1 11). Thus, these 
mRNAs are functionally monocistronic . Whether the untranslated down
stream sequence in each mRNA serves any structural or functional role is not 
clear. 

The number of mRNAs varies among different coronaviruses. For instance, 
!BV has only six major mRNAs compared with seven for MHV and eight for 
BeV (44). The number of these mRNAs corresponds to the number of 
functional genes in each coronavirus species. Thus , IBV has two fewer genes 
than BeV. Interestingly,  some MHV strains contain eight mRNAs, with an 
additional mRNA species of a size between that of mRNAs 2 and 3 (75, 98). 
This gene (gene HE) is expressed only in some MHV strains (72, 75). The 
transcriptional control of this gene is discussed in a later section. Several 
additional mRNA species, which are either few in number or present in only 
certain MHV strains, have also been detected (72, 75). Whether they are 
functional mRNAs and encode any. gene products is not clear. Nevertheless, 
these mRNAs are interesting from the standpoint of transcriptional control. 

In vitro translation studies of these mRNAs have helped determine the 

genetic map of coronavirus RNA genome (Figure 1). These genetic maps 
have been further defined by cDNA cloning and sequencing of the genomic 
RNA. The sequence analysis shows that, in general, the coding region of each 
mRNA contains one ORF. However, the 5' unique regions of several mRNAs 
encompass more than one ORF. An example is mRNA 5 of MHV, whose 
coding region covers two ORFs capable of encoding two proteins p 13  and 
pl0, respectively (101). These two proteins were synthesized from the same 
mRNA probably under differential translational regulation (20, 65). No sepa
rate mRNA has been detected for the downstream ORF, although the down
stream protein (p lO) is the major gene product detected in infected cells (65). 
The second example is mRNA 3 of IBV, which encompasses three ORFs in 
its coding region (10). At least two of these ORFs have been shown to be 
translationally active in in vitro translation using a single mRNA species 
(102). The mechanism of translation in these cases, particularly that of the 
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downstream ORF, is not clear. The most unusual case is mRNA 1 of IBV and 
MHV, which has a coding region as large as 1 7-23 kb (2, 10, 86). The 5' 
unique region of this mRNA has two slightly overlapping ORFs. These two 
ORFs are translated into a large protein by a mechanism of ribosomal 
frame shifting (16). This translation mechanism requires a pseudo-knot struc
ture around the overlapping region (17). The primary protein product of this 
mRNA is most likely processed into multiple proteins post-translationally. 
Already, a cleavage product from the N-terminus of this protein has been 
detected in MHV-infected cells (29, 30). This product is most likely cleaved 
by an autoprotease inherent in this protein (3, 103). The protease domain 
appears to reside in a protein domain corresponding to a region 3.9 kb to 5.3 

kb from tho� 5' end of the genome (3). These results suggest that the expres
sion of coronavirus gene products is more complex than the simple 
monocistronic rnRNAs. 

Oligonueleotide fingerprinting analysis of the MHV subgenomic mRNAs 

revealed an additional feature of unusual structure; i. e. a T l-oligonucleotide 
is present only in subgenomic mRNAs but not in the genomic RNA (59, 67). 
This finding, along with the 5' end sequence analysis, led us to propose that 
the mRNAs contain a leader sequence (59). This prediction was subsequently 
confirmed by additional oligonucleotide mapping (57) and cDNA sequencing 
(54, 1 05). Both MHV and IBV mRNAs contain a stretch of approximately 
60--70 nucleotides of leader sequence at the 5' end (19, 54). This sequence is 
identical for every mRNA and is also present at the 5' end of genomic RNA. 
It is not present in the internal regions of genomic RNA, although a small 
stretch of 8-10 nucleotides are homologous between the 3' end of the leader 
sequence and the intergenic region preceding each gene (18, 21, 99). Thus, 

the leader sequences of subgenomic mRNAs are most likely derived from the 
5' end of the genome. This leader RNA sequence plays a major role in mRNA 
transcription (see below). 

The molar amounts of each mRNA are different. In general, the smaller 
mRNAs an: more abundant than the larger ones (67). For instance, mRNA 7 
of MHV is the most abundant RNA species. Next in abundance is rnRNA 6. 
However, this relative ratio does not always parallel the rnRNA size; mRNAs 
4 or 5 are usually synthesized in smaller quantities and tend to vary among 
different coronavirus strains, even between different MHV strains. The geno
mic-sized RNA is more abundant than some of the mRNAs, particularly later 
in the infection . Other than the genomic RNA, the relative ratio of the 
subgenomic mRNAs remains constant throughout the viral replication cycle. 

Mechanism of Subgenomic mRNA Transcription 

The coronavirus mRNA synthesis can be detected a few hours after virus 
infection in most virus-cell systems and continues until the infected cells 
expire. The nested-set, 3' -coterminal structure of mRNAs suggests that 



312 LAI 

different mRNAs have separate initiation sites but a common termination 
point, which is probably the end of the template RNA. Alternatively, these 
mRNAs could be derived from the cleavage and splicing of a precursor 
full-length RNA product; the different mRNA species represent cleavage at 
different points of this hypothetical precursor RNA. A third possibility is that 
they are synthesized using subgenomic negative-stranded template RNA, all 
of which are expected to have the same 5' end but terminate at different 
points. uv transcriptional mapping studies (42, 110) have addressed these 
alternatives. These studies show that the UV target size of each mRNA is 
equivalent to its physical size, indicating that each mRNA is transcribed 
independently, but not derived from the processing of a large precursor RNA. 
Thus, the discovery of the leader sequence on mRNAs, which are derived 
from the 5' end of the genomic RNA, posed a puzzling theoretical dilemma. 
This mRNA structure is similar to most of the eukaryotic mRNAs, which are 
normally derived by an RNA splicing mechanism. However, the UV tran
scriptional mapping study ruled out the involvement of the conventional RNA 
splicing in coronavirus mRNA transcription. Furthermore, coronaviruses rep
licate exclusively in the cytoplasm of infected cells (13, 127)-again in
consistent with the conventional RNA splicing mechanism, which occurs in 
the nucleus. These dilemmas led us to propose several possible mechanisms 
for coronavirus subgenomic mRNA transcription (6). All of these models 
involve a discontinuous transcriptional process, which fuses the leader se
quence at the 5' end of the genomic RNA to the subgenomic mRNAs, which 
initiate at sites distant from the 5' end. 

In the first model, the looping out of the template RNA allows RNA 
polymerases to jump from the leader region to the internal initiation sites of 
subgenomic mRNAs during the transcription process. The second model is a 
post-transcriptional processing mechanism, i. e. a trans-splicing mechanism 
that fuses the leader RNA to the mRNAs by a traditional splicing mechanism. 
This mechanism would be similar to that used for trypanosome mRNA 
synthesiS (119). This model was considered less likely because the leader 
sequence is present on the nascent RNA chains in the replicative intermediate 
(RI) RNA complex (6). Furthermore, no consensus splicing donor-acceptor 
sequences are presented at the leader and mRNA junction sites (see below). 

The third model is the leader-primed transcription, in which a leader RNA 
is transcribed from one end of the RNA template, dissociates from the 
template, and then rejoins the template RNA at downstream transcription 
initiation sites to serve as a primer for transcription (Figure 2). This model is 
unlike any of the discontinuous transcription mechanisms known to exist. 

These three models are based on the finding that the template RNA is of 
genomic-length (58). However, subgenomic negative-strand template RNAs 
have recently been detected in some coronavirus-infected cells (94a, 97). 
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Thus, the discontinuous transcription step could potentially also occur during 
negative-strand RNA synthesis, instead of positive-strand RNA synthesis. 
Nevertheless, the prevailing body of evidence supports the direct involvement 
of a free le:ader RNA in the transcriptional initiation of mRNAs, irrespective 
of the actual size of the template RNA. This supporting evidence includes the 
following: 

1. Several small leader sequence-related RNA species have been detected 
in the cytoplasm of MHV-infected cells (7). These RNAs range from 50 to 90 
nuc1eotides in length and are separated from the template RNA and from the 
membrane··associated transcription complex (see below). They fit the require
ment of a free leader RNA for the leader-primed transcription and may be the 
RNA used for mRNA synthesis. These leader RNAs are distinct in size and 
reproducible in different cell types, suggesting that they are synthesized and 
terminated at distinct termination points , which have been suggested to be 
sites of strong secondary structure (5). Most of these leader RNAs, however, 
are either larger or smaller than the leader sequence present at the 5 I end of 
the mRNAs. Thus, additional processing of these leader RNAs likely oc
curred during subsequent mRNA transcription. 

2. A temperature-sensitive (ts) mutant has been isolated that synthesizes 
only th� small leader-related RNAs but not mRNAs at the nonpermissive 
temperature (7). The isolation of this ts mutant indicates that the synthesis of 
the leader RNA and mRNAs are two separate and discontinuous events , and 
that they are mediated by at least two different virus-specific proteins. 

3. The evidence in support of the functional role of the free leader RNA in 
mRNA transcription came from the analysis of the leader sequence on 
mRNAs during a mixed infection of different MHV strains (80). Some of the 
leader sequences on the mRNA of a particular MHV strain are derived from 
the coinfecting virus. This class of mRNA can account for as high as 40-50% 
of the mRNAs, suggesting that the leader RNA and mRNAs are two separate 
transcription units that can be joined together almost at random. This phenom
enon is reminiscent of the RNA reassortment of segmented RNA viruses, 
such as inflluenza virus (87) or reovirus (36). This study established that the 
free leader RNAs detected in the MHV-infected cells indeed participate in 
transcription and are not the abortive transcription products. 

4. A direct biochemical evidence for the involvement of the leader RNA in 
transcription has recently been obtained from an in vitro transcription system 
(S. Baker & M. M. C. Lai , unpublished observations). When an exogenous 
leader RNA was introduced into infected cell lysate, the exogenous leader 
RNA was incorporated in trans into subgenomic mRNAs at precisely the 
leader-mRl'lA junction sites. These data support the leader-primed transcrip
tion mechaJl1isms, regardless of the structure of the template RNA. 

The unde:rstanding of the actual mechanism of the leader-primed transcrip-



314 LAI 

( - ) 

b 

a 

3' 
t 

-. 
•• 

leader RNA- Primed Transcription 

(+ I 5' •• -----��-----'----.-____i( A In 3' 

\ 
5' 3' S . -

..... ..... .............. lr----------�--�--� 
- . 
• • . .... --" =-•. -..... :-----

(+) ··-------------.o1(A)" 
• (A)n 

• (A)n 
• (A)" 

• (A)" 
---.{A)" 

----1A)n 

(_) 3: . . •  UAcuAUUAGAUUAGGUUUGUAAUAC · .. ·· 5' 
I I • • I • • I • I ... J .. !. ..,' ... J ... . .. � ................ ., �. , 

-0CUAAUCUA¥fAAACuuu / 
� ?'� �&'<L " L,eade's" "«e ' - - --........ ----..................... 

" ,l
' 

- ......... . 
.. ..  _- ...... ... .. .......... 

....... .. . ... � 

3' • 

2 , :I --:-.--:'5,,(6 tt 7 'S' 1-) ..... ....... .-.. ........J� I .. p 

c:P cd d!.-�&;;iJ \, 
1 

• 
.... 

•• <::::::::;,. 
... '" . 

.,- .. � .... .., \ " ... ., , 
� ... oi , - , ,, . .. -

... _" 
1 .... - . - .. - '. 

e - -(:.:,- 3' .. - - 'AcucUUAGAUUAGAUUUGAAAUucCUAC - -. -5''. 
uAALCUMu¢l'jill¢ UUUAu·· _ ·· -.3 ... . \.0 70 ".. �A • 

,,�cP ,. ...,� • 

.... d.r5�' 



CORONA VIRUSES 315 

tion came from the sequence analysis of the leader RNA and the intergenic 
regions (i. e .  transcription initiation sites). Such sequence analysis has been 
available for MHV, IBV, and, to a limited extent, for HCV (11, 96, 99). The 
intergenic regions have also been sequenced for several genes in BCV, 
TGEV, and FIPV, although their leader sequences have not been determined. 
The leader of MHV is roughly 72-77 nucleotides long while that of IBV is 
roughly 60 nucleotides (19, 54). A stretch of 7 to 18 nucleotides is 
homologous between the 3' end of the leader RNA and the intergenic 
sequences (19, 99). The 5' ends of mRN As and the intergenic sequences 
begin to diiverge, in the 5' direction, at the point of this homology. Thus, this 
homologous region is assumed to be the point of leader RNA binding and 
priming. Because of this homology, the precise length of the leader RNA 
cannot be defined precisely; the actual leader can start anywhere within this 
stretch of homologous sequence. Within this homologous region, seven 
nucleotides (UCUAAAC) are conserved among most of coronaviruses, ex
cept IBV, which has UUAACAA instead. These conserved nucleotides vary 
slightly among different intergenic sequences of the same coronavirus 
genome. In other words, the homology between the 3' end of the leader RNA 
and the intergenic regions is not perfect for every gene. But this mismatch is 
only minor, and does not involve more than one nucleotide at any intergenic 
region. This conserved region is probably the consensus sequence recognized 
by RNA polymerases for mRNA transcription. The nucleotides homologous 
between the leader and the intergenic sites both upstream and downstream of 
this consensus sequence probably also contribute to the stability of the leader 
RNA binding. Note that the consensus sequence and sequences around it are 
extremely AU-rich . Furthermore, the leader sequence, particularly its 3' half, 
is relatively conserved among different coronaviruses. Particularly, the sec
ondary structure of the leader RNA is conserved (99). Even in IBV leader 
RNA, which has a highly diverged leader sequence,  this secondary structure 
is relatively conserved. The functional significance of this secondary structure 
is not yet clear. 

Heterogeneity of Subgenomic mRNAs and Possible RNA 
Proofreading 
The 3' end of the leader sequence in coronavirus subgenomic mRNAs has 
been defined as the point of homology between the leader RNA and the 
intergenic regions, but the size of the leader RNA species utilized for RNA 

Figure 2 Models of leader-primed transcription. (a) Two general models in which the template 
RNA is either genomic or subgenomic in size. respectively. The solid squares represent leader 
RNA. (b) The intergenic sequences preceding genes 6 and 7 of MHV are shown. The arrows 
indicate the :lites of possible nuclease digestion (reproduced from Ref. 52 with permission). 
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transcription has not been determined. There are several leader RNA species 
of different sizes in the MHV-infected cells (7), none of which are exactly the 
same size as the leader sequence present in mRNAs. Presumably only the 
larger leader RNAs can be used as a primer for mRNA transcription. These 
larger leader RNAs may be synthesized using a transcriptional termination 
signal (AU-rich sequence following a stem-and-Ioop structure) localized 
downstream of the consensus sequences at the 5' end of genome (99). If these 
leader RNAs are used for mRNA transcription, a mechanism must cleave the 
3' end overhang sequence of the leader RNA before RNA synthesis (priming) 
can occur. Furthermore, as pointed out earlier, some nucleotides are mis
matched between the leader RNA and some of the intergenic regions within 
the consensus sequence. In these cases, the mature mRNAs usually contain 
sequences homologous to the intergenic sequences rather than to the leader 
RNA at the 5' end of the genome. Thus, the coronavirus RNA polymerases 
must have an ability to recognize these mismatches and correct them or, 
alternatively, the leader RNA is cleaved at the point of mismatches and RNA 
priming occurs immediately at the point of cleavage. Figure 2 presents a 
model of leader-primed transcription. This model proposes that the cleavage 
of the leader (primer) RNA occurs at the 5' most mismatched nucleotides, and 
RNA synthesis starts at the 3' OH end of the cleaved primer. Some mis
matches localized at the 5' side of the consensus sequence are, in rare 
situations, not corrected (79). The rule of mismatch repair is not completely 
understood yet. 

Another interesting feature of coronavirus leader RNA is that two to four 
pentanucleotide (UCUAA in the case of MHV) repeats partially overlap with 
the consensus sequence (UCUAAAC) at the 3' end of the leader. The number 
of repeats is variable among different MHV strains and changes rapidly with 
virus passages in tissue culture (75). For instance, serial passages of JHM 
strain in tissue-culture cells decreased repeat number from three to two after 
10--15 passages (75). IBV also contains an imperfect repeat (UUUAA and 
CUUAA) within the leader RNA (11), This pentanucleotide sequence is also 
imperfectly repeated in some intergenic regions. The presence of these repeat 
nucleotides in both the leader RNA and the intergenic regions within the 
consensus sequences allowed us to make an interesting prediction that the 
binding of the leader RNA to the intergenic regions may be imprecise, 
allowing some slippage between the different pentanucleotide repeats. This 
results in mRNAs with different numbers of repeats (Figure 3). Primer 
extension analysis of the purified mRNAs of MHV has indeed shown that 
every mRNA is heterogeneous, consisting of several subspecies, each of 
which differs by the repeat number of UCUAA sequence (79). Because the 
leader sequence at the 5' end of the genomic RNA is homogeneous, this result 
suggests that the pentanucleotide repeat within the consensus sequence is 
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Figure 3 Possible mechanisms for the generation of heterogeneity of mRNAs. Each open box 
represents a UCUAA pentanucleotide. The darkened boxes represent the nucleotide mismatches 
between the leader and template RNAs. 

directly involved in leader RNA binding. In all of these RNA subspecies, 
most of the mismatches between the leader and the intergenic sequences are 
corrected. However, a few of them are not. Again, the rule of the mismatch 
repair is not known. 

Transcriptional Regulation of Optional mRNA Species 
In addition to the major mRNA species observed in all of the coronaviruses, 
several additional mRNA species have been detected in some strains of 
MHVs. The most dramatic example is the transcription of a mRNA 2-1 (old 
term, mRNA 2b) with a size between that of mRNAs 2 and 3 (98). This 
mRNA corresponds to a functional gene HE but is transcribed only in a few 
MHV straiins. For instance, it is transcribed only in JHM strains containing 
two UCUAA repeats in the leader sequence at the 5' end of genome, but not 
by the JHM strain with three UCUAA repeats (75). The transcriptional 
initiation signal of this gene is UUUAAUAAAC, which differs slightly from 
the consensus sequence (UCUAAAC). This differential transcription by the 
leader RNA with either two or three UCUAA repeats is not seen with other 
intergenic regions. Thus, obviously, this phenomenon is related to the pecu
liar sequence at the transcription initiation site of this mRNA. Sequence 
analysis shows that the leader RNA forms the most stable hybrid with the 
sequences upstream and downstream of this consensus intergenic sequence, 
rather than with the consensus sequence itself (Figure 4). The loop formed by 
this kind of leader binding might hinder transcription. Perhaps the loop 
created by three repeats is too big to allow the transcription to proceed. This 
differentiali transcription has also been noted with several recombinant MHV s 
(see below). The recombinant viruses with A59-derived leader sequence, 
which contains two UCUAA repeats, and lHM-derived gene 2b (HE) se
quence transcribe mRNA 2-1, but A59 virus itself does not (75). The in
tergenic sequence of gene 2b of A59 contains a nucleotide change 
(UCUAAAC � UCUGAAC) (Figure 4). This nucleotide change may 
account fOIL the failure of A59 to transcribe this mRNA. These results indicate 
the importance of both leader sequence and intergenic sequence in mRNA 
transcription. 
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Figure 4 The sequences at the transcription initiation site for gene HE and the leader of MHV. 
JHM(2) is the JHM strain containing two UCUAA repeats while JHM(3) contains three UCUAA 
repeats. (0) is the mutated nucleotide in A59 RNA. Modified from Ref. 98 with permission. 

Several other mRNAs (e. g. mRNA 3a) are also differentially expressed 
(72, 75), depending on the sequence of both the leader RNA and intergenic 

sequences, although their transcriptional initiation sites have not been pre
cisely determined. In additibn, several minor RNA species are frequently 
observed in coronavirus-infected cells. These RNAs may be transcribed from 
the sequences that have only partial homology to the consensus sequence, 
thus representing suboptimal transcriptional initiation signals. The transcrip
tional regulation and functional significance of these RNAs are currently 
unknown. 

These studies suggest that the 3' end of the leader RNA, particularly the 
region around the UCUAA repeats, is important for leader-primed transcrip
tion. This conclusion is further supported by a study using the in vitro 
transcription system, which showed that only the leader RNA containing the 
UCUAA repeats could participate in mRNA transcription}n trans (S. Baker & 
M .  M .  C. Lai, unpublished observations). The smaller leader RNA lacking 
this repeat could not be used for transcription in vitro. Thus, if the template 
RNA used is subgenomic, this UCUAA repeat sequence must be present in 
these subgenomic templates. 

NEGATIVE-STRANDED RNA SYNTHESIS 

Coronavirus RNA synthesis is clearly mediated through a negative-stranded 
RNA template, which constitutes only a very small percentage ( 1 -2%) of the 
intracellular virus-specific RNAs (89, 94). The synthesis of this negative
stranded RNA from the incoming virion RNA by the virus-encoded RNA 
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polymerase precedes the synthesis of mRNAs. Indeed, the negative-stranded 
RNA template of coronavirus could be detected as early as two hours after 
infection and peaked at five to six hours after infection (89, 94). Apparently, 
the majority of the negative-stranded RNA is synthesized early in the in
fection; however, a small amount of it may continue to be synthesized until 
late in the infection during the peak of mRNA synthesis (94). The negative
stranded RNA is probably utilized for multiple rounds of mRNA synthesis 
because the positive-stranded RNA outnumbers the negative-stranded RNA 
(89, 94). Therefore, the negative-stranded RNA is stable. This stability is 
related to the fact that all of the negative-stranded RNA is present as double
strand RNA; no free negative-stranded RNA can be detected in coronavirus
infected cl�lls (94). Whether the negative-stranded RNA synthesized late in 
the infection contributes much to the mRNA synthesis is not clear, since the 
UV transcription study, in which the infected cell RNA was irradiated at six h 
after infection, suggested that the template RNA used for mRNA synthesis is 
made before, but not during, mRNA synthesis (42). 

The negative-strand template RNA was initially thought to consist of only 
the full-length genomic-sized species (58). More recently, however, sub
genomic negative-stranded RNAs and replicative form (RF) RNAs corre
sponding to the sizes of the subgenomic mRNAs were detected (94a, 97). 
These subgenomic negative-stranded RNAs have the same relative ratio 
among them as that among the subgenomic mRNAs. They could be generated 
either by termination at the intergenic sequences during negative-stranded 
RNA synthesis, or, alternatively, by replication of the subgenomic mRNAs. 
If the former is the case, then the intergenic sequences (UCUAAAC) will 
serve not only as the leader RNA binding sites during positive-stranded RNA 
synthesis but also the termination signals of the negative-stranded RNA 
synthesis. At the present time, the precise structure of the template RNAs 
used for subgenomic mRNA synthesis has not been resolved. 

The mechanism of initiation of the negative-stranded RNA synthesis is not 
clear. The: negative-stranded RNA contains a poly(U) tract (J. Leibowitz, 
personal communication); thus, it is most likely initiated from the poly(A) at 
the 3' end of the genomic RNA. Interestingly, at approximately 80 nucle
otides from the 3' end of the genomic RNA is a stretch of sequences 
(CGAAGAGC) that is conserved among all of the coronavrruses sequenced so 
far (62, 96). This conserved sequence may be the recognition signal for the 
negative-stranded RNA synthesis. Boursnell et al (11) pointed out that the 5' 
end sequence and the complementary sequence of the 3' end of IBV genomic 
RNA are homologous , suggesting that similar sequences regulate the replica
tion of positive and negative sense RNA. However, this sequence homology 
was not s(�en in MHV RNA. 
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REPLICATION OF GENOMIC RNA 

The genomic-sized RNA in coronavirus-infected cells consists of two pop
ulations: one serves as mRNA I, which is used for the translation of the 5' 
most ORF (ORFs l a  and l b), and the other is the RNA that is eventually 
packaged into the virion. Whether these two RNA populations have any 
structural differences is not clear. Presumably early in infection, most of the 
genomic-sized RNA serves as the mRNA for the synthesis of RNA 
polymerases required for RNA transcription; later in infections, most of these 
RNAs are packaged into virions. Although one cannot distinguish between 
these two RNA populations, in BeY-infected cells, the relative ratio of the 
genomic RNA to sUbgenomic RNAs increases later in infection (44), suggest
ing that mRNA synthesis (transcription) shifts to genomic RNA synthesis 
(replication) . Furthermore, late in the infection, most (95%) of the genomic
sized RNA is associated with nucleocapsids, while the remaining portion 
(5%) is associated with polysomes (91, 106). This result also suggests a 
functional distinction between virion genomic RNA and the genomic-sized 
mRNAs. Whether the replication and transcription of coronavirus RNAs are 
carried out by different mechanisms of RNA synthesis is unknown. These 
processes probably occur on different RNA synthetic machineries because the 
studies of RNA polymerases from infected cells revealed the presence of two 
s�parate membrane complexes containing polymerase activities (15, 31). One 
of these complexes synthesizes all seven RNAs, while the other synthesizes 
mainly genomic-sized RNA (15). Thus, the former is likely a transcription 
complex while the latter is a replication complex, both of which are separable 
from each other. 

One of the key questions related to coronavirus RNA replication asks 
whether the replication of RNA also involves the free leader RNA species, as 
in subgenomic RNA transcription. In other words, is the synthesis of genomic 
RNA, which is a faithful continuous copy of the virion genomic RNA, 
discontinuous? No direct answer to this question is currently available.  
However, the studies of the replication of defective-interfering (DI) RNAs 
suggest a possible answer. When an MHV DI RNA was transfected into cells, 
its leader RNA readily changed into that of the helper virus, suggesting that 
the free leader RNA from the helper virus is utilized for DI RNA replication 
(76). Because the replication of DI RNA is generally thought to be similar to 
that of the wild-type virus RNA, albeit much faster, the replication of 
coronavirus genomic RNA likely also utilizes a free leader RNA species and 
proceeds in a discontinuous manner. This possibility is also suggested from 
the heterogeneity of both the wild-type genomic RNA and DI RNA in 
coronavirus-infected cells (56, 75). As discussed above, the 5' end leader 
sequences of the genomic RNA as well as the DI RNA in different MHYs 
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contain several UCUAA repeats.  The uncloned populations of MHVs contain 
a mixture of genomic RNAs with two, three, or four UCUAA repeats (75). 
Furthermore, starting with a pure population of MHV, the repeat number in 
the genomic RNA rapidly becomes mixed during serial passages in tissue 
culture. Likewise, DI RNAs also contain a mixed subpopulation of RNAs 
with different repeat numbers (56) . These findings are most consistent with 
the interpretation that a free leader RNA is utilized for the replication of 
genomic RNA and DI RNA, in the same way as subgenomic mRNA 
transcription. The imprecise binding of the free leader RNA during RNA 
replication could result in the heterogeneity of the genomic RNA. The 
genomic RNA with a lower number of UCUAA repeats seems to have an 
advantage in replication, as these RNAs become the predominant RNA 
species during serial virus passages (75). 

The replication of coronavirus genomic RNA has an additional unique 
feature: the replication of the rest of the genome, other than the leader 
sequence, may proceed in a discontinuous and nonprocessive manner (7) . The 
crux of this mechanism is that the RNA synthesis pauses at sites of extensive 
secondary structure of the RNA template; the incomplete RNA products 
dissociate from the template because of a nonprocessive nature of the corona
virus RNA polymerases . These dissociated RNA products then rebind to the 
RNA template to continue RNA synthesis. This discontinuous, nonprocessive 
mechanism of RNA synthesis was suggested from the demonstration of 
high-frequency RNA recombination between coronaviruses (74) . The 
recombination frequency could be as high as 10-20%. Such a high frequency 
RNA recombination is reminiscent of RNA reassortment among viruses 
containing segmented RNA genomes, such as influenza virus or reovirus. 
Therefore, segmented RNA intermediates are likely present during RNA 
replication. These RNA intermediates can bind to the RNA template of a 
different virus during mixed infections. Indeed, leader-containing RNA in
termediates of different sizes have been detected in MHV-infected cells (7). 
The termination points of these RNA species correspond to the sites of 
extensive secondary structures in the MHV genomic RNA (7). These RNA 
intermediates were separated from the template RNA (7) and could thus 
potentially participate in RNA replication by rebinding to the template RNA. 
Because the recombinants with multiple crossovers could be easily isolated 
(45-47, 72), the dissociation and reassociation of RNA intermediates prob
ably occurs frequently during RNA replication . 

The mechanism of switching from the synthesis of mRNAs to the replica
tion of genomic RNA is not clear. The genomic RNA synthesis and 
encapsidation are coupled in MHV-infected cells (89). Since the encapsida
tion requires N protein, the accumulation of the N protein could possibly tip 
the balance of RNA synthesis from transcription toward RNA replication. 
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Conceivably the synthesis of mRNAs during infection leads to the synthesis 
of viral structural and non structural proteins. Once enough N proteins are 
made, the replication of the genomic RNA could be facilitated by the binding 
of N proteins to the nascent RNA products. This mechanism of switching 
from transcription to replication has also been demonstrated for vesicular 
stomatitis virus (9), which is a negative-stranded RNA virus and contains a 
helical nucleocapsid. Because coronavirus also has a helical nucleocapsid, a 
similar mechanism may regulate coronavirus RNA replication. The binding of 
the N protein to the RNA has been demonstrated in vitro (4, 1 12). The 
binding sites appear to reside in the leader RNA (112). Curiously the N 
proteins also bind to all of the subgenomic mRNA species of coronaviruses 
(4). The significance of such a binding is not clear. The N protein binding to 
the virion RNA demonstrated in vitro does not directly lead to the packaging 
of RNA into virus particles. Despite the binding of N protein to all of the 
mRNAs, only the genomic sized RNA is packaged into mature virion. 
Furthermore, many DI RNA containing the leader RNA are not packaged 
efficiently (73). Recent studies using MHV DI RNAs suggest that the RNA 
packaging signal may reside in the 3 '  end of gene 1 (S . Makino, K. Yoko
mori, & M. M. C. Lai , unpublished observation). Thus, the encapsidation by 
N proteins is necessary but not sufficient for RNA packaging into mature 
virions. This binding may represent a regulatory mechanism for RNA synthe
sis rather than a virion assembly process. Additional events are required for 
virus packaging of RNA. 

ENZYMOLOGY OF RNA SYNTHESIS 

Coronaviruses do not carry RNA polymerases in the virion. Therefore, the 
RNA polymerases used for RNA transcription have to be synthesized de novo 
from the incoming virion genomic RNA initially and then from the newly 
synthesized mRNAs later in the infection. Indeed, the inhibitors of protein 
synthesis such as cycloheximide, when added to the infected cells im
mediately after infection, inhibit RNA synthesis (71, 94). The dependency of 
RNA synthesis on protein synthesis continues throughout the viral replication 
cycle. Thus, either RNA polymerases or some cofactors have to be con
tinuously synthesized. 

Two types of RNA-dependent RNA polymerase activities specific for 
coronaviruses have been detected in the lysates of several coronavirus
infected cells (14, 26, 31, 63, 71). One is detected two to three hours after 
infection by MHV and disappeared by four or five hours postinfection (14). 
The other peaked at seven to eight hours postinfection. These two activities 
have different enzymatic properties, including pH optimum and cationic 
requirements (14). The detection of these enzymatic activities depends on 
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active protein synthesis (7 1 ) .  The first or early polymerase is most likely 
responsibk for negative-stranded RNA synthesis, while the second or late 

polymerase is responsible for the positive-stranded RNA synthesis (15) . The 

latter activiity was associated with two separable membrane complexes, one of 
which is probably responsible for the synthesis of genomic RNA and the other 
for both genomic and subgenomic mRNAs ( 1 5) .  Whether the protein com
ponents of these two complexes are different has not been shown. Since the 
enzymatic properties of the early and late RNA polymerases are different 
( 14), and the negative-stranded and positive-stranded RNA synthesis have 
different s(msitivities to inhibition by cycloheximide (94), the negative- and 
positive-stranded RNAs are most likely synthesized by different RNA 
polymeras(:s or, at least, by the same polymerases modified differently by 
other viral or cellular proteins .  

The proteins responsible for the polymerase activities have not been de
tected. Th�:oretical considerations suggest that the 5' -most gene (gene 1) of 
the coronavirus genome encodes RNA polymerases. Th!s is based on the 
reasoning that only the 5' -most gene of the virion genomic RNA can be 
translated iinto proteins, and that the synthesis of RNA polymerases is re
quired before any other macromolecular synthesis can take place. The size of 
this gene ranges from 18 kb for IBV ( 1 1) to 23 kb for MHV (2, 86) and 
accounts for more than two thirds of the entire viral genome. The IB V gene 1 

contains 2 overlapping ORFs , which can potentially encode 44 1 kd and 300 
kd proteins , respectively ( 1 1 ) .  There is a pseudoknot-forming sequence 
around the junction between the two ORFs ( 1 7). These two ORFs can be 

translated into a continuous protein by a ribosomal frameshifting mechanism 

by virtue of this pseudoknot structure ( 16, 1 7) .  None of the protein products 
have been detected in the coronavirus-infected cells , however. The large size 
of this potential gene product suggests that it contains several different 
functional domains or that it is processed into several different proteins. In 
vitro translation of the genomic RNA has yielded a protein of 250 kd (29), 

which repn:sents only a portion of this potential gene product. Thus, it may be 
a cleavage product of the primary translation product. Furthermore, the 

N-terminus of this protein was cleaved into a 28 kd protein during in vitro 
translation and in the infected cells (29, 30). A coupled transcription
translation of MHV cDNA has shown that this cleavage may be carried out by 
an autoprotease activity inherent in the protein itself (3). The protease activity 
is localized somewhere downstream of the cleavage site (3). This is the first 
detected enzymatic activity and processing event associated with the corona
virus RNA polymerase. Sequence analysis of this gene has suggested that this 
protein may contain protease and helicase activities in addition to the 
polymerase activities (38) . These activities have yet to be demonstrated 
biochemically. 
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Temperature-sensitive (ts) mutants defective in RNA synthesis at the non
permissive temperature have contributed additional insights into the proper
ties of this protein. The ts mutants of MHV have been grouped into seven 
complementation groups ,  six of which have RNA (-) phenotypes (64) . The 
gene functions affected in these ts mutants have not been identified. More 
recent studies by Baric et al have identified 4 RNA - complementation 
groups ,  which are defective in the synthesis of genomic RNA, leader RNA, 
mRNAs, and negative-stranded RNA, respectively. The ts lesions of these 
mutants appear to map within the gene 1 .  Therefore , this gene product 
appears to have several different functional domains separately responsible 
for the synthesis of different RNA species. Whether these functional domains 
represent different RNA polymerases or represent different factors modifying 
a core polymerase is not clear. It would be interesting to know whether these 
functional domains are indeed separated into individual proteins by process
ing of a polyprotein. 

The function and enzymology of polymerases can best be studied in an in 
vitro transcription and replication system. Several in vitro transcription sys
tems have been described for MHV and TGEV (14, 26, 31, 63, 71). These 
systems can synthesize genomic RNA, and, in some cases, sUbgenomic 
RNAs using endogenous viral RNAs as templates. They do not appear to be 
able to initiate RNA synthesis. The proteins required for the RNA synthesis in 
these systems have not been identified. However, the antibody against the 
nucleocapsid (N) protein can inhibit RNA synthesis (26). Thus, in addition to 
the RNA polymerases, the N protein may also play a role in RNA synthesis. 
Recently, an RNA transcription and replication system has been developed 
using lysolecithin permeabilization of the MHV-infected cells (S . C. Baker & 
M. M. C .  Lai, unpublished observation) . This system can utilize ex
ogeneously supplied leader RNA as a primer for RNA synthesis. The leader 
RNA can apparently be trimmed at various points and incorporated into newly 
synthesized RNA. This may represent the specific nuclease activity postulated 
in the leader-primed transcription model. 

HIGH-FREQUENCY RNA RECOMBINATION 

One unique phenomenon associated with coronaviruses, which may result 
from the peculiar mechanism of coronavirus RNA synthesis, is the high
frequency RNA recombination (74) . Although coronaviruses contain a single 
piece of RNA genome, they can undergo genetic crossovers at a frequency 
reminiscent of the RNA reassortment in viruses containing segmented 
genomes. The high frequency of recombination has been demonstrated not 
only by the large number of recombinants among the progeny viruses in a 
mixed infection (74), but also by the large number of crossovers in the 
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genome of recombinants during a single round of infection (45-47, 72). Most 
remarkably, when two selection markers (e. g. temperature sensitivity in virus 
replication and resistance to neutralization by monoclonal antibodies) were 
used, the recombinants obtained contained not only a crossover between the 
two selection markers , but also crossovers at regions outside the selection 
markers (45 , 46, 72). This finding indicates that the recombination frequency 
is so high that no selection pressure was needed for the isolation of recom
binants . A genetic map has recently been established for various ts mutants of 
MHV based on the recombination frequencies (R. S. Baric , personal com
munication). A calculation of recombination frequencies suggests that the 
entire genome of MHV will have a recombination frequency of roughly 25%. 
This number is extremely high, suggesting that freely segregated RNA seg
ments must be present during MHV RNA synthesis. Baric et al (7) presented 
the biochemical evidence for the existence of such RNA segments. 

RNA recombination among coronaviruses have been demonstrated not only 
in tissue culture, but also in infected animals (45) and in natural infections . 
Sequence analysis of several natural isolates of IBV suggested that different 
parts of the genome have different degrees of homology among IBV strains 
(51) . This finding suggests that they may have arisen from recombination 
among different IBV strains. Furthermore, the gene order of IBV is different 
from that of other coronaviruses (Figure 1). For instance, a gene is inserted 
between M and N genes. Some of these insertions and rearrangements may 
have been derived from RNA recombination . Most remarkably, some, but not 
all, coronaviruses contain an HE gene related to the hemagglutinin protein of 
influenza C virus (69). Functionally, it also preserves the esterase activity of 
the HN protein of influenza C virus (122, 123, 129). This gene in coronavi
ruses may have been derived by recombination between coronaviruses and 
influenza C virus. 

The possible sites of recombination between different MHV strains appear 
to be distributed over the entire genome. However, preferred recombination 
sites exist which probably correspond to sites of secondary structure of RNA. 
These sites may promote transcription pausing, and generate incomplete RNA 
intermediates,  which lead to RNA recombination. Recently, a recombination 
hot spot was identified near a hypervariable region, which undergoes very 
frequent deletions in various MHV strains (3a). Thus , the same RNA second
ary structure may promote both recombination and deletions. 

This very same mechanism may also be responsible for the generation of DI 

RNAs, which have been observed in MHV-infected cells (73 ,  77, 81). These 
DI RNAs are composed of several discontiguous parts of the wild-type viral 
genomic RNA (78). They might have been derived by a nonhomologous 
recombination caused by the binding of pausing RNA intermediates to a site 
downstream of the original pausing sites, thus deleting various internal por-
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tions of the genome. This nonhomologous recombination likely occurs be
tween different RNA molecules of the same virus because DI RNAs are 
known to be generated only during high multiplicity of infection. A high 
degree of potential secondary structure formation has been noted at the RNA 
fusion sites of a DI RNA (78). 

The occurrence of high-frequency RNA recombination is unusual among 
other RNA viruses. Only picornavirus (48) and brome mosaic virus (22) 
reportedly undergo recombination, at a low frequency. The high frequency of 
coronavirus recombination is probably caused by the nonprocessive nature of 
the coronavirus RNA polymerase. This high-frequency recombination may 
play a significant role in coronavirus biology. For instance, RNA recombina
tion, along with the postulated proofreading activity of the coronavirus RNA 
polymerase ,  may allow the viral RNA to overcome the deleterious effects of 
errors in RNA synthesis , which are expected to occur in almost every RNA 
molecule because of its large size. Thus , the functional integrity of the large 
RNA genome of coronaviruses may depend on the ability of the coronavirus 
to recombine. 

PERSPECTIVES 

Coronavirus RNA synthesis and gene expression clearly involve very unique 
mechanisms. The leader-primed transcription and high-frequency RNA 
recombination are features not observed in any other systems. Several un
answered questions currently remain. Chief among them are: 

1. What are the properties of RNA-dependent RNA polymerases? So far, the 
proteins responsible for the polymerase activites have not been identified. 
The sequence information of the coronavirus RNA genome suggests that 
the RNA polymerase may be derived from the processing of a large 
precursor protein. Biochemical characterization of the structure and func
tion of these proteins is essential for further understanding of the corona
virus RNA synthesis. These polymerases are expected to have a non
processive enzymatic activity. Furthermore, they may carry a nuclease 
activity that can specifically recognize mismatched sequences during coro
navirus RNA synthesis. In other words, they may have a proofreading 
activity to correct sequence errors during RNA synthesis. This activity 
effectively reduces the error frequency of RNA synthesis, thus ensuring 
that the coronavirus RNA genomes, which have an extremely large size, 
can be faithfully synthesized. If proved, coronavirus polymerase will be 
the first RNA polymerase with a possible proofreading activity. 

2. What is the sequence requirement of the leader-primed transcription? The 
previous studies of mRNA transcription in coronavirus-infected cells have 
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revealed insights into the sequence requirements of mRNA synthesis. 
Further understanding will likely come from site-specific mutagenesis of 
the leader RNA and the template RNA. These studies will require an in 
vitro transcription and replication system that permits initiation of RNA 
synthesis and utilizes exogenous leader RNA and template RNA. Addi
tionally , the structure of the negative-strand RNA templates needs to be 
determined. 

3. What are the functions of the non structural proteins other than RNA 
polymerases? Practically no information points to the functions of these 
proteins at the present time. They may modify RNA polymerases or 
participate in virus assembly. The isolation and characterization of temper
ature-s{:nsitive mutants affecting these proteins should help identify their 
functions. The mechanism of translation of these proteins is also an 
unresolved issue. Several of these proteins are made from overlapping 
ORFs present in the same gene. The mechanism of translation of down
stream ORFs is not clear. 

4. What is the mechanism of RNA recombination? What is the RNA struc
ture responsible for recombination? And what is the functional signifi
cance of RNA recombination in coronavirus biology? Conceivably, RNA 
recombination provides a mechanism to remove errors during coronavirus 
RNA synthesis, thus ensuring the integrity of the coronavirus RNA 
genome . But it could also lead to the divergence of virus strains and have 
impact on viral pathogenesis. 

The answers to these and other questions will undoubtedly help unravel the 
unique features of coronavirus RNA synthesis and gene expression. 
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