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Coronaviruses were recognized as a group in 1968 primarily on the basis oftheir characte
ristic morphology as seen in the electron microscope (Tyrrell et al. 1968). Since that time 
our knowledge of the structure and replication of these viruses has increased steadily and 
has been periodically reviewed (Mdntosh 1974; Tyrrell et al. 1978; Robb and Bond 1979a). 
The basis for this review, which concentrates on the molecular biology of coronaviruses, 
is principally the new data which has become available in the last 2 years. The pathogeni
city of these viruses, which are associated with many diseases of clinical importance in 
animals and humans, is the subject of the accompanying article. 

Coronaviruses infect a wide variety of animal species ranging from fowl to humans. 
The group comprises 11 recognized viruses, and five more that are tentatively included 
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(Table 1). Some members, notably infectious bronchitis virus (!BY) and mouse hepatitis 
virus (MHV), can be distinguished into several serotypes and others, e.g., human 
coronavirus (HCy) and human enteric coronavirus (HECy), are presently considered as 
distinct, although they may be closely related. In general, the inter- and intraspecies 
serological relationships of coronaviruses remain poorly understood (Tyrrell et al. 1978, 
Robb and Bond 1979a), although recent studies indicate that it may soon be possible to 
defme one avian and two mammalian antigenic groups (Pedersen etal.I978, Macnaughton 
1981). 

Natural or experimental infections Vvith coronaviruses in vivo are generally restricted 
to the normal host species. In vitro, coronaviruses also grow most readily in cells from 
their natural host, although adaptation is possible (Table 1). The ability of different 
viruses to grow in the available tissue cultures varies greatly and, therefore, two viruses 
which grow relatively well in vitro, namely IBV and MHV, have been the most inten
sively studied. Of necessity, we have to rely heavily on these two viruses to illustrate the 
major features of coronavirus structure and replication. It is clearly an assumption that 
their features are universal, and data on other coronaviruses are presented when 
available. 

2 Structure 

Purified virions for morphological, chemical, and physical study can be obtained for most 
coronaviruses Vvithout much difficulty. For example, IBV grown in embryonated eggs or 
chicken embryo kidney cells yields allantoic fluid or tissue culture medium containing at 
least 108 EIDso/ml or 108 pfu/ml virus, respectively (Lanser and Howard 1980a, Stem and 
Kennecry 1980a). Similarly MHV-A59 groVvTI in 17 Cl-l cells (a spontaneously transformed 
derivative ofBALB/c 3T3 cells) or Sac(-) cells (a Moloney sarcoma virus transformed 
cell line ) also yields tissue culture medium containing about 108 pfu/ml virus (Sturman et 
al. 1980, Spaan et al.1981). Comparable titers are obtainable with HCV-229E (Hierholzer 
1976, Macnaughton et al. 1980), TGEV (Brian et al. 1980), and MHV-ffiM (Wege et al. 
1979). Viruses such as HEV, CCV, FIPV, MHV-S, MHV-DVIM, and BCV generally 
produce,somewhat lower titers (Pocock and Garwes 1977, Taguchi et al. 1978, Guy and 
Brian 1979, Garwes and Reynolds 1980, Sugiyama and Amano 1980, Storzet al.1981a, Ever
man et al. 1981). 

A considerable proportion of the virions synthesized in infected cells is spontaneous
ly released into the surrounding medium or can be released by freezing and thawing, and 
may therefore be readily purified by standard procedures. Purification involving virion 
concentration by centrifugation, ammonium sulphate, or polyethylene glycol pre
cipitation followed by rate zonal and isopycnic centrifugation on sucrose, tartrate, or 
metrizamide density gradients is commonly employed (see ter Meulen et al. (eds) 
Biochemistry and Biology of Corona viruses 1981 for further references, Hirano et al. 
1978; Guy and Brian 1979, Lanser and Howard 1980a, Sugiyama and Amano 1980, Collins 
and Alexander 1980a, Cavanagh 1981, Spaan et al. 1981). Less commonly, coronavirions 
have been purified by centrifugation on density gradients of Renograffm or Urografm 
(Callebaut and Pensaert 1980, Stem etal. 1981), batch chromatography on hydroxylapatite 
(Hierholzeret al. 1972, Callebaut and Pensaert 1980), and by adsorption to an elution from 
erythrocytes (Hierholzer et al. 1972). 
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Fig. 1. Coronavirus morphology. 
The photomicrograph shows a nega
tively stained preparation of my. 
Magnification x 113000. (Courtesy 
of J. Almeida) 

Coronavirions have a density in sucrose of 1.18 glml (Robb and Bond, 1979a). Empty 
particles which have a density of 1.13 g/ml and lack ribonucleoprotein (RNP) have been 
described for mv (Macnaughton and Davies 1980), but no other coronavirus. The virions 
are comprised of RNA, protein, carbohydrate (as glycoprotein), and lipids (Tyrrell et al. 
1978, Robb and Bond 1979a). Precise data on the chemical composition of coronavirions 
are not available. The thermolability of coronaviruses appears to resemble that of other 
enveloped RNA viruses (Laude, 1981). 

The morphology of coronavirions has often been described (McIntosh 1974, Bingham 
and Almeida 1977, see Pe'nsaert and Callebaut 1978 for references), usually as pleomor
phic, although generally spherical particles 60-220 nm in diameter, with coronas of widely 
spaced club-shaped surface projections about 20 nm in length. The virus envelope con
sists of a distinct pair of electron-dense shells and, in negatively stained preparations of 
mv, an inner tongue-shaped membrane is visible (Bingham and Almeida 1977) (Fig. 1). 
Internal components are not visualized in negatively stained preparations of intact vi
rions (Tyrrell et al. 1978), but may be visible in thin sections (Apostolov et al. 1970). 

In agreement with earlier studies (Greig et al. 1971, Stair et al. 1972), it is clear that 
there are morphological differences in the surface projections of different coronaviruses 
(Davies and Macnaughton 1979, Caul and Egglestone 1977). It has also been reported that 
two different forms of surface projections can be discerned on the surface onIEV and 
MHV -DIVlM virions (Greig et al. 1971, Sugiyama and Amano 1981). Whether these dif
ferences in peplomer morphology reflect different configurations of a basic unit or fund
amentally different surface projections is not clear (Macnaughton et al. 1977, Macnaugh
ton 1981). 

Coronavirions may occasionally disrupt spontaneously or can be disrupted by treat
ment with detergent, normally Nonidet P40 or Triton X -100. In both cases, RNP has been 
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seen as a long thin stand ofl-2 nm diameter (Davies et al. 1981) or as a helical RNP con
densed into coiled structures a varying diameter (normally 10-20 nm). The helical com
plex appears to be comprised of globular subunits surrounding a hollow core (Kennedy and 
Johnson-Lussenburg 1975/1976, Macnaughton et al. 1978, Caul et al. 1979). Presumably the 
different forms of complex represent different states of RNP relaxation. Coronaviruses 
are the ftrst viruses demonstrated to have a positive-stranded genomic RNA (see Sect. 
2.1.1) in the form of a helial RNP. 

Treatment of coronavirions with strong detergents, such as sodium dodecyl sulphate 
(SDS) causes total disintegration of the particle allowing study of the virion proteins and 
RNA. Alternatively, virions can be disrupted by milder detergents (NP40, Triton X-lOO) 
and subviral components of different densities can be separated before analysis (GalWes 
et al. 1976; Pocock and GalWes 1977, Wege et al. 1979, Sturman et al. 1980, Lanser and 
Howard 1980b, Davies et al. 1981). 

2.1 Nucleocapsid 

After disruption v.ith detergent, nucleocapsid structures may be isolated into density 
gradients at a higher density than the intact virions. In sucrose, coronavirion nucleocap
sids band at approximately 1.27-1.28 g/rnl (Wege et al. 1979, Sturman et al. 1980). 

2.1.1 RNA 

The coronavirus genome is a continuous single-stranded molecule of RNA. The size of 
the molecule has been estimated for a number of viruses by several methods and is about 
6 X 106, which would correspond to about 18 000 nucleotides (Table 2). 

Table 2. Coronavirus genomic RNA. Sizes determined by sedimentation in sucrose density gra-
dients or some earlier reports (Robb and Bond 1979a for review) are not included in this table. Me-
thods are as follows: Electrophoresis after denaturation by methylmercury, glyoxal, orformaldehy-
de (A); nondenaturing electrophoresis (B); electron microscopic measurement (C) 

Virus Size (X 10-6) Method References 

mv Beaudette 6.9 A Stem and Kennedy (1980a) 
Beaudette 5.8 B Macnaughton (1978) 
Beaudette 5.8 B Davies et al. (1981) 
Beaudette 6.1-6.6 C Macnaughton and Davies (1980) 

MHV A59/JHM 5.4 A Lai and Stohlman (1978) 
A59 5.6 B Spaan et al. (1981) 
JHM 6.7 A Wege et al. (1981b) 
JHM 5.4-6.5 B Wege et al. (1978) 
A59/JHM 6.1 A Leibowitz et al. (1981) 
A59 6.0 A Weiss and Leibowitz (1981) 
3 5.8 B Macnaughton (1978) 

HCV 229E 5.8 A Macnaughton and Madge (1978) 
229E 6.5 B Hierholzer et al. (1981) 
OC43 6.1 B Macnaughton and Madge (1978) 

TGEV Purdue 6.8 A Brian et al. (1980) 
BCV Mebus 3.8 B Guy and Brian (1979) 
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Tl oligonucleotide mapping indicates that there is no extensive sequence reiteration 
in the coronavirus genome (Lomniczi and Kennedy 1977; Leibowitz et al. 1981, Lai and 
Stohlman 1981a, 1981b, Lai et al. 1981, Stohlman et al. to be published). The genomic RNA 
is polyadenylated at or near the 3' end of the RNA and the tract has been calculated to be 
70-90 adenylate residues long (Yogo et al. 1977, Macnaughton and Madge 1978). Recently, 
it has been demonstrated for MHV-JHM that the genomic RNA which binds to poly 
U-Sepharose or oligo-dT -cellulose and that which does not bind have essentially identical 
T 1 oligonucleotide fmgerprints, except for a number of spots which differ in their molar 
ratios (Lai and Stohlman 1981a). These spots correspond to oligonucleotides positioned 
at the termini of the RNA (Stohlman et al. to be published) and indicate that the poly A( -) 
RNA reported by many workers (Lomniczil977, Schochetman etal.1977, Yogo etal.1977, 
Lai and Stohlman 1978, Wege et al. 1978, Macnaughton and Madge 1978, Tannock and 
Hierholzer 1978, Guy and Brian 1979, Brian et al.J980) has probably been derived from the 
poly A(+) RNA by degradation. 

This evidence as well as the infectivity of the coronavirus genomic RNA (Lomniczi 
1977, Schochetman et al. 1977, Wege et al. 1978, Brian et al. 1980) and the partial identity of 
Tl oligonucleotide fIngerprints of coronavirus genomic and messenger RNA (see Sect. 
3.3) confIrms the positive polarity of the virion nucleic acid. The genomic RNA, which 
can presumably function as a mRNA (see Sect. 5), is also capped (Lai andStohlman 1981b, 
Lai et al. 1981) although the cap structure has not yet been determined. 

The genomic RNA of a number ofMHV serotypes and variants have been compared 
by molecular hybridization (Weiss and Leibowitz 1981) and in more detail by Tl oligonu
cleotide fmgerprinting (Lai and Stohlman 1981a, 1981b, Stohlman et al. to be published; 
Wege et al. 1981a). These studies indicate that MHV -A59, and MHV -3 are closely related, 
while MHV-JHM, MHV-1, MHV-2, and MHV-S have diverged extensively in their 
genetic sequence. In contrast, the genomic RNA of two plaque morphology variants of 
MHV -JHM has changed very little. In a similar study the genomic RNA of13 IBY isolates 
was analyzed and 11 quite distinct oligonucleotide fmgerprints were demonstrated not 
only between IBY serotypes, but also between variants within a serotype (Clewley et al. 
1981). The possible implications of these fmdings on the serology, biological properties, 
and pathogenicity of these viruses is considered in the accompanying article. 

2.1.2 Capsid Protein (Class II) 

In addition to RNA, the nucleocapsid of coronaviruses contains a nonglycosylated pro
tein of about 50 000-60 000 mol. wt. (Table 3). This protein is relatively rich in arginine 
and glutamic acid residues (Sturman 1977) and is phosphorylated (Stohlman and Lai 1979, 
Siddell et al. 1981a, Rottier et al. 1981a, Stem et al 1981, Lomniczi and Morser 1981). 
Phosphorylation is seen specmcally at serine residues in the MHV protein (Stohlman and 
Lai 1979, Siddell et al. 1981a). Siddell et al. (1981a) demonstrated that purilled MHV-JHM 
virions contain a protein kinase activity which specifIcally phosphorylates pp60 in vitro. 
The enzyme has the characteristics of a cyclic AMP-independent protein kinase. It is not 
yet known whether the enzyme is viral coded, or a sequestered host cell enzyme, or 
whether it is responsible for the phosphorylation of nucleocapsid protein incorporated 
into virions. The function of nucleocapsid protein phosphorylation is also unclear, 
although a role in the interaction between nucleocapsid RNP and the M (matrix) protein 
of the envelope (see Sect. 2.2.1.1) during virus assembly has been considered (Siddell et al. 
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1981a). Monospecific polyvalent antisera directed against MHV nucleocapsid protein can 
be prepared by conventional procedures (Sturman et al. 1980, Siddell et al. 1980). 

2.2 Envelope 

The virion contains, in addition to the nucleocapsid, a lipid envelope and its integral and 
peripheral proteins. These components can be isolated by fractionation after mild 
disruption, taking advantage of specific protein-protein or protein-RNA interactions, or 
the components can be analyzed after complete solubilization of the virion (GalWes et al. 
1976, Wege et al. 1979, Callebaut and Pensaert 1980, Lanser and Howard 1980a, Collins and 
Alexander 1980b, Sturman et al. 1980, Sturman 1981, Cavanagh 1981). 

2.2.1 Envelope Proteins 

2.2.1.1 Matrix Protein (Class III) 

All coronavirions have a major glycoprotein of 20 000-30 000 mol. v.i. In some reports 
between one and four additional polypeptides of similar size (which mayor may not be 
glycosylated), have also been described (Table 3). The available evidence, which is 
limited to my and MHV, suggests that most ofthese additional polypeptides are closely 
related in their primary structure to the major glycoprotein. This conclusion is supported 
by tryptic peptide mapping of my virion proteins (Stem et al.1981), radioisotope labelling 
experiments in infected cells (see Sect 3.4.1), and in vitro translation studies (see Sect 
3.4.2). Notable exceptions are the 14 000 mol. wt. polypeptide described for my by Stem 
et al. (1981), which appears unrelated to the other low molecular weight species of my 
virions and the minorl4 500 mol. v.i. polypeptide described for MHV-A59 virions by Rot
tier et al. (1981b). 

A number of experiments indicate the topography of the low molecular weight gly
coprotein in the virion. Firstly, exposure of intact virus to proteases (pronase, bromelain) 
reduces the size of the protein by about 10%-20% (Sturman 1977, Wege et al. 1979, 
Cavanagh 1981, Callebaut and Pensaert 1980), with a concomitant loss of carbohydrate 
(Sturman 1977). Thus, a small glycosylated portion of the molecule is peripheral to the 
lipid membrane. It is presumably this portion ofthe molecule that binds 1125 -labelled con
cavalin A (Lanser and Howard 1980a). Secondly, the behavior of this protein in SDS
polyacrylamide gels after reduction suggests a second, strongly hydrophobic domain, 
rich in disulphide bridges, which is thought to correspond to a portion of the molecule 
integral to the lipid membrane (Sturman 1981). Thirdly, virions can be disrupted by NP40 
at 4 °C and nucleocapsids and envelope proteins separated on density gradients. When 
the low molecular weight glycoprotein and nucleocapsids are remixed at 37 °C, a stable 
complex is formed (Sturman et al. 1980, Sturman 1981), specifically between the protein 
and virion RNA This finding suggests a third domain on the protein, which is internal to 
the lipid membrane and is responsible for the interaction with viral nucleocapsids. Thus, 
the low molecular weight coronavirus glycoprotein seems to possess the properties ex
pected of an M protein although, in contrast to the M protein of other enveloped RNA 
viruses, it is glycosylated. Its function as a matrix protein is also supported by intracellular 
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studies (see Sect 3.4.1). Antiserum directed against purified MHV-A59 M protein has 
been prepared by conventional procedures (Sturman et al. 1980). 

The oligosaccharide component ofMHV-A59 M protein has been studied in some 
detail and has been found to be unlike any previously described for a viral glycoprotein. 
The glycosylated molecule has an apparent mol. Vvi. of23 000 and is rich in methionine 
residues (Sturman 1977). The oligosaccharide side chain can be metabolically labelled by 
glucosamine and galactose, but not by fucose or mannose (Sturman 1977, Niemann and 
Klenk 1981). A similar labelling pattern has also been observed for the M protein of 
bovine coronaviruses (BCV) (Storz et al. 1981a). Chemical analysis shows the carbohyd
rates of the molecule to consist of galactose, N-acetyl glucosamine, N-acetyl galac
tosamine, and neuraminic acid, a profIle typical of an O-glycosidic-linked side chain 
rather than the N-glycosidic-linked side chains found in viral glycoproteins (Niemann and 
Klenk 1981). 

This important fmding is supported by B-elimination reactions (Niemann and Klenk 
1981) and the study ofMHV-A59 M protein formation in tunicamycin-treated cells. Tuni
camycin, which inhibits the formation of dolichol-linked N-acetyl glucosarnine (an early 
intermediate in the formation of oligo saccharides subsequently N-glycosidically linked 
to asparagine residues) does not prevent the glycosylation of the M protein (see Sect 
3.4.1). Virions are released from tunicamycin-treated infected cells with apparently nor
mal M protein and nucleocapsid components (Sturman 1981, Holmes et al. 1981, Rottieret 
al.1981b). This result emphasizes the importance ofthe M protein in the formation of the 
viral envelope and virion budding. The so-called bald virion particles released from tuni
camycin-treated cells are, however, noninfectious and lack the second envelope com
ponent, the peplomer protein. 

2.2.1.2 Peplomer Protein (Class I) 

The third class of coronavirion proteins are glycoproteins of mol. Vvi. 80000-200 000 
(Table 3). For most coronaviruses, one or more usually two major species have been des
cribed. However, tryptic peptide fmgerprinting of the MHV-A59 polypeptides (Sturman 
and Holmes 1977) and in vivo and in vitro translation studies (see Sect 3.4.1, 3.4.2) again 
suggest that these species are derived from a single primary translation product which is 
modified by post-translational cleavage. 

A number of experiments show that the major high molecular weight glycoproteins 
form the surface peplomers of the virion. Firstly, the glycoproteins are preferentially 
removed from the virion by treatment with pronase, bromelain or urea, detergent, or 
reducing agents, and the resulting particle which has lost its infectivity lacks peplomer 
structures when visualized in the electron microscope (Hierholzeret al.1972, Garwes and 
Pocock 1975, Garwes et al.1976, Pocock and Garwes 1977, Macnaughton et al.1977, Sturman 
1977, Sturman and Holmes 1977, Wege et al. 1979, Callebaut and Pensaert 1980, Sugiyama 
and Amano 1980, Macnaughton 1980, Waday and Westaway 1981). Secondly, more vi
gorous treatment of virions with detergents solubilizes the envelope components which 
can then be separated into density gradients. The lightest fraction, which is comprised of 
the high molecular weight glycoprotein alone, aggregates when the detergent is 
removed, and forms structures which appear electron microscopically as rosettes of pe
plomers (Sturman et al. 1980, Collins and Alexander 1980b). Polyvalent monospecific 
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antiserum directed against purified peplomer protein has been prepared using this tech
nique (Sturman et al. 1980). 

In MHV-A59 virions the pep10mer protein exists as related forms ",ith mol. wt. of 
90000-180000 (see Sect. 3.4.1). The polypeptides are rich in both intramolecular disul
phide bonds and free sulphydryl groups, both of which are necessary to maintain the 
native configuration and biological function of the protein (Pocock and Galwes 1975, 
Alexanderand Collins 1975, Sturman 1981). Both forms of the glycoprotein can be meta
bolically labelled with glucosamine, galactose, fucose, mannose, and palmitic acid 
(Niemann and Klenk 1981, Sturman 1981, Rottier et al. 1981b), as can the corresponding 
proteins ofBCV (Storz et al. 1981a), and glycosylation ofthe MHV protein is inhibited by 
tunicamycin (see Sect. 3.4.1). This result indicates that, in constrast to the M protein, the 
oligosaccharide side chain of the peplomer protein is N-glycosidically linked. 

Noninfectious virions are produced from MHV-infected tunicamycin-treated cells 
and are devoid of peplomer protein (Holmes et al. 1981, Sturman 1981, Rottieret al.1981b). 
These virions are unable to reabsorb to the plasmalemma and cell fusion is markedly 
reduced in cells releasing bald particles. This suggests that the peplomer protein plays a 
crucial role in the reception of virions onto cell surfaces and also in the induction of cell 
fusion. However, further evidence is needed before the surface functions that have been 
described for different coronaviruses, namely hemabsorption, hemagglutination, and 
cell fusion (Kapikian et al. 1972, Bingham et al. 1975; Bridger et al. 1978, Pocock 1978, 
Walkerand Cleator1980, Sugiyama and Amano 1980, Callebautand Pensaert 1980, Storzet 
al. 1981b, Holmes et al. 1981) are all considered as properties of the peplomer protein 
alone. Table 3 shows that at least some coronaviruses appear to possess other surface pro-

Fig. 2. A schematic model of coronavirus MHV-A59; genomic (RNA), nucleocapsid protein (N), 
matrix protein (El), peplomer protein (E2). (Courtesy of L. Sturman) 
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teins or glycoproteins. These additional proteins do not yet fit into any consistent pattern 
and are frequently minor components. Nevertheless, their significance remains unclear. 
There are aIso preliminary indications that, as in the case of ortho- and paramyxoviruses 
(Klenk and Rott 1981), proteolytic processing during the morphogenesis of the 
coronavirion may be involved in activating surface functions (Dea et aI. 1980a, Storz et aI. 
1981b, see also Yoshikura and Tfjina 1981). 

2.2.2 Lipids 

The viral envelope ofTGEY contains phospholipids, glycolipids, cholesterol, di- and trig
lycerides, and free fatty acids in proportions approximately corresponding to those in the 
cell. Cholesteryl and fatty acid esters present in cell membranes are selectively depleted 
in the virus membrane. When grown in different cell types the viral membrane reflects 
the lipid content of the host cell in which it was grown, suggesting that the lipids of the 
virion are derived from the host cell (Pike and Garwes 1977). 

To summarize this section, a model describing the possible structure of a coronavirus 
and its relationship to the RNA and polypeptide components of the virion is given in 
Fig. 2. The model is consistent with the data available for severaI coronaviruses, but is 
based on experiments performed by Sturman et aI. (1980) with MHV-A59. 

3 Replication 

3.1 Growth 

Coronaviruses grow in a wide variety of cells (Table 1). Infection is initiated by one-hit 
kinetics, after which a lage phase of2-4 h is followed by a period of approximately 6 h dur
ing which virus is released into the medium. For MHV and my the one-step growth 
curve at 37°C is completed by about 10-12 h and comparable growth curves have been 
shown for TGEY, BCV, and HCV-229E (Robb and Bond 1979b, Guy and Brian 1979, 
Brian et aI. 1980, Stem and Kennedy 1980a, Hierholzeret aI. 1981, Spaan et aI. 1981, Wege et 
aI.1981c, Lai et aI. 1981, Leibowitz et aI. 1981). About 50% ofMHV infectivity remains cell
bound at the end of the replication cycle. The relationship between the multiplicity of 
infection and the virus yield is as theoretically expected (Spaan et aI. 1981). 

Coronavirus infection is often accompanied by cytopathic changes, most frequently 
cellular vacuolation leading to disintegration or in some cases syncytium formation 
(Tyrrell et aI. 1978). There have been no quantitative studies on host-cell DNA, RNA, or 
protein synthesis in infected cells. Host -cell protein synthesis in the Sac( -) cell line has 
been arrested at late times of infection with MHV (Siddell etaI.1981b, Rottieret aI.1981b), 
but nothing is known about the mechanism of this action. 

Like other positive-stranded viruses, the replication of coronaviruses would be ex
pected to occur exclusively in the cytoplasm of infected cells without the involvement of 
any nuclear function. This conclusion appears to be supported by immunofluorescence 
and electron microscopic studies (McIntosh 1974, Robb and Bond 1979a) and the ability of 
MHV, mY, and other coronaviruses to grow equally well in the presence or absence of 
actinomycin-D and inhibitors of DNA metabolism (Mallucil965, McIntosh 1974; Hirano 
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et al. 1978, Dea et al. 1980a, Stem and Kennedy 1980a, Spaan et al. 1981, Wege et al. 1981b, 
Brayton et al. 1981, Leibowitz et al. 1981). It has also been reported that MHV-A59 and 
MHV-lliM can replicate in enucleated cells (Wilhelmsen et a1.1981, Brayton et al. 1981). 

In contrast to this evidence, however, Evans et al. (1980) report that the grov.1h ofIBV 
is prevented in BHK-21 cells when they are enucleated, UV irradiated, or treated v.ith 
alpha-amanitin. The virus did, however, grow in an alpha-amanitin-resistant Chinese 
hamster ovary (CHO) cell line in the presence of the drug. These results cannot be easily 
reconciled with the majority of the available data but they do show that there must be 
further experimentation before this question is resolved. 

3.2 Early Events 

Coronaviruses attach to the surface of cells quickly and equally well at both 4 DC and 
37 DC (Robb and Bond 1979a). Patterson and Macnaughton (1981) have recently shown 
that, on monolayer cells infected with HCV-229E, virions are initially attached over the 
whole cell surface but are then rapidly redistributed away from the cell periphery by an 
energy-requiring process. The reason for this redistribution is not known. Virion nucleo
capsids subsequently penetrate the cell and both viropexis and envelope-membrane fu
sion have been described as mechanisms of penetration (Patterson and Bingham 1976, 
Doughri et al. 1976). The mechanism by which nucleocapsids are uncoated after entering 
the cell is unknown. 

3.3 Coronavirus-Directed RNA Synthesis 

Labelling coronavirus infected cells with 3H -uridine in the presence of actinomycin-D at 
any time after the initial lag phase of replication reveals the synthesis of six or seven major 
cytoplasmic RNA species v.ith molecular weights ranging from 0.6 x 106 to about 
6-7 x 106 (Table 4). All of the RNA species detected are single-stranded and at least a 
proportion of each binds to poly-U-Sepharose or oligo-dT cellulose. Selection of RNA for 
polyadenylation does not alter the ratio of the species, and the ratio in which they are syn-

Table 4. Coronaviruses intracellular RNA. Sizes determined by sedimentation in sucrose gradients 
or some earlier reports (Robb and Bond 1979a for review) are not included in this table 

Virus Strain 2 3 4 5 6 7 References 
(Genome 
size) 

mv Beau 6.9 2.6 1.5 1.3 0.9 0.8 Stem and Kennedy (1980a) 
MHV A59/JHM 6.1 3.4 2.6 1.2 1.1 0.8 0.6 Leibowitz et aI. (1981) 
MHV A59 5.6 4.0 3.0 1.4 1.2 0.9 0.6 Spaan et aI. (1981) 
MHV A59 5.4 4.0 3.0 1.5 1.2 0.9 0.6 Lai et al. (1981) 
MHV JHM 6.7 3.4 2.8 1.4 1.2 0.9 0.6 Wege et al. (1981b) 
MHV JHM/A59/3 6.0 3.6 3.0 1.3 1.2 0.9 0.6 Weiss and Leibowitz (1981) 
HCV 229E 6.0 2.8 2.1 1.3 1.0 0.8 0.6 Weiss and Leibowitz (1981) 
TGEV Purdue 6.8 3.2 - 1.4 - 0.9 0.7 Dennis and Brian (1981) 
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thesized does not differ markedly at different times during the infection (Stem and Ken
nedy 1980a, Wege et al. 1981b, Spaan et al. 1981, Dennis and Brian 1981, Leibowitz et al. 1981, 
Weiss and Leibowitz 1981). 

Estimated relative molarities of each species (Stem and Kennedy 1980a, Leibowitz et 
al. 1981, Jacobs et al. 1981) indicate that the synthesis of RNA 7 and 6 (and, in mv- and 
MHV-A59-infected cells, RNA 5 also) is relatively abundant throughout the infection. In 
MHV-A59-infected cells the majority of the largest RNA (RNA 1) is associated with 
EDT A-resistant structures, presumably nucleocapsids. The remaining RNA 1 (10%) and 
all of the other RNAs are associated with polysomes, as are the MHV-JHM RNAs found 
in infected cells (Robb and Bond 1979b, Spaan et al. 1981, Wege et al. 1981c). 

These recent data suggest that the intracellular species described to date are positive
stranded and can function as mRNA (see Sect. 3.4.2). The data does not provide any 
evidence of hybrid RNA molecules evidence or negative-stranded virus-specific RNA. 
Also, the species described do not seem to be defective viral RNA because their relative 
proportion does not alter in cells infected with virus that has been propagated by undilut
ed passage. Moreover, it can be shown that cells producing this spectrum of subgenomic 
RNA were infected with virions containing only genomic-sized RNA and that the virions 
produced by these cells contain only genomic-sized RNA (Stem and Kennedy 1980a, 
Spaan et al. 1981). 

The sequence relationship of the intracellular RNAs to each other, and to the 
coronavirus genomic RNA has been established for mv and MHV (Stem and Kennedy 
1980a, 1980b; Leibowitz et al. 1981, Lai et al. 1981). Clearly, as the sum of the molecular 
weights of the subgenomic RNA exceeds that of the virion genomic RNA, they must 
share common sequences if they are related. T J oligonucleotide mapping shows that the 
intracellular RNA 1 corresponds to the genomic RNA of virions and that all intracellular 
subgenomic RNAs form a nested set, the sequence of each RNA being contained within 
the sequence of all larger RNAs (Stem and Kennedy 1980a, Leibowitz et al. 1981, Lai et al. 
1981). Furthermore, by ordering the T J oligonucleotides of the genomic RNA, Stem and 
Kennedy (1980b) and Lai et al. (1981) showed that the nested set extends inwards from the 
3' terminus of the genome (Fig. 3). 

The conclusion that all subgenomic RNAs have identical 3' sequences is further 
supported by base composition analysis of the poly A containing T J oligonucleotides 
from each RNA (Lai et al. 1981), and by the hybridization of a cDNA probe specific to the 
3' end of genomic RNA to all sUbgenomic species (Weiss and Leibowitz 1981). These stu
dies also confrrmed that each subgenomic RNA was polyadenylated, with stretches of 
100-130 adenylate residues (Lai et al. 1981). The presence in some RNAs of anomalous 
oligonucleotides, which do not fit the nested set model, possibly indicates nucleotide 
modifications (e.g., capping) or minor sequence rearrangements. The importance of 
these fmdings to our understanding of the replication strategy employed by 
coronaviruses is discussed in Sect. 3.4.2. 

As stated, no replicative intermediate structures or replicative forms have been 
demonstrated for coronavirus-infected cells, and the mechanism by which the virus-spe
cific subgenomic RNAs are synthesized and the regulation of their synthesis is not yet 
known. Van der Zeijst et al. (1981) and Jacobs et al. (1981) have, however, shown thatthere 
is a strong correlation between the physical size of genomic- and subgenomic-sized 
RNAs and the calculated dose ofUV irradiation required to block their synthesis. These 
data suggest thatthe subgenomic RNAs are synthesized by independent initiation on one 
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or more template molecules rather than by the processing of a full-length positive strand 
synthesized from a template. The data also suggest that a mechanism similar to that 
shown for vesicular stomatitis virus (VSV) in vitro (Testa et al. 1980) is not used. The data 
does not, however, discriminate between a full-length negative-strand template or 
smaller templates and does not exclude short 5' terminal sequences, which are common 
to all subgenomic RNAs. 

The incorporation of labelled nucleotides into RNA in the presence of actinomy
cin-D roughly measures the level of RNA polymerase activity in the cell. In MIN -infect
ed cells, virus-specific RNA synthesis is not detectable during the frrst 2-4 h after infec
tion. Thereafter, it rises exponentially untilll-U h after infection when it remains con
stant (Spaan et al. 1981, Wege et al. 1981c, Lai et al. 1981, Leibowitz et al.1981). Towards the 
end of the replication cycle there is at least a 20-fold stimulation of 3H-uridine incor
poration in infected cells as compared to uninfected cells. 

Clearly, a virus-specific RNA polymerase is active in infected cells, but there has been 
only one demonstration of this activity in subcellular fractions. Dennis and Brian (1981) 
have reported the isolation of an RNA-dependent RNA polymerase activity from TGEV
infected cells which was cytoplasmic and associated with membrane structures. 
However, as the enzyme was approximately 5 OOO-fold less active than, for example, the 
virus-specific RNA polymerase detected in semliki forest virus (SFV)-infected cells 
(Clewley and Kennedy 1976), this report needs to be confrrmed and extended to other 
coronaviruses. There have been no reported attempts to purify RNA polymerase activity 
from infected cells and identify its polypeptide components. 

3.4 Coronavirus-Directed Protein Synthesis 

3.4.1 In Vivo 

The proteins synthesized in cells infected v.ith IBV, MIN, and the multiple sclerosis 
isolates SK and SD have been labelled v.ith radioactive amino acids and analyzed by 
polyacrylamide gel electrophoresis (Table 5). In these analyses a number of polypeptides 
can be recognized, the syntheses of which are either novel or greatly increased above any 
comparable polypeptide in uninfected cells, or whose synthesis continues ifhost-cell pro
tein synthesis is arrested. These polypeptides in some cases have been further identified 
as virus-specific by immunoprecipitation with antiserum from experimentally infected or 
immunized animals and, to a limited extent, by tryptic peptide fmgerprinting. There is 
also supportive evidence from in vitro translation studies (see Sect. 3.4.2) suggesting that 
some of these polypeptides are encoded by viral mRNA. There are no precise quan
titative data on the synthesis of virus proteins during infection, although their synthesis 
appears to be coordinated throughout the replication cycle (Siddell et al. 1981b, Rottier et 
al. 1981b). The relationships between the synthesis of a particular protein and the abun
dance of its mRNA during the infection have not been investigated. 

The most readily detected polypeptide in coronavirus-infected cells is nonglycosy
lated with mol. wt. 50 000-60 000 (Table 5). The protein has been specifically immu
noprecipitated from IBV-, MIN-, and SD/SK-infected cells by hyperimmune serum 
(Bond et al. 1979, Siddell et al. 1981b, Van der Zeijst et al. 1981, Rottieret al. 1981b, Gerdes et 
al. 1981b, Morserand Lomniczito be published) and, in the case ofthe MIN -JHM protein, 
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Table 5. Coronavirus intracellular proteins. Polypeptides in italics are detected after short (30 min 
or less) pulse labelling. Polypeptides in parentheses are probably nucleocapsid degradation pro-
ducts (see text) 

Virus Strain Class I Class II Class ill Other References 

mv Beau 165K 51K (42K) 31K Stem et al. (1981) 
mv Beau 150Ka, 55Ka 50Ka 38Ka, 36Ka, Morser and Lom-

30Ka niczi (1981) 
mv Conn 150Ka, 55Ka 50Ka 28Ka, 26Ka Morser and Lom-

niczi (to be pu-
plished) 

MHV A59 gp150~, llOKa,b 54Ka gp26.5a 14.5Ka van der Zeijst 
gp90Ka (51~, gp25.5Ka et al. (1981) 

48Ka) 24Ka, 22Ka Rattier et al. 
(1981b) 

MHV AS9 180K 50K 23K,20K 17K Holmes et al. 
(1981) 

MHV AS9 gp150Ka, 89Ka,c 60Ka 23120Ka 39K, Bond et al. (1979) 
74Ka,c (57Ka, 37K Bond et al. (1981) 

54Ka) 22Ka 
MHV AS9 180Ka,d SOKa,d,e 24Ka,d Gerdes et al. 

23Ka,d, (1981a) 
22Ka,d Gerdes et al. 

(1981b) 
MHVf AS9 gp180K, gp90K gp23K Niemann and 

Klenk (1981) 
MHV JHM 170Ka, 150Ka pp60Ka 2SKa, 23Ka 30K,14K Siddell et al. (1980) 

120Ka,b, 98Ka (58Ka) 23AKa,c Siddell et al. 
65Ka (1981a) 

Siddell et al. 
(1981b) 
Siddell et al. 
(1981c) 

MHV JHM gp150Ka, 84Ka,c 63Ka 23118Ka 39K, 36K Bond et al. (1979) 
70Ka,c (61Ka, 22Ka Bond et al. (1981) 

56Ka) 
MHV 3/JHM gp180K 56K 24K,22K Anderson et al. 

(SOK) (1979) 
MS isolates SD/SK 180Ka,90Ka SOKa 24Ka, 23Ka Gerdes et al. 

(42Ka) 22Ka (1981a) 
Gerdes et al. 
(1981b) 

a Immunoprecipitable \'vith homologous antiserum; b Seen only in tunicamycin-treated cells; 
c Seen only by two-dimensional PAGE; d Immunoprecipitable with heterologous (anti-SK, anti-
SD, anti-OC43) serum; e Immunoprecipitable with heterologous (anti-229E) serum; f Labelling 
with 3H-glucosamine; K is used to denote molecular weight x 1000 and also indicate the polypep-
tide is intracellular 
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conclusively identified as the intracellular form of the virion nucleocapsid protein by 
tryptic peptide fmgerprinting (Siddell et al.1980). The MHV protein is rich in arginine and 
is phosphorylated specifically at serine residues, as is the virion protein (Anderson et al. 
1979, Siddell et al.1981a, Rottieret al. 1981a) (see Sect. 2.1.2). The number ofphosphory
lation sites is unknovm. Consistent with these fmdings the intracellular nucleocapsid pre
cursoris basic; migrating rapidly in NEPHGE (Bond et al.1979; Siddell et al.1981a, 1981b). 
The intracellular form of the protein has the same molecular weight in SDS gels as the 
virion protein (see Tables 3, 5) and apart from phosphorylation no other modifications 
have been described for this protein. 

The synthesis of the intracellular nucleocapsid precursor has been detected within 
3-4 hafterinfection(Anderson etal. 1979,Stemetal. 1981,Siddelletal. 1981a, Holmes et al. 
1981, Rottieret al. 1981b, Morserand Lomniczito be published). During a chase period af
ter pulse labelling late in infection there is relatively little export of newly synthesized 
nucleocapsid protein from the cell, indicating that a large intracellular pool builds up early 
in infection (Anderson et al. 1979, Siddell et al.1981b, Rottieret al.1981b,Holmes et al.1981, 
Bond et al. 1981, Morser and Lomniczi to be published). Like other positive-stranded 
viruses, it seems likely that the majority of this pool would be associated \\-ith the EDT A
resistant, presumably nucleocapsid structures isolated from infected cells (Bond et al. 
1979, Spaan et al. 1981). There are, however, no reports on the rate at which newly syn
thesized nucleocapsid protein is transferred to nucleocapsid structures; there is also no 
information on the specificity of nucleocapsid-protein binding to genomic RNA, the 
nature of the assembly process, or the quantities of nucleocapsid assembled and released 
from the cell. It is surprising that there have only been two reports of electron micros
copic visualization of intracellular structures, tentatively identified as coronavirus nu
cleocapsids (Caul et al. 1979, Holmes and Behnke 1981). 

Several authors have described intracellular polypeptides with similar, but slightly 
lower molecular weights than the nucleocapsid protein (Table 5). In MHV -infected cells 
it has been shown that these species are arginine-rich (Anderson et al. 1979), and 
Cleveland mapping of an analogous protein in IBV-infected cells (Stem et al. 1981) 
supports the conclusion that these species are degradation products of the nucleocapsid 
protein. The intracellular species are not incorporated into virions, but immunopre
cipitation of 32p-phosphorus-Iabelled MHV-A59 virions results in the production of 
phosphorylated polypeptides of a similar size (Rottier et al. 1981a). 

A second polypeptide that is consistently found after short-pulse labelling of 
coronavirus-infected cells has mol. wt. of20 000-30 000 and is immunoprecipitable \\-ith 
hyperimmune serum (Table 5). Studies in MHV-infected cells during a chase period 
show that a further one or more immunoprecipitable polypeptides of slightly higher 
molecular weight, corresponding in size to the low molecular weight virion glycopro
tein(s), become labelled and are exported from the cell together with the smaller poly
peptide (Siddell et al. 1981b, Rottier et al. 1981b, Holmes et al. 1981). 

These labelling kinetics are consistent with the synthesis of a nonglycosylated 
primary translation product, which is subsequently post-translationally glycosylated (in 
some cases to differing degrees) before incorporation into virions. This scheme is 
supported by the fmding that the processed polypeptides, but not the primary translation 
product, are glycosylated (Holmes et al. 1981, Rottieret al.1981b, Niemann and Klenk 1981) 
and in vitro translation studies demonstrating the size of the nonglycosylated in vitro 
translation product to be the same as the primary translation product found in infected 
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cells (see Sect 3.4.2). Furthermore, two-dimensional NEPHGE demonstrates that all of 
the relevant intracellular species detected have a similar basic charge, as expected if they 
are related (Siddell et aI. 198Ib), and preliminary tryptic peptide fmgerprinting shows that 
the low molecular weight my -virion polypeptides have related primary structures (Stem 
et a1. 1981) (see Sect. 2.2.1.1). Tryptic peptide fmgerprinting of the intracellular polypep
tides has not been reporteq. 

As already mentioned, the glycosylation of the coronavirion M protein is not sen
sitive to inhibition by tunicamycin and, as expected, the intracellular processing events 
described here are aIso insensitive to tunicamycin (Siddell et aI. 1981c, Rottier et a1. 1981b, 
Holmes et aI. 1981, Niemann and Klenk 1981). Clearly, the events involved in the glycosy
lation of this protein cannot exactly parallel the pattern known for other viraI glycopro
teins (Wirth et aI. 1977, Garoff et a1. 1978). However, Siddell et aI. (1981b) have shown that 
during processing of the MHV-llIM protein a short basic polypeptide sequence, which 
may correspond to a signal sequence, is cleaved from the primary translation product 
prior to glycosylation. 

Immunofluorescent studies with monospecific antiserum against MHV -A59 M pro
tein (Dollerand Holmes 1980, Holmes et aI. 1981) show that, in contrast to the usual cyto
plasmic distribution of envelope glycoproteins (including the coronavirus peplomer pro
tein), the coronavirus M protein is localized to tight clusters in the perinuclear area of 
infected cells. It is this localization which probably dictates the site of virion budding (see 
Sect. 3.5) at the rough endoplasmic reticulum and Golgi complex, but it is not known 
how it correlates with the unusual glycosylation of the protein. 

The third major polypeptide detected by pulse-labelling coronavirus-infected cells is 
a high molecular weight polypeptide which is immunoprecipitable with hyperimmune 
antiserum and almost certainly corresponds to the intracellular precursor of the virion 
peplomer protein (Table 5). Sturman and co-workers have proposed a model for the 
genesis of the MHV-A59 peplomerprotein (Sturman 1981, Holmeset a1.1981) in which the 
intracellular polypeptide is synthesized as a 180 000 mol. wt species which is cotrans
lational1y glycosylated (Holmes et a1.1981). The protein is subsequently incorporated into 
virions, concomitant with cleavage of a proportion ofthe molecules, to yield two polypep
tides of equal size,(i.e., 90 000 mol. wt) but different primary structures. 

Data that are Consistent with this model are the tryptic peptide fmgerprints of the 
MHV-A59 virion gp 18()1' and gp 9()1' species, which are identical (Sturman and Holmes 
1977), and preliminary tryptic peptide fmgerprints of the my peplomer proteins gp 9()i' 

and gp 84P, which show different primary structures (Stem et aI. 1981). The my polypep
tides could be accommodated in the model as the two dissimilar cleavage products of a 
larger precursor, represented by the 165K (K is used to denote molecular weight x 1000) 
or 150K species found in infected cells (Stem et aI. 1981, Morser and Lomniczi to be pub
lished). It has also been reported that proteolytic cleavage of the MHV -A59 virion pe
plomer protein can be achieved in vitro using trypsin and that the products can be dis
tinguished (Sturman and Holmes 1977, Sturman 1981). 

On the other hand, Siddell et aI. (1980, 1981b), van der Zeijst et aI. (1981), Rottier et a1. 
(1981b), and Morserand Lomniczi (to be published) have all reported that the immunopre
cipitable peplomer precursor in MHV - or mY-infected cells is mol. wt 150 000, which is 
considerably smaller than the larger virion species. During a chase period after pulse la
belling ofMHV -infected cells, Siddell et aI. (1981b) and Rottier et aI. (1981b) detected the 
disappearance of the 150K species and the appearance in the cell of immunoprecipitable 



150 St Siddell et al. 

170K and 90198K species, i.e., the same as the virion proteins. When analysed on two
dimensional gels these species were found to be acidic and heterogeneously charged 
(Siddell et a1. 1981b). While these data are not incompatible with the Sturman model, 
they do indicate that more experiments will have to be performed before the synthesis 
and processing of these proteins can be accurately described. 

The intracellular peplomer precursor is glycosylated (Bond et al. 1979, Anderson et al. 
1979, Rottieret al.1981b, Niemann and Klenk 1981) and, in contrast to the coronavirus M 
protein, glycosylation is inhibited by tunicamycin (Niemann and Klenk 1981) indicating 
N-glycosidic oligosaccharide linkages (see Sect. 2.2.1.2). A putative apoprotein that is 
immunoprecipitable with hyperimmune serum has been identified in MHV-infected 
cells treated with tunicamycin (Siddell et al.198lc, Rottieret al. 1981a, 1981b). The apopro
tein, which is apparently unstable (Rottieret al. 1981b), is 110 000-120 000 mol. wt. In vitro 
translation studies (see Sect. 3.4.2) also suggest this to be the size ofthe nonglycosylated 
peptide core of the peplomer precursor. 

As well as the polypeptides described above, Table 5 lists a number of intracellular 
proteins which have been described as virus-specific. Those described by Siddell et al. 
(1981b) are labelled by short pulses and have been shown to be specific to infected cells by 
two-dimensional PAGE. One of them (the 65 K species) is immunoprecipitated by hy
perimmune serum and co electrophoreses with a virion protein. A protein of comparable 
size (55K) has also been specifically immunoprecipitated from mv -infected cells (Morser 
and Lomniczi, to be published). 

Although the 30K and 14K species found in MHV-JHM-infected cells (Siddell et al. 
1981c) are not immunoprecipitable with antiserum, there is evidence from in vitro trans
lation studies to support their virus specificity (see Sect. 3.4.2). Also, Rottieret al. (1981b) 
detected a minor polypeptide of 14.5K in MHV-A59-infected cells which is, however, 
immunoprecipitable and has virion counterpart (see Sect. 2.2.1.1). The origins or virus 
specificities of the remaining polypeptides listed in Table 5 are not yet clear. 

3.4.2 In Vitro 

Coronavirus RNA has been isolated from MHV-infected cells, and in one case MHV 
virions, and translated in vitro using cell-free systems or by injection into oocytes (Siddell 
et al. 1980, 1981c, Rottieret al. 1981a, Leibowitz and Weiss 1981). Using gel electrophoresis, 
immunoprecipitation, and tryptic peptide ftngerprinting it has been possible to identify 
the in vitro translation products as virus-specific and correlate them to proteins found in 
MHV virions or infected cells. The virus-specific mRNA has also been fractionated be
fore translation and preliminary coding assignments have been made for the subgenomic 
viral RNA species found in infected cells (Table 6). 

Siddell et al. (1980, 1981c) isolated cytoplasmic poly A-containing RNA from MHV
JHM -infected cells and translated it in nuclease-treated cell-free systems from L cells and 
rabbit reticulocytes. Among the products, the 60K nucleocapsid protein and the 23K 
nonglycosylated precursor to the virion M protein could be identified by electrophoresis, 
immunoprecipitation, and tryptic peptide fmgerprinting. Additionally, a 120K product 
was identifted as virus-specific by immunoprecipitation and most probably corresponds 
to the peplomer apoprotein described in the previous section. Subsequently, by frac
tionating the cytoplasmic poly A RNA species in sucrose formamide gradients the same 
authors were able to assign the translation activities encoding these proteins to RNA 7,6, 
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Table 6. Coding assignments for MHV-RNA 

Reference 
Virus 
System 

RNA genome (1) 
RNA 2 
RNA 3 

RNA 4 
RNA 5 
RNA 6 

RNA 7 

Leibowitz and Weiss (1981) Rottier et al. (1981a) Siddell et al. (1980, 1981c) 
MHV-A59 MHV-A59 MHV-JHM 
Reticulocyte lysate x. laevis oocyte L cell, reticulocyte lysate 

NSA d (200K)a 
NSBd (30K) 

Peplomer precursor Peplomer apoprotein 
(150K) (120K) 

NSD-Ed (14K)b 

Matrix precursor Matrix protein Matrix precursor 
(23K)C (24-26.5K)C (23K) 
Nucleocapsid Nucleocapsid (54K) Nucleocapsid (60K) 

a AlsoMHV-JHMRNA; b The precise assignment of this product cannot yet be made; C This RNA 
also directed the synthesis of small amounts of nucleocapsid protein, probably due to contamina
tion or RNA degradation; d These proteins are tentatively designated NS and identified as the pro
duct of gene A, B, and D-E (see Fig. 3) 

and 3, respectively (Siddell et al. 1981c). Also, using size-fractionated RNA, the in vitro 
synthesis of 30K and 14K polypeptides, which coelectrophorese with virus-specific pro
teins in infected cells (see Sect. 3.4.1) could be detected and the translational activities 
assigned to RNA 2 and 4-5. 

In a similar study using purified RNA recovered from agarose gels, Rottier et al. 
(1981a) reached identical conclusions regarding the assignment of RNA 7,6, and 3 as the 
mRNA-encoding nucleocapsid, M, and peplomerproteins, respectively. In this study the 
RNAs were injected into Xenopus iaevis oocytes and, as the oocytes are capable of certain 
post-translational modifications, the in vitro products, which could be identified by elec
trophoresis and immunoprecipitation, corresponded to their glycosylated counterparts 
in infected cells. 

Consistent with these results, Leibowitz and Weiss (1981) also purified MIN-A59 
7 and 6 in agarose gels and translated them in reticulocyte lysates. The products were 
identified, by electrophoresis and tryptic peptide mapping, as nucleocapsid and M pre
cursor proteins, respectively. In addition, these authors isolated RNA from MIN virions 
and translated it, again in reticulocyte lysates. In this case, three structurally related poly
peptides of greater than 200 000 mol. wt. were detected. These polypeptides do not 
correspond in size to any known MIN -specific proteins and corresponding proteins have 
not been found in infected cells. 

3.4.3 Rep6cation Strategy 

The data reviewed in the previous sections suggest that coronaviruses display a different 
replication strategy to those previously described for other positive-stranded viruses. The 
essential features of the strategy are as follows: 1) The expression of coronavirus infor
mation in the cell is mediated through multiple subgenomic RNA that share common se
quences at their 3' ends and form a nested set extending inwards toward the 5' end of the 
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genome; 2) Each mRNA directs the translation of only one protein; 3) The size of the 
translation product for each mRNA corresponds approximately to the coding potential 
of the 5' terminal sequences which are absent from the next-smallest mRNA 

Eukaryotic mRNAs are thought to have only one active initiation site at the 5' ter
minus (Kozak 1978) and, if it is assumed that internal initiation does not occur on 
coronavirus mRNA, these data can be interpreted in the model depicted in Fig. 3. In this 
model, each mRNA acts monocistronically and only the 5' terminal sequences (describ
ed as gene A, B, etc.) are translated into protein. It can be seen that there is an acceptable 
agreement between the size of the predicted translation productfor each mRNAand the 
virus-specific protein assigned to it. Verification of this model will require sequence 
analyses of coronavirus nucleic acid and proteins. Such studies may indicate additional 
complexities that need not yet be postulated, though the essential features of the model 
v.ill probably hold true. 

The strategy depicted in Fig. 3 contains novel features, but also has parallels v.ith the 
strategies employed by other positive-stranded viruses, such as alpha-viruses and certain 
plant viruses (Fraenkel-Conratet al.1977, Kiiiiriiinen and Soderlund 1978): For example, it 
appears that all subgenomic mRNAs must extend inward from the 3' end of the 
genomes. We are not aware of a physiological polyadenylated mRNA which contains se
quences from the 5', but not 3' end of a positive-stranded genome. Whether this 
observation reflects evolutionary relationships or constraints imposed by the replicative 
mechanism of the viral mRNA is not clear. 

On the other hand, in contrast to alpha-viruses, coronavirus mRNAs appear to func
tion monocistronically and do not direct the synthesis of polyprotein precursors. Also, in 
contrast to recent reports for influenza virus (Inglis et al. 1979, Lamb et al. 1980), there is 
no evidence to suggest that coronavirus proteins are encoded in overlapping sequences, 
either in the same or different reading frames. 

A number of advantages to the coronavirus replication strategy can be seen. Firstly, 
the strategy appears to be a particularly flexible one, allowing for the control of viral pro
tein synthesis at the levels of both transcription and translation. Secondly, this strategy 
would be compatible with a need to separate the translation and post-translational 
modifications of different viral polypeptides into different cellular compartments, 
perhaps as exemplified by the virus-envelope proteins. At the same time, it should be 
noted that the coronavirus strategy does not appear to be particularly economical. A 
simple calculation shows that, in the model described, almost 60% of the sequence infor
mation expressed in mRNA appears redundant. Although the coronavirus genome is the 
largest yet described for an animal RNA virus and events v.ith such obvious advantages 
as mRNA splicing also seem uneconomical, this observation prompts the question of 
whether the strategy described here may be more complex than it ftrst appears. 

No mention of the use ofts or other coronavirus mutants as biochemical probes has 
been made in this review. Robb et al. (1979) performed some preliminary characteri
zations of a large number ofMHV-lliM ts mutants and it has recently become possible 
to order these mutants into RNA-positive and RNA-negative groups belonging to one of 
seven complementation groups (Leibowitz, personal communication). The importance 
of these mutants in analyzing the details of coronavirus replication are obvious. 
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3.5 Virion Assembly 

Morphogenetic studies on the maturation of coronaviruses have been described (McIn
tosh 1974, Doughri et al.I976; Caul and Egglestone 1977, Massalski et al.1981, Holmes and 
Behnke 1981, Ducatelle et al. 1981). Briefly, assembly is restricted to the cytoplasm where 
progeny virions are formed by a budding process from membranes of the rough endo
plasmic reticulum (Massalski et al. 1981, Holmes and Behnke 1981). The virions acquire 
their lipid membranes from the cell, excluding host-cell proteins in the process, and are 
subsequently transported through and accumulate in Golgi complex and smooth-walled 
vesicles. There is an absence of budding from the plasmalemma and virions are released 
from the cell by lysis of plasma and/or endoreticular membranes, or by fusion of virus 
containing vesicles with the plasmalemma. The studies of Doller and Holmes 1980 
and Holmes and Behnke (1981) suggest that the site of virion budding at the rough endo
plasmic reticulum is determined by a transmembrane interaction between the virion 
M protein and the peplomer protein. The peplomer protein is associated with the trans
port and secretion of the virions from the cell. 

Yoshikura and Taguchi (1978) show prelimiary evidence that simultaneous infection 
of mouse tissue culture cells with MHV -S and Friend leukemia virus (FL V) can result in 
phenotypic mixing, i.e., the coronavirus genotype within the FL V envelope. This 
observation would indicate that the nucleocapsid-M protein-peplomer protein interac
tion is not absolutely specific, and the budding of coronavirus nucleocapsids at the plas
malemma may be possible. 

4 Persistent Infection 
In contrast to other positive-stranded viruses, coronaviruses tend to establish persistent 
infection in tissue culture, and Table 7 lists the persistent infections that have been estab
lished to date. Mechanisms which could conceivably playa role in the establishment of a 
persistent coronavirus infection include the integration of virus sequences into the host
cell DNA, episome formation, the establishment of ts or poorly growing mutants that 
conditionally interfere with the replication ofnon-ts virus, defective interfering virus, and 
interferon production. 

At present there is no reason to favor or disfavor any of these alternatives as impor
tant in coronavirus persistent infection. Robb and Bond (1979a) have reported that 
coronaviruses may produce defective, although apparently noninterfering virus in tissue 
culture, and several authors (Table 7) have demonstrated the development of ts and 
small-plaque mutants in persistent coronavirus infections. As there is no reason to 
believe that only one mechanism need be operative, only further biochemical com
parison between persistent and cytolytic coronavirus infections will shed light on this 
question. 

5 Conclusions 
There has been a significant advance in our understanding of the structure and repli
cation of coronaviruses in the last 2 years. However, there are still enormous gaps in our 
knowledge. Figure 4 depicts a hypothetical scheme describing the possible events 
involved in coronavirus replication and, by considering the phases ofthe cycle, the extent 
of our understanding can be gauged. 
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Table 7. Persistent coronavirus infection in tissue culture (see also Sabesin 1972, Yoshikura and 
Taguchi 1978) 

Properties of persistent cell lines Properties of the virus References 

Virus Cells \vith Infectious Infection ts Non-ts Altered 
(cell) antigen virus resistence plaque 

(%) corona/other 

MHV-A59 10-20 + + +a +b +b Holmes and Behnke 
(17C11) (1981) 
MHV-JHM 80-100 + + +/- + Stohlman et al. 
(N2A) (1978) 

Stohlman et al. 
(1979a, b) 
Stohlman and 
Weiner (1978) 

MHV-JIIM ND + ND - + ND Robb and Bond 
(N2A) (1979a) 
MHV -A59-JHM ND + + +/- + ND Robb and Bond 
(17C1 1) (1979a) 
MHV-JHM + + +/- - + Lucas et al. (1977, 
(RN 2-2) 1978c) 

Sorensen et al. (1981) 
MHV-JHM 
(DBT) 10-15 + + + Hirano et al. (1981) 
HCV-229E ND + + + Chaloner-Larsson 
(L132) and lohnson-

Lussenburg 
(1981a, 1981b) 

a Early passages; b Late passages; C These authors have established, but not characterized, MHV 
persistent infections in oligodendroglioma, neuroblastoma, myoblast, and hepatoma cell lines 

Perhaps the greatest lack of information concerns the early events associated with 
infection. To date,the functions of the virion-envelope glycoproteins and the nature of 
the host-cell receptors have not been determined, and there have been no reported 
attempts to isolate these receptors by, for example, affInity chromatography. Similarly, 
the internalization and uncoating of nucleocapsid structures to present the genomic 
RNA for translation are processes about which essentially nothing is known. Studies with 
radioactive virus, subcellcular fractionation, and immunological techniques would be 
most useful. 

The virion RNA is depicted in Fig. 4 as encoding protein which are components of a 
virus-specific RNA polymerase. The synthesis of any such protein in the infected cell has 
not been detected and, although manifestly present it has proven diffIcult to isolate any 
RNA polymerase activity in vitro. Consequently, attempts to purify the enzyme and 
identify its polypeptide components and enzymic functions have been thwarted. The 
involvement of a host-cell nuclear function in the activity of this enzyme is a further pos
sibility, although in view of the available evidence an improbable refmement. 

Mter the initial phase of viral RNA translation, suffIcient RNA polymerase is accu
mulated to form a replicative structure that is initially responsible for its own amplifi-
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* Fig. 4. A hypothetical scheme for coronavirus replication. Virus adsorbs to specific receptors at the 
plasmalemma (<D) and it is internalized (0). The nucleocapsid is uncoated (0) and translated to 
produce components ofthe polymerase (0). When enough polymerase is formed, translation ofthe 
virion RNA is replaced by the formation of a replicative structure (®), which produces genome
sized negative-stranded RNA (®) and from which further genome-sized positive RNA can be 
produced (0), to repeat and amplify steps 0-®. Subsequently, subgenomic mRNAs are produced 
(®). The translation of the nucleocapsid protein (®) and nonstructural proteins (®) occurs on free 
polyribosomes and the envelope proteins, translated on membrane-bound polyribosomes (®\ at 
the rough endoplasmic reticulum, are inserted to the cisternal face and glycosylated. The nucleo
capsid protein and progeny virion RNA assemble into nucleocapsid structures (@) that migrate to 
the rough endoplasmic reticulum and interact vvith M protein (@), which itself is associated with 
virion peplomer protein. The nucleocapsids bud into the cisternae ofthe rough endoplasmic reticu
lum (®), excluding host-cell protein. Virions are then transported, possibly with further modifi
cation (glycosylation, peplomer cleavage) through the Golgi complex and smooth-walled vesicles 
(@) and are released into the medium by reverse viropexis (@) 

cation, but subsequently produces virion progeny RNA and rnRNA. To date, this repli
cative structure has not been identified or isolated from infected cells and none of the 
negative-strand templates which can be assumed to be necessary have been demon
strated. Whether the same or separate enzyme activities are responsible for plus- and 
minus-strand RNA synthesis is also unknown. Later in infection it is possible to charac
terize the synthesis of viral mRNA and the translation of virus-specific proteins in the 
infected cell. This information forms the bulk of the recently available data and, by virtue 
of these studies and in vitro translation experiments, it has proven possible to provide 
tentative coding assignments for viral mRNA and produce a genetic map, at least for the 
murine coronavirus MHV. 
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To a large extent the subsequent phases depicted in Fig. 4 assume the paradigms 
established for other viruses. Any nonstructural viral proteins and the virion capsid pro
tein are assumed to be translated on free polyribosomes, while the synthesis of the 
envelope glycoprotein is shoVvTI as occurring on membrane bound polyribosomes at the 
rough endoplasmic reticulum (Wirth et al. 1977, GarofJet al. 1978). At the present time 
these assumptions are supported only by morphogenetic, and not biochemical evidence. 
After budding, coronaviruses are transported through specific cellular compartments 
and may undergo further modifications, e.g., polypeptide cleavage and further glycosy
lation. In view ofthe unusual properties of coronavirus glycoproteins this aspect of virion 
maturation deserves special attention. Finally, virions are released from the cell to com
plete the cycle. 

Note added in proof Anderson and co-workers (Cheley et al. Virology 112:596-604) have 
isolated mRNA 7 from MHV A59-infected cells and shoVvTI that it directs the synthesis of 
virion nucleocapsid protein in vitro. Randomly primed cDNA prepared from this RNA 
hybridizes specifically to six polyadenylated intracellular RNA species with sizes of 4.0, 
3.0, 1.6, 1.4, 1.1, and 0.8 X 106• The same authors (Cheley and Anderson J Gen Virol 
54 :301-311) have also conclUded that the translation of each major virus structural protein 
in infected cells is initiated independently, after the removal of a hypertonic salt block. 
These results are consistent with the replication model described above. 

Recently, Lai et al. (personal communication) have shoVvTI that the RNAse Tl resis
tant oligonucleotide which represents the sequence immediately adjacent to the 5' ends 
of most, if not all, of the MHV A59 mRNA species, is capped and is identical in each 
mRNA and in the virion RNA. Sequences adjacent to the "cap" oligonucleotide in each 
mRNA and the genomic RNA also appear to be closely related (MMC. Lai, personal 
communication; B.A.M van der Zeijst, personal communication). 
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