
CHAPTER 5 

The Coronavirus Surface 
Glycoprotein 
DAVID CAVANAGH 

I. PHYSICOCHEMICAL PROPERTIES 

A. Electron Microscope Observations 

Coronaviruses are frequently claimed to have a characteristic morphology, 
including the possession of a "club-shaped" surface projection or spike (S) 
glycoprotein. However, in common with other aspects of the coronaviruses, the 
group exhibits variation with respect to the shape, size, and distribution of the 
S protein on the virion surface. Davies and Macnaughton (1979) described the 
spikes of infectious bronchitis virus (IBV) and human coronavirus (HCV) 229E 
as being "tear-drop" shaped and widely spaced, whereas those of murine hepa
titis virus (MHV) type 3 were mostly "cone-shaped" and closelY spaced, al
though in some MHV-3 preparations the spikes were more bulbous. Dimen
sions of S vary not only among the coronaviruses but also depending on the 
staining procedure; following potassium phosphotungstate staining all three 
virus es had spikes approximately 20 nm long and 10 nm wide at the bulbous 
end, except for the cone-shaped spikes of MHV, which had a diameter of only 
5 nm (Davies and Macnaughton, 1979). The entire S pro tein has been observed 
after solubilization and purification (Sturman et 01., 1980; Cavanagh, 1983c). 
The nonenvelope-associated SI subunit of the IBV S protein can become de
tached from the virion (Stern and Sefton, 1982a; Cavanagh and Davis, 1986). 
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B. Sedimentation Characteristics 

Purifieation of the S pro tein of MHY, IBV, HCV strain 229E, bovine eorona
virus (BCV), and poreine hemagglutinating eneephalomyelitis virus (HEV) has 
been aehieved using a eombination of nonionie detergent and suerose gradient 
eentrifugation (Sturman et a1., 1980; Hasony and Maenaughton, 1981; Cav
anagh, 1983b; Sehultze et a1., 1990, 1991). When milligram quantities of IBV 
were used, it was neeessary to dissociate and sediment the virus proteins in the 
presenee of 1 M NaCI; otherwise the M protein eosedimented with S (Cavanagh, 
1983b). Spike has also been purified by affinity ehromatography (Moekett, 1985; 
Daniel and Talbot, 1990). Sedimentation studies have been variously inter
preted as indieating that S from virions is a homo dimer or homotrimer (IBV: 
Cavanagh, 1983eL homodimer (MHV: Vennema et a1., 1990b), or homotrimer 
(TGEV: Delmas and Laude, 1990). 

C. Electrophoretic Analysis 

It eannot be said that the S protein, of the eoronaviruses as a group, exhibits 
eharaeteristie migration in sodium dodeeyl sulfate-polyaerylamide gel eleetro
phoresis (SDS-PAGE). The apparent moleeular weight of uncleaved S is in the 
range 170-220,000 Da, depending on the virus. The extent of cleavage into 
amino-(N)terminal SI and earboxy-(C)terminal S2 glyeopolypeptides depends 
on the virus type, virus strain, and eell type used, and ranges from 0 to 100%. 
The two cleavage produets also vary in moleeular weight, from 84 to 135,000, 
and may be separated or eomigrate in polyaerylamide gels. Examples of eleetro
phoretic analysis include BCV (Hogue et a1., 1984; Deregt et a1., 1987; Cyr-Coats 
et a1., 1988; Vautherot et a1., 1992a), MHV-JHM (Siddell, 1982), MHV-A59 (Frana 
et a1., 1985), HCV-OC43 (Hogue et a1., 1984), HEV (Callebaut and Pensaert, 
1980), IBV (Cavanagh et a1., 1986a-e), turkey eoronavirus (TCV) (Dea et a1., 
1989a), eanine eoronavirus (CCV), and porcine transmissible gastroenteritis 
virus (TGEV) (Garwes and Reynolds, 1981), and porcine epidemie diarrhea virus 
(PEDV) (Egberink et a1., 1988). Additional referenees are to be found in the 
review by Siddell et a1. (1983). S2 of IBV may aggregate (Stern and Sefton, 1982a) 
and stain poody with Coomassie Brilliant Blue (Cavanagh, 1983b), while others 
have reported high-moleeular-weight forms of S that are irregulady obtained 
(e.g., Hogue et a1., 1984). Care must be exereised, therefore, in the interpretation 
of polyaerylamide gel polypeptide profiles of eoronaviruses that have not been 
extensi vel y studied. 

11. PR1MARY STRUCTURE 

A. Overall Features 

The S protein is a large glyeoprotein that possesses an overall hydrophobie 
hydropathicity profile, aN-terminal signal sequenee that is absent from the 
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mature protein, aC-terminal hydrophilie sequence preceded by a membrane
spanningdomain, andalarge number (up to35) ofpotential N-linkedglycosyla
tion sites, most of which appear to be occupied by glycans (Fig. 1). The entire S 
pro tein gene has been sequenced for many strains of IBV (Binns et al., 1985, 
1986; Niesters et al., 1986; Sutou et al., 1988; Jordi et al., 1989; Kusters et al., 
1989a, 1990; Koch and Kant, 1990b; Cavanagh et al., 1992b; Jia et al., 1993a,b), 
TGEV (Jacobs et al., 1987; Rasschaert and Laude, 1987; Britton and Page, 1990; 
Wesley, 1990), the TGEV variant porcine respiratory coronavirus (PRCV) (Ras
schaert et al., 1990; Britton et al., 1991; Wesley et al., 1991), the feline corona
viruses feline infectious peritonitis virus (FIPV) (de Groot et al., 1987a) and 
feline enteric coronavirus (FECV) (Wesseling et al., 1994), HCV-229E (Raabe et 
al., 1990), CCV (Horsburgh et al., 1992; Wesseling et al., 1994), PEDV (Duarte 
and Laude, 1994), several strains of MHV (Luytjes et al., 1987; Schmidt et al., 
1987; Parker et al. , 1989; Gallagher et al., 1990a,b; La Monica et al., 1991; 
Taguchi et al., 1992), BCV (Abraham et al., 1990; Boireau et al., 1990; Parker et 
al., 1990; Zhang et al. , 1991), and HCV-OC43 (Künkel and Herrler, 1993; Mounir 
and Talbot, 1993). 

There is great variation among the coronaviruses with respect to the size of 
the S polypeptide. Currently the shortest S protein known is that of IBY, with 
approximately 1160 amino acids, while FIPV has the longest protein of 1452 
amino acids (Fig. 1). The S protein of some, but not all, of the coronaviruses is 
cleaved to produce the N-terminal SI and C-terminal S2 glycopolypeptides. 

B. Specific Features 

1. Glycosylation, Transport, and Maturation 

Another common feature of the spike glycoprotein of coronaviruses is the 
high degree of glycosylation, the number of potential glycosylation sites rang
ing from 21 (MHV) to 35 (FIPV) (Fig. I) (see Section II.A for references). Both SI 
and S2 are glycosylated, e.g., IBV-Beaudette has 16 and 12 potential glycosyla
tion sites in SI and S2, respectively. Comparison of the molecular weights after 
removal of the glycans and by comparison of the deduced molecular weight of 
the nascent polypeptide, obtained by sequencing, with that obtained from SDS
PAGE, indicates that most of these sites are occupied by glycans. 

That the glycans, cotranslationallyadded, are of the N-linked (via aspar
agine residues) type has been shown by their susceptibility to endoglycosidase
H (Stern and Sefton, 1982b; Cavanagh, 1983a) and tunicamycin (Holmes et al., 
1981; Rottier et al., 1981; Stern and Sefton, 1982b; van Berlo et al., 1987; Dea et 
al. , 1989a,b). Indeed, following replication in the presence of tunicamycin, 
which prevents the attachment of N-linked glycans, virus particles lacking S 
protein are produced. Conversion of the initial high mannose or simple glycans 
to complex or hybrid moleeules is a slow process, the half-life being one or 
several hours (Vennema et al., 1990b,c). The MHV S protein is formed initially 
as a glycosylated monomer of molecular weight 150,000, which then oligomer
izes slowly. The 150,000 glycopolypeptide is converted to a 180,000 form, 
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presumably involving modification of the simple glycans, after which cleavage 
into SI and S2 occurs (Vennema et a1., 1990b). In FIPV-infected cells, the oligo
merization process was observed to be slower (half-time of 40-60 minI than 
that of the G glycoprotein and heinagglutinin of vesicular stomatitis virus 
(VSV) and influenza virus, respectively, but faster than that of Rous sarcoma 
virus envelope glycoprotein (Vennema et a1., 1990b). The initial high mannose 
(simple) glycans become converted to complex ones, the half-time being about 1 
hr in FIPV-infected cells (Vennema et a1., 1990b,c). When S was expressed using 
vaccinia virus recombinants, the half-time of this process was approximately 3 
hr. Coronavirus budding occurs at pre-Golgi membranes (see Opstelten et a1., 
1993, for references), the conversion of simple glycans to complex ones occur
ring after the budding. Thus the S protein would appear to move faster through 
the Golgi apparatus when it is in virions than when it is not (Vennema et a1., 
1990c). 

Similar observations had been made following infection of cells with 
TGEV (Delmas and Laude, 1990). Oligomers were formed before the simple 
glycans were converted to complex ones, the oligomerization being considered 
to have taken place not beyond the cis Golgi compartment. Many S monomers 
failed to oligomerize. When tunicamycin prevented glycosylation, oligomeriza
tion was prevented, indicating that the lack of glycans caused aberrant folding 
of the S polypeptide. 

Although SI and S2 are not linked by disulfide bonds, there are many 
intrachain disulfide bonds. The ectodomain of the S protein of MHY, for example, 
containes 42 cysteine residues. Opstelten et a1. (1993) have studied the role of 
these disulfide bonds by incubating MHV-infected cells in the presence of 
dithiothreitol (DTT) to produce reducing conditions. The major conforma
tional events involving disulfide bonds took about 20 min. The process would 
appear to start on the nascent polypeptide. The DTT did not interfere with the 
functioning of the endoplasmic reticulum. Indeed, the membrane protein (M) 
was transported normally. Opstelten and colleagues (1993) state in their discus
sion that M and S form complexes almost immediately after synthesis, which 
accumulate at the site of budding (pre-Golgi membranes). Thus it may be the 
interaction of S with M that prevents M progressing beyond the virus-budding 
site. 

A small proportion of S does progress to the cell surface following corona
virus infection (Laviada et a1., 1990) and expression of S involving vaccinia virus 
recombinants (Vennema et a1., 1990c; Pulford and Britton, 1991; Oleszak et a1., 
1992; Kubo and Taguchi, 1993) and baculovirus (Yoo et a1., 1990; Godet et a1., 
1991). The SI subunit, expressed in the absence of S2 (which forms the 
membrane-anchoring stalk of S) was excreted. A truncated TGEV S protein, 
which lacked the carboxy-terminal292 amino acids, was retained in the endo
plasmic reticulum and did not progress to the cell surface (Pulford and Britton, 
1991). However, a mutant TGEV spike gene that lacked 70 amino acids from the 
carboxy-terminus was excreted from cells after expression from a baculovirus 
recombinant (Godet et a1., 1991). A mutant MHV SI that contained the S2 
transmembrane domain was transported to and retained at the cell surface, as 
was a mutant S2 to which had been added the SI N-terminal signal peptide. 
When "normal" SI and also S2 were transiently expressed in the same cells, SI 
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was retained at the plasma membrane, suggesting that SI and S2 had associated 
in a manner similar to that when the intact S gene was expressed (Kuba and 
Taguchi, 1993). 

2. Cleavage of the Propolypeptide 

Although the S protein of some coronaviruses is cleavable by cell proteases, 
to yield SI and S2, the extent to which this occurs varies, depending on the type 
and strain of virus and the hast cell used. Cleaved spike has never been observed 
with two coronaviruses, TGEV and FIPV (Garwes and Pocock, 1975; Egberink et 
a1., 1988). In the case of IBV strains from chicken embryos and chick kidney 
cells (Cavanagh and Davis, 1987; Stern and Sefton, 1982a), PEDV from infected 
pigs (Egberink et a1., 1988), and TCV from human rectal carcinoma (HRT) cells 
(Dea et a1., 1989a), all or almost all of the virion-associated spike was in the form 
of SI and S2. Virions of IBV-Beaudette from Vero cells (Cavanagh et a1., 1986b) 
and BCV-Mebus from HRT cells (Hogue et a1., 1984; Cyr-Coats et a1., 1988) had 
about 70% and 50% cleaved S, respectively. In contrast, almost none of the S of 
HCV-229E from human rhabdomyosarcoma cells (Schmidt and Kenny, 1982), 
MRC5 cells (Kemp et a1., 1984), and human embryonic lung cells (Arpin and 
Talbot, 1990) and of HCV-OC43 (Hogue and Brian, 1986) was cleaved, although 
the latter studies have shown that S of HCV-OC43 can be completely cleaved by 
trypsin. The role played by the cell type is well illustrated with MHV-A59, 
where the extent of S cleavage varies from 0-100%, depending on the hast cell 
used (Frana et a1., 1985). 

Notwithstanding the requirement that cells have appropriate proteases with 
which to cleave S, there are features of same spike molecules that make them 
potentially more readily cleavable than the S of other coronaviruses. Thus 
sequencing of the S gene of many IBV strains has shown that the cleavage site is 
adjacent to a basic amino acid sequence, RRFRR, RRSRR, RRHRR, or GRHRR 
(Binns et a1., 1985, 1986; Cavanagh et a1., 1986b, 1988; Niesters et a1., 1986; 
Kusters et a1., 1989a). MHV strains JHM and A59 have basic connecting peptides 
comprising RRARR and RRAHR, respectively (Schmidt et a1., 1987; Luytjes et 
a1., 1987), and BCV has the sequence KRRSRR or KRRSVR at the corresponding 
location (Abraham et a1., 1990; Boireau et a1., 1990; Parker et a1., 1990, Zhang et 
a1., 1991). These basic sequences, which would be situated at the surface of the 
protein, would be expected to make the spike sensitive to those cell proteases 
that hydrolyze adjacent to basic residues. In the case of influenza A viruses 
those strains that have the hemagglutinin (HA) pro tein cleaved in many cell 
types have an HAI-HA2 connecting peptide containing several basic residues, 
whereas those isolates in which cleavage occurs in fewer cell types have only a 
single basic residue at the cleavage site (Bosch et a1., 1981). In keeping with this 
observation, the S of TGEV and FIPV, which has not been observed in a cleaved 
form, and that of HCV-229E, which is hardly cleaved, does not have any pairs of 
basic residues in the region analogaus to the cleavage site of IBV and MHV 
(Rasschaert and Laude, 1987; Jacobs et a1., 1987; de Groot et a1., 1987a; Raabe et 
a1., 1990). The capacity of the S protein of HCV-OC43 to be cleaved by trypsin is 
in keeping with the presence of the sequence RRSR, which is a potential 
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eleavage site (Künkel and Herrler, 1993j Mounir and Talbot, 1993). The require
ment for eleavage of S for the fusion process is discussed in Seetion V.3. 

3. Structure of S2 

The observation that urea removed SI but no other polypepdde from IBV 
led to the suggestion that S was anchored in the envelope by S2 (Cavanagh, 
1983c). Support for this view was provided by comparison of N-terminal and 
nucleotide sequencing data that showed that S2 was generated by cleavage of 
the S precursor and that near the carboxy-terminus of S2 there was a 44 residue, 
strongly hydrophobie sequence suggestive of a membrane-spanning domain 
(Binns et a1., 1985j Cavanagh et a1., 1986b). Analysis of the deduced amino acid 
sequences of the spike protein of IBV, MHV, and FIPV (de Groot et a1., 1987b), 
supported by Rasshaert and Laude's (1987) deductions based on TGEV data, has 
revealed the presence of two regions in S2 with a seven-residue periodicity, 
forming heptad repeats (Fig. 1). These are indicative of a coiled-coil structure. 
Sedimentation studies have indicated that S is either a homodimer or homo
trimer. The results of a cross-linking study have favored the latter (Delmas and 
Laude, 1990). Currently, therefore, the oligomeric spike protein is envisaged as 
being anchored by an a-helical region near to the C-terminus of S2. Tust beyond 
the outer membrane surface is the shorter (minorJ repeat structure predicted to 
be an a-helix of S (IBV and MHV) or 7 nm (FIPV). The major repeat indicates a 
helix of some 10 (IBV and MHV) or 13 nm (FIPV) or more, which would span 
more than half of S (Fig. 1) (de Groot et a1., 1987b). Thus S is envisaged as a 
multimeric protein, possibly a homotrimer, the narrow stalk of S being a 
complex coiled-coil structure, somewhat analogous to the hemagglutinin tri
mer of influenza virus (Wilson et a1., 1981). Tust before the membrane-spanning 
domain of S is the sequence KWP. Terminating 10 residues upstream of KWP is a 
leucine-zipper motif, the length of these varying from three to five heptad 
repeats (Britton, 1991). 

82 of IBV-M41 was susceptible to trypsin and other proteases, near its 
C-terminus, at residues elose to the outer membrane surface (Cavanagh et a1., 
1986a). The SI subunit of IBV could be quantitatively released from S2 by 
treatment with urea (Cavanagh and Davis, 1986). Although urea did not have 
this effect on MHV-AS9, incubation of MHV at pH 8.0 and 37°C did result in 
the release of SI (Sturman et a1., 1990j Weismuller et a1., 1990). 

4. Conservation of S2 among Coronaviruses 

Comparison of the amino acid sequences of the spike proteins from IBV, 
MHY, FIPV, and TGEV has shown that there is far greater sequence conserva
tion within the C-terminal, S2 part of the moleeule than in SI (Schmidt et a1., 
1987j de Groot et a1., 1987bj Rasschaert and Laude, 1987). Within S2 are regions 
exhibiting 30% identical residues (Fig. I), while comparison of S2 of BCV strain 
FIS with that of MHV-AS9 reveals about 70% homology (Fig. 4) (Boireau et a1., 
1990). One notable feature, shared by the various coronaviruses, is that whereas 
the average cysteine content of S is about 3%, that in the C-terminal hydro-
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philic tail, which is probably within the lumen of the virus, is around 24%. 
Some of these cysteine residues may be associated with fatty acid chains, 
known to be present on S2 of MHV (Schmidt, 1982; Sturman et a1., 1985; van 
Berlo, 1987). 

All the coronavirus S genes analyzed encode an highly conserved eight
residue sequence Lys-Trp-Pro-Trp-Trp/Tyr-Val-Trp-Leu. The leucine-zipper 
motifs described in the previous section ends 10 residues before the Lys-Trp-Pro 
of this conserved sequence, the remainder of which probably forms the first part 
of the transmembrane domain (see Britton, 1991). 

5. Extensive Variation of SI among Coronaviruses 

In contrast to the modest conservation of S2 within the coronavirus genus, 
SI shows very little amino acid identity when some pairs of virus es are com
pared, e.g., IBV with TGEV (Rasschaert and Laude, 1987), IBV with MHV 
(Schmidt et a1., 1987), and MHV with FIPV (de Groot et al., 1987b) (Fig. 1). 
Indeed, the extensive heterogeneity exhibited by SI extends to strains within 
some coronavirus species, notably IBV. In recent years there has been extensive 
analysis of the antibody-inducing epitopes of some coronaviruses, the SI sub
unit being the major inducer of virus-neutralizing (VN) antibodies in some 
coronaviruses, e.g., IBV and TGEV. Since sequence differences in SI are respon
sible for many of the antigenic differences between coronaviruses it is appropri
ate to discuss sequence and antigenic variation in the same section (Section 1lI). 

III. STRUCTURAL AND ANTIGENIC VARIATION OF S 

A. S Protein Is a Major Inducer of Neutralizing Antihody 

All three surface glycoproteins of coronaviruses, S, M, and, when present, 
HE, induce VN antibody (see Chapters 6 and 8, this volume, for M and HE, 
respectively). Although there are fewer S than M and N molecules in the virion 
(Cavanagh, 1981), the spike protein induces a good immune response following 
infection. That S induces VN antibody has been shown in three ways. First, by 
immunization with purified S protein of TGEV (Garwes et al., 1978/79), MHV 
(Hasony and Macnaughton, 1981), and IBV (Cavanagh et a1., 1984). Second, by 
imrrtunization with vectors expressing the S gene of IBV (Tomley et a1. , 1987), 
FIPV (de Groot et a1., 1989), TGEV (Godet et a1., 1991), and MHV (Daniel and 
Talbot, 1990; Wesseling et a1., 1993). Third, by showing that many VN mono
clonal antibodies (MAbs) bound to the S protein of MHV (references in subse
quent sections). 

B. Location of Antigenie Sites 

A number of approaches have been used to locate antigenic sites on S, all 
involving the use of MAbs: competition enzyme-linked immunosorbent as,say 
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(ELISAs); production of polypeptides or peptides by proteolysis of S, prokaryotic 
expression vector or synthetically; and sequencing of MAb-resistant variants. 
No simple picture has emerged for the genus as a whole, except that SI has more 
VN epitopes than S2 in some species. 

Earlier, polyelonal antibody analyses (for references, see Spaan et a1., 1990) 
indicated that each coronavirus could be placed into one of four antigenic 
groups. Combining more recent biochemical, sequence, and MAb analyses 
would suggest three groups. In one group would be TGEY, FIPY, CCY, HCV-229E, 
and PEDY. A second group would contain MHY, BCY, HCV-OC43, and TCV, 
while IBV would constitute the sole member of the third group (Chapter I, this 
volume). It is instructive to compare the S protein of coronavirus species within 
these groups. The S protein differences observed among species within a group 
may playa role in host range and tissue specificity and certainly do so with 
respect to antigenic differences of practical importance. 

1. TGEV, FIPY, CCV, HCV-229E, and PEDV 

Four or five major antigenic domains were detected on the S pro tein of 
TGEV using competition assays with MAbs (Delmas et a1., 1986; Jimenez et a1., 
1986; Correa et a1., 1988; Simkins et a1., 1989; Enjuanes et a1., 1990). Subse
quently, extensive analysis of the binding of MAbs to proteolytic fragments of S 
(Correa et a1., 1990; Delmas et a1., 1990a,b; Enjuanes et a1., 1990), to S polypep
tides generatedinEscherichia coli (Enjuanes et a1., 1990; Delmas et a1.,1990a,b), 
to synthetic peptides (Posthumus et a1., 1990a,b; Gebauer et a1., 1991), and 
sequencing of MAb-resistant (MAR) mutants (Delmas et a1., 1990a,b; Enjuanes 
et a1., 1990; Gebauer et a1., 1991) has revealed that the antigenic makeup of S is 
complex. In addition, some sites would appear to be composed of sequences that 
are linearly far apart, but which are brought into elose proximity by the folding 
of the protein, with one sequence playing a more prominent role than the other. 

The major research teams in this area have used different systems for 
naming antigenie domains (see Gebauer et a1., 1991, for a comparison) and a 
common nomenclature, using Roman numerals, has been proposed (Post
humus et a1., 1990a,b). I have used this nomenclature in Fig. 2 to show the 
approximate positions of the antigenic domains, taking into account data gen
erated by all the approaches referenced above. 

The SI part of S is the major inducer of antibodies and many of the anti-SI 
MAbs were VN. The major VN epitopes are in region I and are highly conserved 
among TGEV isolates. This, and the great difficulty experienced in obtaining 
MAR mutants to site I MAbs, has led to the conelusion that this region has an 
important function. Competition between MAbs and antibodies in sera raised 
following vaccination of pigs with TGEV confirmed the immunodominant 
nature of site A, in particular subsite antibody (Diego et a1., 1992). Sites II and IV 
are also associated with VN epitopes. Site III is exposed on denatured hut not 
native S. Differentiation among strains of TGEV has been achieved by MAbs 
directed against epitopes at sites II, III, and IV (Welch and Sai( 1988; Sanchez et 
a1., 1990). Some epitopes may be formed by residues contributed from sites land 
II (Correa et a1., 1990; Delmas et a1., 1990a,b), while residues in S2 (1176-1184) 
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contribute in some way to the antigenicity of epitopes at site IV (Posthumus et 
a1., 1990a,b, 1991). 

There were differences among the sites with respect to the influence of 
glycans. The binding of MAbs to site IV was little affected by the absence of 
glycans on S, whereas nonglycosylated/deglycosylated S did not bind site land 
11 MAbs, and site III was perhaps an intermediate case (Gebauer et al., 1991; 
Delmas and Laude, 1991). 

A very interesting variant of TGEV of economic importance was isolated in 
Europe in the mid-1980s (see Chapter 16, this volume). This variant was named 
porcine respiratory coronavirus because it replicated mainly in the respiratory 
tract of pigs and very litde in the alimentary tract. Hence, it did not cause the 
enteric disease so characteristic of classical TGEV. Sequencing revealed muta
tions in gene 3 of PRCV, leading to loss of the first open reading frame, plus a 
large deletion of 672-681 nucleotides from near the beginning of the S gene 
(Rasschaert et al., 1990; Britton et al., 1991; Wesley et al., 1991) (Fig. 3). Thus 
PRCV lacks antigenic sites 11 and III, and MAbs to these sites can be used to 
differentiate PRCV from TGEV (Garwes et al., 1988; Callebaut et a1., 1988; 
Enjuanes et a1., 1990; Simkins et al., 1992). The remainder of S of PRCV and 
TGEV have 98 % identity and, correspondingly, have site I and IV epitopes in 
common (Sanchez et a1., 1990). 

The S proteins of TGEV and FIPV are almost identical in length, and for 
residues 275-1447 there is 94% identity and some common site I and IV epi
topes, including some that are VN and that mediate antibody-dependent 
enhancement of FIPV infectivity (see Chapter 14, this volume). In contrast, the 
first 274 residues have only 30% identity, and no common site 11 and III epitopes 
have been detected (Fig. 3) (Jacobs et a1., 1987; Sanchez et al., 1990). 

PRCV 11 
1223 

----'Z25 98% 

TGEV 11 1 1 1447 

30% V~ 94% 

FIPV 11 1 1452 

81% 300 95% 

CCV 11 I 1~52 

10% 250 60% 

PEDV 11 101 10 c=J 1 
1383 ----HCV-229E 

11 11 ICJI 1173 

FIGURE 3. Amino acid sequence differences among the S proteins of members of the TGEV group 
of coronaviruses. The diagram shows the much greater variation among the amino-terminal 225-
300 residues than among the remainder. The gaps between rectangles representing S of PEDV and 
HCV-229E show the approximate size and position of the largest deletions only. HCV-229E and the 
PRCV variant of TGEV lack the first 225 or so residues of the other species. The amino-terminal 
signal peptide is indicated by the light er shading. 
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Feline coronaviruses could be divided into two antigenic groups on the 
basis of binding of anti-S MAbs (Fiscus and Teramoto, 1987a,b j Hohdatsu et a1., 
1991). A feline coronavirus that did not cause FIP (FECV) had 90% and 97% 
amino acid identity within residues 1-300 and 301-1452, respectively, of a FIPV 
isolate (Wesseling et a1., 1994). 

The CCV S pro tein is the same length as that of FIPV, and residues 300-1452 
have 95% identity (Horsburghet a1., 1992 j Wesseling et a1.,1993) and some siteI 
epitopes in common, including VN epitopes (Fig. 3) (Sanchez et a1., 1990 j 

Hohdatsu et a1., 1991). When the first 300 residues are compared, the identity 
with FIPV is still high, at 81 % (Wesseling et a1., 1993h many isolates of one 
species, IBV, differ from each other by this amount in the first 300 or so residues 
(see Section III.A.3). None of the TGEV site II and III MAbs of Sanchez et a1. 
(1990) bound to CCV, in keeping with the low (38 %) identity between the first 
300 residues of these two viruses. 

The sequence of several genes of another porcine coronavirus, PEDV, have 
been determined recently and have confirmed that this virus more closely 
resembles the TGEV group than the other coronavirus groups. Although some
what shorter than that of TGEV, the 1383 residue PEDV S does include the 
N-terminal region that corresponds to the beginning of the TGEV S protein and 
is absent from PRCV (Fig. 3) (Duarte and Laude, 1994). However, there is only 
about 10% identity in this region when compared with TGEY, CCV, and FIPY. 
Not surprisingly, none of 25 anti-TGEV spike pro tein MAbs bound to PEDV 
(Sanchez et a1., 1990). 

Finally, sequence analysis of HCV-229E has confirmed its relationship to 
the TGEV group, although, like PRCY, the 229E S protein lacks the first 225 or 
so amino acids (Fig. 3) (Raabe et a1., 1990). The extent of identity of the 229E S 
pro tein to that of TGEV, FIPV, and CCV is similar to that exhibited by PEDY. 
Thus, the first 550 or so amino acids have about 38% identity, the C-terminal 
half being greater (57%). In contrast, the identity with the first half of S of MHV 
and IBV is only 16-18% and for the second half 32-35% (Raabe et a1., 1990). 
Once again, none of the TGEV anti -S MAbs of Sanchez et a1. (1990) bound to the 
229E S protein. 

2. MHY, BCV, HCV-OC43, HEV, and TCV 

Recent sequencing and MAb studies of these viruses have confirmed their 
much greater similarity to each other than to other coronaviruses. Comparison 
has revealed a hypervariable region within SI that is associated with some of the 
antigenic differences not only between these virus species but also among 
strains of a given species (Fig. 4). This hypervariable region mayaiso be associ
ated with host range and tissue tropism, although this is speculation. Sequence 
data are not available for the S protein of HEV and TCV but they are for the other 
members of this groupj it is to these that the following discussion of sequence 
applies. 

The lengths of the S pro teins are very similar, ranging from 1351/53 for 
HCV-OC43 to 1376 for MHV-4 (see Section II.A for references). The BCV S protein 
is most closely related to that of HCV-OC43 (91 % identity) and less so with MHV 
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FIGURE 4. Amino acid sequence differences among the S proteins of the MHV group of corona
viruses. The rectangles represent the whole spike protein, the numbering having been normalized 
with respect to that of the longest known MHV spike protein, belonging to strain MHV4. The arrow 
at position 770 marks the cleavage site between SI and S2. The numbers in the gaps show the size of 
deletions compared with MHV4. The percentage differences shown for the pairs MHV-A59/MHV
JHM and MHV-JHM/MHV-4 refer to comparisons of SI and S2, excluding the deletions from SI. The 
percentage differences shown for the pairs MHV 4/BCV and BCV /HCV-OC43 are for three areas, the 
middle one being the hypervariable region. 

(about 60%)_ HCV-OC43 also has approximately 60% identity to the S protein 
of MHV As observed with the other coronviruses, identity is greater in S2 
(BCV:HCV, 95%; BCV:MHV, 7l%)thaninSI (BCV:HCV,88%; BCV:MHY, 55%). 

The very high identity shown by BCV and HCV-OC43 is interrupted by a 
135-residue sequence in SI (residues 465-609 of HCV) in which the identity 
drops from >90% to 75% (Fig. 4). The similarly situated residues of BCV 
(residues 452-593) have <40% identity with the corresponding region of 
MHV-4 compared with >55% elsewhere in S (Fig. 4). Indeed, about half of the 
amino acid differences between S of MHV-4 and BCV occur within this region 
which accounts for only about 12 % of S. It is in this same region that strains of 
MHV differ dramatically from each other. Whereas most of the SI of MHV 
strains has ab out >90% identity, at this location there are deletions of a single 
stretch of amino acids as great as 159 residues (Taguchi et a1., 1985; Luytjes et 
a1., 1987; Morris et a1., 1989; Parker et a1., 1989; Taguchi and Fleming, 1989; 
Banner et a1., 1990; Gallagher et a1., 1990a,b; La Monica et a1., 1991). It is likely 
that MHV-4 is a prototypic MHV strain, the commonly used A59 and JHM 
strains having been selected during passage in vitra. 

The S gene of six BCV strains, isolated in several countries in two conti
nents, have been sequenced, revealing a very high conservation (98 % overall) 
(Zhang et a1., 1991). Most of the differences (45-56 bases, 16 to 26 amino acids) 
were between virulent and avirulent strains, compared with only 6-14 base 
differences «10 amino acids) among the four avirulent isolates. There were 
twofold more differences in SI than S2, but the differences in SI were not 
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eoneentrated in one region. A BCV isolate from nasal swabs of a ealf suffering 
from respiratory disorders had aSprotein that had 98 % amino aeid identity 
with that of enterie BCV isolates (Zhang et a1., 1994). 

The first eoronavirus to be extensively studied with respeet to the loeation 
of its antigenie sites was MHV. A eomplex pieture has emerged and might be 
summarized as follows. Following infeetion with MHV, epitopes formed by the 
SI subunit induee antibodies with the highest VN aetivity. Most of these 
epitopes are eonformational. In these respeets MHV resembles BCV, in addition 
to viruses of the TGEV group (Seetion III.B.l) and IBV (Seetion III.B.3). Some 
epitopes associated with the S2 subunit of MHV induee VN antibodies, but 
these have usually been of low titer. Several of these epitopes are eontinuous 
and have been mimicked by peptides. There is evidenee from competition 
experiments with MAbs that some antigenic sites are formed or at least influ
enced by residues contributed by both SI and S2. 

Competition with MAbs revealed up to six epitope groups (Talbot et a1., 
1984; Wege et a1., 1984; Talbot andBuchmeier, 1985) ofwhich two (sites AandB) 
or three (sites A, B, and C) were associated with VN antibodies. Cell fusion was 
inhibited by site A MAbs. Direct evidenee that the major VN epitopes reside on 
SI has been derived from analysis of the binding of MAbs to SI in the absence of 
S2. SI expressed using a baculovirus was able to bind anti-SI VN MAbs (Taguchi 
et a1., 1990; Takase-Yoden et a1., 1990). Using the cl-2 variant of MHV-JHM, the 
SI and S2 glyeopolypeptides of which can be distinguished in SDS-PAGE gels, 
Kubo et a1. (1993) showed that of 15 MAbs raised against S, 14 immunoprecipi
tated SI after this had been dissociated from S2 by urea ap.d 2-mercaptoethanol. 
Nine of the 14 MAbs were VN, only one bound to SI after boiling in the presence 
of SDS and DTT, and five of the VN MAbs failed to immunoprecipitate SI after 
only mild denaturation (SDS at room temperature without DTT). Taken to
gether, the MAb-binding studies of Takase-Yoden et a1. (1990) and Kubo et a1. 
(1993) show that some SI residues form epitopes independently of S2 amino 
acids and that some of these epitopes are discontinuous in nature. 

Neutralizing MAbs llF and 30B were induced by MHV-JHM sequences in 
baeterial fusion pro teins and mapped to SI residues 33-40 and 395-406, respec
tively (Fig. Se) (Routledge et a1., 1991). Competition experiments (Stuhler et a1., 
1991) using purified MHV-JHM revealed that MAb 30B competed with highly 
neutralizing, discontinuous epitope MAbs of the site A described by Wege et a1. 
(1984). This indicates that residues around amino acid position 400 of the MHV 
SI protein form at least part of site A (Wege et a1., 1984) and playamajor role in 
the induction of VN antibodies. This loeation is adjaeent to a highly variable 
region of SI (Fig. 5). 

MAbs to sites Band C seleeted MHV-JHM variants that had large deletions 
in SI (Talbot et a1., 1984; Dalziel et a1., 1986; Parker et a1., 1989; Gallagher and 
Buehmeier, 1990; Gallagher et a1., 1990; La Monica et a1., 1991). This per se does 
not prove that the epitopes for these MAbs were located in this part of SI; the 
epitopes might have been situated elsewhere in SI or in S2 and their configura
tion disrupted by the large deletion in SI. In this regard it is noteworthy that 
neither of the MAbs of Talbot et al. (1984) used to seleet the variants with the 
deletions in SI could reaet with denatured S in Western blots, indicating that 



CORONAVIRUS SURFACE GLYCOPROTEIN 87 

a A59 

b JHM 
tissue mutants 

c JHM 

d MHV4 
MAR mutant 

e MHV4 

81 ...- ...... 82 
172 375 500 553 6fI1 + 819 889 957 1117 1271 

~I~I~I~F~I ~1~I1I~II~~I~I-v~ 

432 

! I 
3340 395 406 

! I I I 
MAb 11F MAb308 453 

158 

428 

719 

286 I 
1~1 

595 

587 

• • 

- = 

1000 1118 

1~711 1 1114 
1094 

1264 1276 

.1 
MAb10G 

TM 

FIGURE 5. Antigenie and other sites within the S protein of strains of MHV. The amino acid 
numbering has been normalized with respect to that of the longest known MHV pro tein, that of 
MHV4. The numbers in the gaps show the size of deletions copared with MHV4. The arrow at 
position 770 marks the cleavage site between SI and S2.(a) Shows the location of antigenie domains 
I-V identified by Daniel et a1. (1993) using bacterially expressed fragments of S of MHV-A59. fhe 
small, filled rectangle represents the peptide of Luytjes et a1.(1989) (residues 900-908), which bound 
the VN and anti-fusion Mab 19.2. The small, open rectangle represents the peptide of Talbot et a1. 
(1988) (residues 1,135-1,144), which induced VN antibodies and protective immunity in mice.(b) S 
polypeptide of neurotropic variants of MHV-JHM isolated from the brain and spinal cord of JHM
infected rats (La Monica et a1., 1991).(c) S of MHV-JHM showing three sites identified by the binding 
of bacterial expression products with VN MAbs llF and 30B (MAb llF also inhibits fusion) and with 
VN and antifusion MAb lOG (Routlege et a1., 1991). The arrow indicates the positions (1250, 1251, 
and 1257) of amino acid substitutions in MHV-JHM MAR mutants selected by MAb llF (Grosse and 
Siddell, 1994).(d) S of a MAR mutant of MHV4 selected with MAb V4Bl1.3(Parker et a1., 1989). (e) S 
of MHV4 showing the heptad repeat regions (stippled) and membrane-spanning region (solid box). 
The locations are shown of three mutations present in mutants of MHV4 recovered from a persis
tently infected neural cell line, the mutants requiring a pH of 5.5-6.0 for membrane fusion 
(Gallagher et a1., 1991). The arrows show the position of two point mutations present in a MAR 
mutant selected with MAb 7.2-V-l(Wang et a1., 1993). 

the epitopes were of a discontinuous nature. Not all MAR mutants with muta
tions in SI have deletions. For example, MAb 7.2-V-I selected a MAR mutant of 
MHV-DL that had two point mutations, both in SI, at residues S88 and 6S0, the 
former within and the other very near the hypervariable region of MHV (Fig. Se) 
(Wang et al., 1992). The hypervariable region is even larger than that indicated 
by comparison of MAR mutants, as La Monica et al. (1991) have shown with 
neurotopic variants of JHM isolated from the brain and spinal cord of JHM
infected Wistar Furth rats. These variants lacked 147 amino acids in addition to 
those already absent from JHM when compared with MHV4 (Fig. Sb). 

A number of studies have shown that the situation is more complex than 
the foregoing ac count would imply. MAb llF, which was induced by residues 
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33-40 in a bacterially expressed product, was used to raise 10 MAR mutants. 
Sequencing of these showed that the single amino acid mutations were not 
located in residues 33-40 but at positions 1109, 1110, and 1116 of the JHM S 
pro tein (equivalent to residues 1250, 1251, and 1257 of MHV4; Fig. Sc) (Grosse 
and Siddell, 1994). These mutations did not affect the binding of many other SI 
and S2 MAbs, showing that the mutations had not caused extensive alterations 
to the structure of S. This implies some specific interaction between amino 
acids in region 33-40 of SI and those around residues 1109-1116 of S2. 

Several other studies have shown the presence of epitopes on S2. A site A 
MAb that inhibited fusion reacted with an nine amino acid sequence, delin
eated using prokaryotic expression products and synthetic peptides, situated 
131 residues downstream from the N-terminus of S2 (Fig. 5a) (Luytjes et a1., 
1989). This region is particularly interesting because the MAb used, although 
neutralizing, could not select MAR mutants (Talbot and Buchmeier, 1985). 
Moreover, this site was highly conserved among MHV strains. Taken together, 
these observations suggest that this region of S may have a vital function for the 
virus. The MAb directed against this peptide was able to protect mice from 
lethai infection (Koolen et a1., 1990). The peptide has also been expressed as a 
chimeric protein and induced protection in mice (Brown et a1., 1994). 

Further involvement of S2 in the induction of VN antibodies has been 
shown by the finding that a decapeptide, corresponding to the sequence starting 
at residue 365 from the N-terminus of S2 of MHV-JHM, not only induced VN 
antibodies but also induced in mice some protection from alethal challenge of 
MHV (Fig. 5a) (Talbot et a1., 1988). Induction of a VN, and antimembrane fusion, 
MAb by MHV-JHM sequences in a bacterial fusion pro tein showed that S2 
residues 1123-1137 of MHV-JHM (equivalent to residues 1264-1276 in the 
MHV4 strain) (Fig. Sc) induced antibodies with these properties (Routledge et 
a1., 1991). A VN MAb (2.2-V-l) selected a MAR mutant with a single amino acid 
substitution at residue 1113 in S2 of MHV-DL, astrain that has >99% identity 
with MHV-JHM (Fig. 5) (Wang et a1., 1992). 

RecentlY Daniel et a1. (1993) have investigated the antigenicity of bacterial 
fusion proteins containing overlapping fragments of the S protein of MHV-A59 
(Luytjes et a1., 1989). This strain lacks many of the residues of the hypervariable 
region described above (Fig. 5a). The products were examined by immunoblot
ting, using mostly MAbs that had previously been shown to bind to denatured S 
(most likely binding to continuous epitopes) but also a few MAbs against 
discontinuous epitopes. The MAbs had been raised against native S protein. 
Five domains (I-V) of S, in both SI and S2, bound 13 of these antibodies (Fig. 5), 
of which sites I, III, and IV bound VN antibodies. A synthetic 13-residue peptide, 
conserved among MHV strains, was located within domain III (Luytjes et al., 
1989). The combined data further support the view that sequences that are 
linearly situated far apart, e.g., domains 11 and V, are dosely situated in the 
native protein, forming discontinuous epitopes. 

In summary, for MHV, VN epitopes are formed largely by residues in SI, but 
there are some VN epitopes in S2. In some cases there may be interaction 
between SI and S2 residues, brought into juxtaposition by the folding of the 
pro tein, to form VN epitopes, but there are also epitopes in SI and S2 that are 
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independent of each other. Some epitopes in both SI and S2 are continuous in 
nature, while some VN epitopes in SI, at least, rely on conformation for anti
body binding. 

The S proteins of BCV, TCV, HEV, HCV-OC43, and MHV are antigenically 
related, as shown using both sera and MAbs (Hogue et al., 1984; Tijssen et al., 
1990; Vautherot et al., 1990, 1992a; Michaud and Dea, 1993). 

Using five MAbs in competition experiments, Deregt and Babiuk (1987) 
detected two nonoverlapping sites, both associated with VN antibody, in S of 
BCV. Following interaction of the MAbs with fragments of S generated with 
proteases, Deregt et al. (1989a) tentatively concluded that these two VN 
antibody-inducing domains mapped within the SI subunit. This was later con
firmed using SI that had been expressed independendy of S2 using a baculovirus 
expression system (Yoo et al., 1990). More detailed analysis has been performed 
by Vautherot et al. (1992a) who used 30 anti-S MAbs. Nineteen of these defined 
four independent antigenic sites on SI, one of which (SlB) was a major and the 
other a minor (SI-A) inducer of VN antibody. Site lB could be subdivided. All the 
anti-S VN MAbs bound to SI. Some of the SI VN MAbs failed to react with SDS
denatured polypeptides, while others did react provided that the polypeptides 
had not also been reduced, indicating that the epitopes were conformational. 
Although MAR mutants were obtained, no sequence data are available for 
these. However, Yoo et al. (1991b) have constructed a set of deletion mutants of 
SI, expressed them in a baculovirus system, and examined the binding of the A 
and B site VN MAbs of Deregt et al. (1989a). Only mutant SI containing residues 
324-720 bound the MAbs. The hypervariable region of this group of viruses is 
situated in the middle of this 324-720 sequence (Fig. 4). Two immunoreactive 
domains were further delineated, namely, one between residues 324 and 403 
situated on the N-terminal side of the hypervariable region and one between 
residues 517-720, the N -terminal portion of which is part of the hypervariable 
region. Mapping of the 37 -kDa trypsin fragment previously examined by Deregt 
et al. (1989a) further indicated that the second domain was formed by residues 
517 to 621, most of which is in the hypervariable region, and that the first 
domain comprised residues 351-403. It was not possible to assign site A and B 
MAbs to one or other of these domains; both were required for binding of 
each MAb. 

Six MAbs, all non-VN, defined two sites on S2 (Vautherot et al., 1992a). 
Analysis of prokaryotic expression products and synthetic peptides have shown 
that MAbs to site S2A, and no other S2 or SI MAbs, and polyclonal sera against 
BCV bound to epitopes formed by residues from within the first 20 N-terminal 
residues of S2 (Vautherot et al., 1992b). The recognition of these epitopes by 
convalescent serum showed that these epitopes induced antibodies in the host 
animal. MAbs to these epitopes bind not only to BCV strains hut also to isolates 
of MHV, HEV, and HCV-OC43 (Vautherot et al., 1992a), even though there are 
amino acid differences in this region. A similarly situated continuous epitope 
has been identified at the N-terminus of S2 of mv, although this induced 
weakly neuralizing antibody (Kusters et al., 1989b; Kant et al., 1992). 

The MAbs of Vautherot et al. (1992a) to the spike VN sites A and B were 
specific to BCV, whereas antibody to the other two, non-VN SI sites (C and D) 
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bound to HCV-OC43 and one S1-D MAb bound to HEV and MHV. However, 
some BCV site B MAbs of Michaud and Dea (1993) did bind to HCV-OC43. 
These MAbs were highly VN and therefore probably correspond to the A and B 
sites of Vautherot et a1. (1992a), Deregt and Babiuk (1987), and Deregt et a1. 
(1989a,b), which are located within and to the N-terminal side of the hypervari
able region (Yoo et a1., 1991b), as described above. It would be expected that 
some site A andJor B MAbs would bind to HCV-OC43 since the sequence of the 
BCV antigenic domain containing residues 351-403 is identical to that in HCV
OC43 (Künkel and Herrler, 1993; Mounir and Talbot, 1993). Some variation 
among BCV isolates has been detected using MAbs (El-Ghorr et a1., 1989; 
Hussain et a1., 1991; Michaud and Dea, 1993). Some of the anti-S MAbs raised 
against the cell-adapted, attenuated Mebus strain failed to bind to virulent field 
strains, which is in keeping with the sequence data that show that the field 
isolates resemble each other more than they do the Mebus strain. In addition, 
some anti-Mebus spike MAbs differentiated some Quebec isolates from each 
other. Michaud and Dea (1993) have shown that BCV and TCV had many spike 
VN epitopes in common. 

In summary, the BCV VN epitopes identified to date reside in SI, probably 
located near and within the hypervariable region (Fig. 4). Few of these epitopes 
were common to other viruses of the group, whereas there was greater conser
vation with respect to the non-VN epitopes in SI and even more so for S2 
epitopes. These findings are consistent with our knowledge of the S sequences 
of these viruses. 

3. IBV 

Since its isolation in 1936, many serotypes of IBV have been defined by VN 
tests. This antigenic variation is of great practical importance, resulting in the 
production of vaccines to several serotypes andJor the frequent modification of 
prophylaxis protocols (King and Cavanagh, 1991). 

The major VN antibody sites of IBV reside in SI. This has been deduced as 
(1) virus from which SI had been removed by urea did not induce VN antibody 
(Cavanagh, 1983c; Cavanagh and Davis, 1986); (2) urea-released SI, although in 
monomeric form, did induce VN, and hemagglutination-inhibiting antibody 
(Cavanagh and Davis, 1986); and (3) strongly neutralizing MAbs bound to SI 
(Mockett et a1., 1984; Koch et a1., 1990; Karaca et a1., 1992; Parr and Collisson, 
1993) and selected MAR variants with mutations in SI (Fig. 6) (Cavanagh et a1., 
1988; Koch et a1., 1990; Kant et a1., 1992). The dependence on conformation for 
the antigenicity of the SI sites has been shown not only by the failure of anti-SI 
VN MAbs to react in Western blots but also by reduced antibody binding after 
deglycosylation of S with glycosidases (Koch and Kant, 1990a). 

One site in S2 (site G) induced weakly neutralizing antibody (Kusters et a1., 
1989b). Analysis with prokaryotic expression fragments and with synthetic 
peptides has shown that this S2 site, which is not denatured by SDS and 
mercaptoethanol (Koch and Kant, 1990a), is situated within the first 20 residues 
after the N-terminus of S2 (Fig. 6) (Lenstra et a1., 1989; Kusters et a1., 1989b; 
Posthumus et a1., 1990a,b). Part of this sequence is strongly conserved among 
isolates with otherwise very variable S sequences. A similarly situated se-
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FIGURE 6. Location of some antigenic sites on the S protein of IBV. Conformation-dependent sites 
A to E are associated with VN epitopes and were defined by the sequencing of MAR mutants; amino 
acid position 63 was identified on strain M41 and most of the others on strains of the D207 group. 
The numbers refer to amino acid positions relative to the D207 isolate. The order of sites A, B, and C 
is uncertain. MAbs to site D also inihibited hemagglutination. Sites Fand G contain epitopes that 
are not conformation-dependent and are defined using bacterial expression products and peptides 
and are associated with weakly neutralizing antibodies. SP, Signal peptide; CP, basic SI-S2 connec
ting peptide. 

quence in the S pro tein of BCV is also very antigenic (Vautherot et aI., 1992b). 
Kusters et aI. (1989b) have suggested that the beginning of S2 is a protruding 
protein segment with a high local mobility. 

Competition assays with 27 anti-S MAbs resulted in the identification of 
six antigenic sites (A-F) in SI of the D207 strain and two (G, H) in S2 (Fig. 6) 
(Koch and Kant, 1990ai Koch et a1., 1990). One site, F, was defined using bacterial 
expression proteins and one weakly neutralizing MAb (Fig. 6) (Kusters et a1., 
1989b). The other five SI sites bound VN antibody, two (D, E) and three (A, B, 
and C) sites being located in the first (region I) and third (region III) quarters of S, 
respectively (Figs. 6 and 7). MAR mutants selected with the VN MAbs exhibited 
amino acid changes at a total of 16 positions, 75 % of these being in region I, the 
remainder in region III (Figs. 6 and 7). MAbs to site D, in addition to being VN, 
inhibited hemagglutination and selected MAR mutants of IBV-D207 (Kant et 
a1., 1992) and IBV-M41 (Cavanagh et a1., 1988) at positions 60-63 from the 
N-terminus of SI, including signal peptide. 

The entire S pro tein gene of nine isolates of IBV has been sequenced, 
revealing that SI can vary ~ fivefold more than S2 (references in Section ILA). 
The amino acid differences in SI are not scattered randomly but tend to be 
concentrated in regions land III (Fig. 7). Among 13 strains of one sero type 
(Massachusetts) there were more than fivefold more variable positions in region 
1 th3n in region 11 (Fig. 7b) (Cavanagh et aI., 1988, 1992a). Since all these strains 
were of the same serotype, this shows that the variation in region I did not make 
a great impact on serotype. 

In a group ofseven IBV isolates, inc1uding UK/6/82 and the D207 strains 
used by Koch and colleagues for MAR mutant studies, in which the maximum 
difference between any two strains was only 5% of SI residues, 88% of the 
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FIGURE 7. Amino acid variaton of the SI sunbunit of the IBV spike protein. The rectangles 
represent the first (amino acid residues 1-130), second (131-260), third (261-391), and fourth (392 to 
approximately 520) quarters of SI, signal peptide excluded. The numbers show the number of amino 
acid differences in each quarter for the groups of isolates specified. (a) Location of amino acid 
changes among 16 MAR mutants of IBV, strain D207 (Kant et a1., 1992). (b) Location of amino acid 
differences among a group of 13 strains (excluding Beaudette) of the Massachussetts serotype 
(Cavanagh et a1., 1988, 1992b). (c) Location of amino acid differences among a group of seven 
isolates, including D207 and UK/6/82, where the maximum difference between two isolates is 5% 
(Cavanagh et al., 1992a). (d) Number of amino acid differences between members of the UK/6/82 
group and the Massachussetts M41 strain, the difference between M41 and individual members 
of the UK/6/82 group being approximately 20%. 

differenees were distributed approximately equally among regions land III (Fig. 
7e) (Cavanagh et al., 1992b). Comparison of the MAR mutant and field isolate 
data shows that the loeation of ehanged residues in MAR mutants is very 
similar to that of the amino acid differences among field isolates, indicating 
that many of the differenees in regions land III of field isolates are associated 
with differences in antigenicity. Indeed, despite their overall high amino acid 
identity, these seven strains represented three serotypes, supporting the view 
that changes in these regions of SI ean be advantageous to the virus, in respect 
to avoidanee, if only partial, of immune responses indueed in ehickens by prior 
infeetion. A eomparison of Fig. 7a-c suggests that changes in region III may 
eontribute more to the serotype than region I. The observation that isolates that 
differed by only a dozen or fewer amino acids in SI exhibited very little eross
neutralization suggests that most of the VN antibody was induced by a small 
number of immunodominant epitopes. 

As the differenees between serotypes rise to about 20% of SI residues, e.g., 
when the UK/6/82 group is eompared with the Massachusetts M41 strain, the 
number of amino acid differences in regions 11 and IV does inerease, but there is 
also a marked inerease in the number of changes in regions land III (Fig. 7d) 
(Cavanagh et al., 1992a; Cavanagh and Davis, 1992). To what extent changes in 
regions II and IV contribute to antigenic variation is not known. 

Recently, the sequenee of SI of several of the "classical" North American 
reference isolates has been determined, including the Arkansas 99 (Ark99) 
isolate (Wang et a1., 1993; Jia et al., 1993a), SE17 and Pp14 (Wang et al., 1993), 
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Gray (Kwon and Jackwood, 1993; Wang and Collisson, 1993), and JMK (Kwon 
and Jackwood, 1993), Holte (Wang and Collisson, 1993), CU-T2 (Jia et al., 1993a), 
Iowa-609 (Wang et al., 1994) and parts of SI for the Connecticut-46 and Florida 
isolates and two strains recently isolated in Delaware (J. Gelb, C. Keeler, and 
W.A. Nix, personal communication). This has revealed that some of these 
strains differ substantially from each other (about 20% of SI residues), while 
other isolates have high identity (>95%). The Gray and JMK strains share 98% 
identity, consistent with them being placed in the same serotype (Hopkins, 
1974). However, Hopkins, unlike Johnson and Marquardt (1975), placed the 
Holte strain in the same serotype as JMK, whereas they differ by about 27% in 
the first 200 or so amino acids of SI. Similarly, Johnson and Marquardt consid
ered that the Ark99 and Connecticut-46 were different serotypes, consistent 
with the finding that they differ by 29% in the first 200 residues, whereas 
Hopkins placed them in the same serotype. These results further indicate that 
serology is not a firm foundation on which to build a system for establishing 
relationships between IBV isolates. 

The first 350 or so residues of SI of many Australian strains, iso la ted over a 
30-year period, have recently been determined (S. Sapats, P. J. Wright, and Y. 
Ignjatovic, personal communication). Comparisons show that many isolates 
obtained in the 1960s and 1970s had about 80% identity with each other and 
with several European and North American strains in this part of SI. Most 
interestingly, however, two strains isolated in different parts of Australia in the 
same year (Nl/88 and Q3/88) had only 67% identity with each other over the 
whole of SI and had percentage differences in the first 350 residues of about 55 % 
(suggesting a possible difference of about 67% for the whole of SI) when com
pared with earlier Australian isolates and with non-Australian strains. Only 
vaccines based on Australian isolates have ever been permitted in Australia, 
and importation of live poultry was banned 50 years ago. Thus Australian 
strains of IBV may have been evolving independently, at least for the lifetime of 
the intensive poultry industry. 

Another contributor to IBV variation is recombination during mixed infec
tion, and there is sequence evidence that indicates that recombination has 
occurred within the S gene (Kusters et a1., 1989a, 1990; Cavanagh et a1., 1992a; 
Wang et al., 1993; Jia et a1., 1993b). One consequence is that characterizing an 
IBV isolate by partial sequencing of SI may not always result in the establish
ment of a more accurate relationship between two strains than has been 
achieved by serological analysis. Where it is important to establish the degree of 
relatedness of strains it would be advisable to sequence more than one part of 
Sand also part of another gene. 

N. INDUCTION OF PROTECTIVE IMMUNITY 

There is strong evidence that the S protein is a major inducer of protective 
immune responses, although the other structural proteins undoubtedly also 
playa role (see Chapters 6 and 8, this volume). C57 BL/l0 strain mice were 
protected from alethal infection of MHV-3 by immunization with sucrose 
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gradient-purified S (Hasony and Macnaughton, 1981), as were BALB/C mice 
immunized with affinity-purified Sand challenged with MHV-A59 (Daniel and 
Talbot, 1990), although there were so me clinical signs. Some anti-S MAbs also 
gave a measure of protection against MHV (Nakanaga et a1., 1986j Koolen et a1., 
1990). When the MHV-A59 S pro tein was expressed in mice using an adenovirus 
vector, 50-90% of the mice, dependent on the challenge dose, were protected 
against the lethai effects of intracerebral A59 infection (Wesseling et a1., 1993). 
A recombinant adenovirus expressing the N pro tein also induced protective 
immunity, the protection being greater when N and S were jointly expressed 
compared with either protein alone. A peptide corresponding to a nine amino 
acid sequence located 131 residues from the amino-terminus of S2 (Fig. 5) 
(Luytjes et a1., 1989) induced protection in mice (Koolen et a1., 1990). This 
sequence has also been expressed as a chimeric pro tein including the VP2 capsid 
pro tein of a human parvovirus, expressed by a recombinant baculovirus (Brown 
et a1., 1994). Sixty percent of mice vaccinated with a chimeric pro tein and 
subsequently challenged with MHV A59 survived the challenge. 

IBV from which the SI subunit had been removed by urea was unable to 
induce immunity to respiratory infection in chickens (Cavanagh et a1., 1986c), 
indicating that the S protein, and possibly the SI subunit in particular, was 
required for immunity. Chickens vaccinated with live vaccine of one IBV 
serotype are frequently poorly protected against challenge by other serotypes 
(Johnson and Marquardt, 1975). Since the S pro tein varies to a greater extent 
than the other virion pro teins and given the experimental evidence for a major 
role in protection played by the S pro tein, it is likely that poor cross-protection 
is due in large measure to differences in the epitopes of the S protein. 

Epitopes on the S pro tein of TGEV are more immunogenic in pigs than 
epitopes on the N and M proteins and are considered to be of major importance 
in the induction of lactogenic immunity (Diego et a1., 1992). Vaccination of cats 
against FIPV can be disadvantageous since antiviral antibodies lead to enhance
ment of infectivity of FIPV for monocytes and macrophages, leading to death of 
the animal (early death syndrome). That the S protein is involved has been 
shown by vaccinating cats with a vaccinia virus recombinant expressing the 
FIPV S proteinj the cats succumbed earlier than controls after challenge with 
FIPV (Vennema et a1., 1990a,d). 

V. BIOLOGICAL FUNCTIONS 

A. Primary Attachment to Cells 

This section concerns the virus components that mediate attachment to 
cellsj cell receptors for coronaviruses are discussed in Chapter 4. It is generally 
assumed that the attachment of coronaviruses to cells is media ted by the S 
protein (Collins et a1., 1992), especially in the absence of the HE protein. Many, 
although not all, VN MAbs are directed against S (see Section III). Some corona
virus es that do not have a HE protein can cause hemagglutination (HA). IBV can 
cause HA, although this is inefficient. In the past, manifestation of the HA 
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eapaeity of IBV has involved eoneentration of the virus and treatment with a 
erude preparation of Clostridium we1chii phospholipase C type I (Bingham et 
a1., 1975 j Cavanagh and Davis, 1986). A reeent study has shown that treatment 
of IBV with purified neuraminidase (from Vibrio cholerae and from Neweastle 
disease virus) effieiently converts IBV into good HA material, indicating that it 
was the presence of small amounts of neuraminidase that had been effective in 
the crude bacterial extracts (Schultze et a1., 1992). Neuraminidase treatment of 
erythrocytes abolished HA with neuraminidase-treated IBV. This indicates that 
sialic acid (a2,6 linkage) on the erythrocytes was acting as a receptor. It is 
unclear why neuraminidase treatment of the virus enhanced HA. One reason 
may be that cellular material was attached to the S pro tein, via a sialic acid link, 
and that the neuraminidase "cleaned" this off. That it is the S pro tein that is 
responsible for attachment of IBV has been shown in a number of ways. Some 
MAbs reactive with S (Mockett et a1., 1984) and polyclonal antibody raised 
against purified S (Cavanagh et a1., 1984) inhibited HA. Moreover, the HA
inhibiting antibody was associated with the SI subunit (Mockett et a1., 1984 j 

Cavanagh et a1., 1986c), virus lacking SI could not cause HA and was noninfec
tious (Cavanagh et a1., 1986c) and the HA-inhibiting MAbs also had VN activity. 
Poreine TGEV that, like IBV, does not have an HE protein can also cause HA 
(Noda et a1., 1987, 1988). 

The HE pro tein, present in a subset of the coronaviruses, can also attach to 
erythrocytes (see Chapter 8, this volume). Schultze et a1. (1991) have purified 
the Sand HE proteins of BCV. Both proteins recognized the same type of sialic 
acid receptor, but the S pro tein caused HA more efficiently than did HE. They 
proposed that S was responsible for the primary attachment of the virus to cells. 

B. Membrane Fusion 

Great care must be taken when generalizations are made about corona
viruses, not least where membrane fusion is eoneerned. It ean be stated that 
S-induced cell-eell fusion (syncytium formation) does not have an absolute 
requirement for cleavage of S. Indeed, the S protein of members of the TGEV 
group is not cleaved but can induce syncytia. For those coronaviruses that do 
produce a cleaved S, prevention of cleavage does not necessarily result in the 
loss of fusion activity, although it results in less efficient fusion induction. No 
single sequence solely responsible for fusion has been identified. Indeed, the 
evidence to date is that several regions, in terms of the linear S mole eule, 
influence fusogenic activity. With regard to pH, the spike protein of many 
strains of all coronavirus species so far examined will induce cell-cell fusion 
optimally at neutral pH and slightly above. For these viruses, fusion of an 
incoming virion with a cell membrane is affected little or not at all by 
lysosomotropic agents, since there is no detrimental effect on the successful 
infection of cells. Since lysosomotropic agents raise the pH in endosomes away 
from acidity, this indicates that virion-cell fusion either occurs at the cell 
surface or within endosomes prior to their acidification. However, there are 
some very interesting exceptions to this general observation. 
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1. Evidence for the Role of S in Fusion 

Expression of the S gene of FIPV and MHV-JHM using virus vectors has 
provided unequivocal evidence that S alone among the virus proteins is re
quired for syncytium formation (de Groot et a1., 1989; pfleiderer et a1., 1990; 
Grosse and Siddell, 1994). The identification of a fusion domain has not proven 
possible, given that sequences in both SI and S2 glycopolypeptides are involved 
and that the three-dimensional structure of S has not been deduced. Bacterial 
expression products, containing nonconformational epitopes, corresponding to 
both SI and S2 sequences have induced MAbs with fusion-inhibiting activity 
(Routledge et a1., 1991). A nine-residue peptide, corresponding to the sequence 
beginning 131 residues from the N-terminus of S2 (strain AS9L binds a fusion
inhibiting site A MAb (Luytjes et a1., 1989) (position 900-908 in Fig. Sa). 
Recombination experiments have also supported the view that S2 of MHV is 
involved in fusion (Keck et a1., 1988) and S2 of BCV expressed in insect cells 
caused cell fusion (Yoo et a1., 1991a). Amino acids in both of the hydrophobic 
regions of S2 that exhibit heptad repeats and are believed to form the coiled-coil 
structure of the oligomeric S pro tein have been associated with fusion activity 
(Fig. Se). Gallagher et a1. (1991) identified three residues, at positions 1067,1094, 
and 1114 in the MHV4 S protein, which together were associated with the loss of 
fusion at neutral pH and a requirement of acidie pHi although it is not clear 
exactly how these changes cause such a marked effect on fusion (Fig. Se). A 
peptide corresponding to residues 1264-1276 of MHV4 induced MAb lOG, 
which had both VN and antifusion activity (Fig. S) (Routledge et a1., 1991). In the 
same study a peptide of residues 33-40, i.e., near the N-terminus of SI, also had 
both of these activities. The anti-S2 MAb lOG might destabilize the oligomerie 
structure of Sand thereby interfere with the interaction of the fusogenic region 
with a cell membrane. A similar explanation may apply to MAb 19.2, which 
inhibits fusion and binds to a linear sequence within antigenic domain III 
(Lutyjes et a1., 1989; Daniel et a1., 1993), although this is not located directly 
within the hydrophobie areas (Fig. 5). It must be remembered, however, that S 
protein-induced cell-cell fusion is at least a two-step process, the fusion event 
being necessarily preceded by the attachment of the S pro tein, anchored in the 
plasma membrane of a cell, to the surface of an adjacent cell. Cells that were 
expressing the S protein of FIPV or MHV, following infection with a vector 
carrying the relevant S gene, fused with cocultivated cells when those cells 
were of a type that were susceptible to FIPV or MHV infection, respectively, but 
not to cells that were refractory to infection with these virus es (de Groot et a1., 
1989; Vennema et a1., 1990b,c). This not only indieates that S must first attach 
to a receptor prior to fusion, but also that there is some specificity in that 
attachment. Taguchi et a1. (1992) have shown, however, that vaccinia virus 
expression of MHV S resulted in fusion not only in murine cells but also in 
rabbit RK13 cells, which are refractory to infection but would appear to have a 
receptor for MHv, strain c1-2.1t may be that MAbs that inhibit fusion might do 
so either by inhibiting attachment of S to cell membranes (where S can be either 
on virions or on the surface on an infected cell, adjacent to a noninfected one) or 
the fusion event. Some site A and B MAbs of MHV neutralize virus in addition 



CORONAVIRUS SURFACE GLYCOPROTEIN 97 

to inhibiting fusion. The VN and antifusion MAb 11F that binds near the 
beginning of SI (Fig. Sc) eould interfere with the attaehment proeess, thereby 
indireetly affeeting fusion. Alternatively, residues 33-40 may be in elose prox
imity to residues 1264-1319 in the native protein, this assoeiation being neees
sary for fusogenie aetivity; henee, this aetivity would be inhibited to antibodies 
against either linear loeation. A third possibility is suggested by the observation 
that MAR mutants seleeted by MAb 11F had mutations not in residues 33-40, 
whieh are known to have indueed MAb 11F (Routledge et a1., 1991), but in S2 
residues 1109, 1110, and 1116 (Grosse and Siddell, 1994). Sturman et a1. (1990) 
have shown with MHV that mildly alkaline eonditions result in the irreversible 
dissoeation of SI and S2. Furthermore, they have suggested that this event is 
neeessary for fusion aetivity. It has been proposed (S. G. Siddell, personal 
eommunieation) that MAb 11F might interfere with this dissociation process, 
given that the residues 33-40 would seem to be elosely associated with residues 
1109-1116 in the mature S protein. It should be remembered that the S proteins 
of some coronaviruses, e.g., those of the TGEV group, are not eleaved into SI 
and S2 glycopolypeptides (Sections 1.B.2 and IV.B.3). Therefore, if rearrange
ment of the N-terminal and C-terminal halves of S is apart of the fusion
aetivation proeess, this does not necessarily result in the total separation of SI 
and S2. Knowledge of the three-dimensional structure of S would greatly facili
tate interpretation of these data. 

2. Role of pH in Fusion 

There are two stages at which the fusogenic role of S may eome into play, 
the first of which can be considered essential for natural infection. First, the 
virion membrane must fuse with a eell membrane to release the genome into 
the cytoplasm. Second, newly produeed S protein may, on being transported to 
the plasma membrane, cause an infected cell to fuse to an adjacent, noninfected 
eell, thereby allowing spread of the infeetion without the absolute necessity for 
release of virions into the extraeellular environment. Many investigations of 
the pH requirements for coronavirus fusion have focused on cell-eell fusion, to 
form syncytia, either by the addition of large amounts of virus to cells to give 
rapid syncytium formation [fusion from without (FFWO), a gross example of 
virion-eell fusion] or simply by observing syncytium formation after virus 
replication [fusion from within (FFWIlI. The virion-cell membrane fusion that 
results in genome uncoating has been studied by addition of lysosomotropic 
agents (ammonium chloride, chloroquine). These raise the pH in endosomes, 
the vesieles in which viruses become surrounded if they do not fuse at the cell 
surfaee, from <6.0 to almost 7.0. The rationale is that if infeetion is inhibited or 
greatly deereased by a lysosomotropic agent, this is indieative that an acidic 
environment is neeessary for activation of the fusion protein. 

Observation of fusion induction by the S pro tein of MHY, FIPV, BCY, and 
mv have shown that for many strains fusion (virion-eell and eell-cell) oeeurs 
optimally at about pH 7.0 or slightly greater. This has been shown by experi
ments on FFWO with MHV-A59 (Sturman et a1., 1985; Frana et a1., 1985; Kooi et 
a1., 1991) and on FFWI following MHV4 replieation (Gallagher et a1., 1991). 
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MHV-induced FFWI was inhibited when the culture medium had a pH <7.0 
(Sawicki and Sawicki, 1986). Similar observations have been made with BCV 
(Payne and Storz, 1988). Neutral pH was sufficient for FFWI following expres
sion of FIPV and MHV S protein from vaccinia virus vectors (de Groot et a1., 
1989j Vennema et a1., 1990b,cj Pfleiderer et a1., 1990j Taguchi et a1., 1992; 
Stauber et a1., 1993). Lysosomotropic agents had litde effect on the infection on 
cells by BCV and IBV strain UK/123/82 (Payne and Storz, 1988; Li and Cavanagh, 
1990, 1992). Electron microscope observations showed fusion of BCV virions at 
the cell surface but not at internal membranes. 

Kryzstyniak and Dupuy (1984) reported that infection by MHV3 was 
gready diminished by lysosomotropic agents. Mizzen et a1. (1985) found that 
ammonium chloride did not decrease the number of cells infected but did 
extend the eclipse phase. That is, in the presence of the agent, virus was 
transferred from the cell surface (as shown by resistance of proteinase-K treat
ment of the cells) and remained as infectious virus within the cells for an 
appreciably longer time than in the absence of ammonium chloride. However, 
even in the presence of ammonium chloride the cells ultimately became in
fected, and virus yields were the same as the controls. Kooi et a1. (1991) have 
confirmed that ammonium chloride delays the appearance of new virus by 
about 4 hr and that the final titers were the same as in the controls. In parallel 
experiments the titer of vesicular stomatitis virus, a virus known to require an 
acidic pH for fusion, was greatly reduced in the presence of the lysosomotropic 
agent. These authors also showed that MHV-A59 was endocytosed by Vero and 
rat astrocytoma (C6) cells, but this did not lead to productive infection. The 
latter did occur after cells to which virus had attached were treated with 
polyethylene glycol to cause fusion at the cell surface. This agreed with the 
earlier work of Van Dinter and Flintoff (1987). The interpretation of these 
results is that although MHV-A59 can be endocytosed, this may result in 
transfer of virus to lysosomes, where it is destroyed. Rather, it is considered that 
the fusion of MHV-A59 virions with cells is not dependent on endocytosis and 
certainly not on an acidic environment, and occurs at the cell surface or pos
sibly in endocytic vesicles and/or endosomes prior to acidification. 

There are, however, exeeptions to these observations. The productive in
fection of Vero and CK cells by IBV-Beaudette (in contrast to the UK/123/82 
strain) was reduced by 80-95% when ammonium chloride was present early in 
infection, with a corresponding 0.9 10glO decrease in subsequent virus produc
tion by 10 hr postinfection, near the end of the first replieation eycle (Li and 
Cavanagh, 1990, 1992). Syncytium formation by FFWI occurred optimally at pH 
6.7. These results suggest that IBV-Beaudette virions fuse shortly after transfer 
to endosomes in a slightly acidic environment. Electron microscope investiga
tions of the entry of IBV-Beaudette into chorioallantoic cells and CK cells did 
not reveal any fusion of the virus at the cell surface but did observe entry by 
endoeytosis (Chasey and Alexander, 1976; Patterson and Bingham, 1976). In 
contrast, Payne et a1. (1990) observed that BCV fused with plasma membrane 
but not with endosomal membranes, consistent with the observation that 
ammonium chloride had little inhibitory effect on BCV infection. 

A more dramatie example has been described by Gallagher et a1. (1991). 
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They showed that MHV4, in susceptible murine DBT and Sac- cells, caused 
syncytium formation by FFWI at pH 5.5-8.5, the optimum being at pH 7.0 and 
above. Lysosomotropic agents did not reduce replication, as assessed by the rate 
of viral RNA synthesis, although there was a delay in the time taken for peak 
production in the presence of chloroquine. However, variants of MHV4 ob
tained from a persistently infected neural cellline caused little or no fusion in 
DBT or Sac- cells at pH 7.0 and above. Instead, the optimum pH for fusion was 
5.5-6.0. Correspondingly, productive infection by these mutants was inhibited 
substantially by lysosomotropic agents. The mutations corresponding to this 
changed phenotype were located in the larger of the heptad repeat areas of S2 
(Fig. Se). Passage of the acid pH-dependent variants in Sac- cells resulted in 
selection of neutral pH-fusing revertants. Ammonium chloride and chloro
quine did not prevent replication of the revertants, although, as with MHV-A59 
(Mizzen et al., 1985; Kooi et al., 1991), they delayed virus replication by a few 
hours. 

The work of Gallagher et al. (1991) has shown that cell type was of para
mount importance in the selection of MHV4 variants with greatly differing pH 
requirements for fusion. One suggestion by Gallagher et a1. (1991) as to why low 
pH-dependent virus was selected in OBL21A cells is that it may be unable to 
fuse at the cell surface but can fuse after transfer to endosomes, because of some 
difference in the membranes. It has been shown that the composition of the 
membrane, for example, with respect to cholesterol, can effect membrane 
fusion (Daya et a1., 1988; Roos et a1., 1990; Kooi et a1., 1991). However, it does 
not necessarily follow that the spike protein gene should mutate to give a low 
pH-dependant protein. An alternative hypothesis (Gallagher et a1., 1991) is that 
sustained replication in OBL21A neural cells might require that the incoming 
nucleocapsid becomes available deep within the cell and not just beneath the 
surface. This would be more likely to happen if the S protein required a low pH 
for fusion activation, achieved when the endosomes had traveled away from the 
cell surface. They further speculate that Sac- cells selected neutral pH
requiring revertants because syncytium formation is advantageous to the 
spread of the virus. 

In any event, the stage of nucleocapsid release from coronavirus virions is 
one that can be affected by cell type and may be a factor in determining host cell 
range and pathogenesis. Kooi et al. (1988) have further data that support the 
view that the degree to which cells are permissive to MHV can depend on the 
efficiency of the fusion process leading to the release of the nucleocapsid. 
Beushausen et ai. (1987) have presented evidence that suggests that differenti
ated rat oligodendrocytes are resistant to MHV infection because normal pro
cessing of the phosphorylated nucleocapsid protein is inhibited in some 
manner. 

3. Requirement of Cleavage for Fusion 

Whether or not cleavage of the coronavirus S protein is required for its 
fusogenic activity has been studied in several ways, including the simple expe
dient of determining whether each coronavirus had cleaved or uncleaved S in its 
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virions. Experiments involved FFWO and FFWI, with and without trypsin 
treatment, and expression of the S protein using virus vectors, with and without 
mutant S genes. Some coronaviruses produce virions with up to 100% cleaved 
S, while others have never been observed to have cleaved S (see Section I.C). 
Virions of both types are infectious, showing that cleavage is not essential for 
virus-cell fusion. However, several studies during the 1980s indicated that only 
cleaved S would induce fusion of one cell with another to produce syncytia. 

MHV-A59 from Sac- cells, which had 100% of S in the cleaved form, was 
able to cause FFWO when added to L2 cells (Frana et al., 1985). In contrast, 
MHV-A59 virus from 17Cll cells, which had about 50% cleaved S (Frana et al., 
1985), was unable to cause FFWO unless it had previously been treated with 
trypsin to complete the cleavage process (Sturman et al., 1985). Similarly, BCV
L9 only caused FFWI and plaque formation when trypsin was used to increase 
the proportion of cleaved S from 30-60% to almost 100% (Storz et al., 1981; 
Payne and Storz, 1988; Cyr-Coats et al., 1988). A variant of MHV-A59, which 
had no cleaved S, produced only small plaques and also did not cause cell fusion 
(Sawicki, 1987). IBV-Beaudette-induced FFWI of Vero cells was increased if 
trypsin was present, the effect being most marked with virus that had not been 
previously adapted to growth in Vero cells. Plaque development was also en
hanced (D. Li and D. Cavanagh, unpublished observation). However, virions of 
both no, low, and high Vero cell-passaged virus had the same proportion (ap
proximately 1:2) of uncleaved to cleaved S. 

Initially these experiments were interpreted as showing that for viruses 
that had aspike that was capable of being cleaved into SI and S2, cleavage was 
necessary for fusogenic activity leading to syncytium formation. An alternative 
interpretation is that, for these coronaviruses, both cleaved and uncleaved S has 
fusogenic activity but that cleaved S is more fusogenic. In those cases where 
addition of trypsin enhanced cell-cell fusion, it would then be concluded that 
prior to the addition of trypsin there was not enough S at the cell surface capable 
of efficiently forming sufficient microfusion events that would ultimately co
ales ce to form syncytia. Extraneous trypsin cleaved the uncleaved S molecules, 
thereby increasing the number and concentration of efficiently fusogenic S 
molecules to above a threshold value, gross fusion then occurring. 

This alternative view arises in part from experiments in which S pro teins 
have been expressed using virus vectors. A cleaved form of the spike of FIPV has 
never been observed. When the FIPV S protein was expressed using a vaccinia 
virus recombinant, syncytium formation resulted (de Groot et al., 1989). To 
determine if uncleaved S of MHV-JHM would induce syncytia, Stauber et al. 
(1993) and Taguchi (1993) mutated the highly basic SI-S2 connecting peptide 
(Arg-Arg-Ala-Arg-Arg) to Ser-Val-Ser-Gly-Gly and Arg-Thr-Ala-Leu-Glu, re
spectively. When expressed, the mutant spikes were not cleaved, but they did 
induce cell-cell fusion. Taguchi (1993) observed a 2- to 4-hr delay in fusion in 
the cells expressing the mutant S, suggesting that although uncleaved S was 
fusogenic, it was perhaps less efficient than cleaved S. 

Additional support for this conclusion was provided by Gombold et al. 
(1993), who examined mutant MHV-A59 isolated from productively but persis
tently infected primary mouse glial cell cultures. The mutants grew normally 
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in L2 cells, but, whereas wild-type virus had caused alm ost 100% fusion of the 
monolayer by 10 hr after infection, the mutants had caused less than 10% 
fusion. Reduction of the pH had no enhancing effect on fusion, but trypsin did 
do so for several mutants, which in the absence of the enzyme produced only 
uncleaved S. Sequencing revealed that the mutants had the connecting peptide 
Arg-Arg-Ala-Asp-Arg instead of the wild-type Arg-Arg-Ala-His-Arg, i.e., a nega
tively charged aspartic acid residue in place of a weakly basic histidine. Anal
ysis of revertants, which produced cleaved Sand fused cells efficiently, showed 
that all the revertants had lost the aspartic acid residue in the connecting 
peptide, it having been replaced by the wild-type histidine in one case but by the 
small, uncharged residues alanine or glycine in others. These results showed 
that the presence of a negatively charged residue one position away from the 
C-terminal end of the SI-S2 connecting peptide prevented cleavagej that a basic 
residue at this position was not essential for cleavagej and that while cleaved S 
was not required for virus-cell fusion and was not essential for cell-cell fusion, 
uncleaved S was less efficient at inducing cell-cell fusion. The observation that 
virions of MHV and BCV with 50% or less eleaved S are infectious also shows 
that cleavage of all the S molecules is not necessary for the fusion between 
virion and cell membranes that results in genome uncoating. 

The seemingly greater capacity of the S protein to fuse virions with cell 
membranes may be because the concentration of S molecules in the virion 
envelope may be greater than at the surface of an infected cell. If this is the case, 
then virions would be expected to cause more microfusion events, in elose 
proximity to each other, resulting in fusion. Syncytium formation is a rather 
gross manifestation of S-induced membrane fusion, a process that is probably 
preceded by small, localized fusion events between adjacent cells. If this is the 
case, then it may be the progression from the localized to the extensive fusion 
that requires a particularly high density of cleaved S. 

In conclusion, the process by which the coronavirus S pro tein induces 
membrane fusion would seem to be a complex, stepwise one. Interaction of the 
S protein with a cell surface may require primary and secondary receptors. This 
attachment process may induce conformational changes that ultimately result 
in gross changes in the juxtaposition of SI and S2 sequences, followed by 
membrane fusion. Protonation is not required in most cases. 

VI. ROLE OF S IN PATHOGENICITY 

It is likely that the coronavirus spike glycoprotein is a major determinant 
of ceH tropism and hence of pathogenicity. However, in very few, if any, cases 
can it be definitively stated that a change in the S protein was responsible for a 
different biological behavior. In some mutants, genes encoding other proteins 
are known to have changes, while in aH mutants there may weH be mutations 
in other genes that have not been detected. Infectious DNA copies of corona
virus genomes will be required to obtain unequivocal answers about the role of 
the S protein in the varied pathogenicity of coronaviruses. However, it is 
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worth highlighting those cases in which changes in virulence or tropism have 
been paralleled by changes, sometimes very marked ones, in S. 

Several members of the TGEV group exhibit >90% amino acid identity in 
the S protein except for the first 200-300 residues, which are either missing or 
have identities as low as 30% (Fig. 3; Section ITI BI). The most stiking example, 
perhaps, is that of TGEV compared with its mutant PRCV, with their tropisms 
for the alimentary and respiratory tracts, respectively. From the S gene to the 
poly-A tract there is 98% identity overall, except that PRCV lacks the first 224 
amino acids of the TGEV spike. It is very tempting to believe that this deletion 
is responsible for the different tropisms of these virus es, one of which (PRCV) 
causes mild, sometimes inapparent, disease, while the other (TGEV) is fre
quently lethai for piglets. However, it is known that there are a few differences 
elsewhere in the genome, including some in gene 3 that have effectively re
sulted in the loss of the 3a open reading frame. 

Variation within S of FIPV may be responsible for differences in patho
genicity. Avirulent strains of FIPV were internalized less rapidly than virulent 
strains, from which they could be distinguished by anti-S MAbs (Fiscus and 
Teramoto, 1987b). 

Likewise, the hypothesis that many of the different tropisms exhibited by 
MHV strains and other similar coronaviruses are the result of differences in S is 
very attractive. In particular, the hypervariable region of SI (Fig. 5) is a prime 
candidate for adeterminant of pathogenicity. Strains of MHV cause a broad 
spectrum of CNS diseases in rodents as weH as replicating in various non-CNS 
tissues (Matsubara et a1., 1991). Many of the neuroattenuated variants have 
arisen during passage in tissue culture. The MHV 4 strain may be considered as a 
prototype MHV strain. Passage in tissue culture has resulted in the loss, for 
example, of 141 amino acids from the hypervariable region of SI to generate the 
JHM strain (Fig. 5), which prior to sequencing had been considered to be identi
cal to MHV4 (Baybutt et a1., 1984; Parker et a1., 1989; Gallagher et a1., 1990). 

Interestingly, analysis of MHV-JHM mRNA obtained from the brains of 
Lewis rats at 5 to 7 days after intracerebral inoculation showed that the S 
mRNA was larger than that of the input virus (Taguchi et a1., 1985). Virus 
isolated at the same time produced the larger S mRNA during replication in 
vitro, and produced a correspondingly enlarged S protein. It is likely that the 
inoculum was a mixed population, a small proportion of which had a "full-size" 
S protein very similar to the MHV 4 virus from which the JHM strain had been 
derived. Back-passage of the virus in rats then selected the virus with the full
length S. 

Morris et al. (1989,1990) isolated variants from the CNS of Wistar Furth 
rats after infection with MHV-JHM, and two of these variants have been se
quenced by La Monica et a1. (1991). One variant lacked the codons encoding the 
C-termina1246 amino acids of the HE protein and had a 147 amino acid deletion 
in SI (286 residues when compared with MHV4) (Fig. Sb). This variant caused 
demyelination in both 2- and lO-day-old rats, whereas the wild-type virus only 
produced this in the lO-day-olds, causing an acute encephalitis virus in 2-day
old rats. Another variant, which induced acute encephalitis in rats of both ages, 
did not have the deletion in S but did have a deletion in the HE gene. 
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A neural cellline persistently infected with MHV4 selected variants that 
had a dependence on low pH for membrane fusion, in contrast to wild-type 
virus (Gallagher et a1., 1991). Three mutations responsible for this were identi
Red in S2 (Fig. Se). The authors suggested that this would favor virus fusion in 
endosomes rather than at the cell surface, releasing the nucleocapsid deeper 
within the cell, this being required for some unknown reason. Revertants were 
selected when the mutants were back-passaged in Sac- cellsj the revertants, 
unlike the mutants, caused extensive syncytia formation. This enables virus to 
spread without the necessity of being released from cellsj this may be an 
advantage in some instances. Different, fusion-related mutations were identi
Red by Gombold et a1. (1993) after MHV-A59 had established productive persis
tent infection in mouse glial cells. The mutants had an altered SI-S2 connecting 
peptide and the spike was not cleaved and did not cause cell-cell fusion. Thus 
the spread of such mutants was limited to that attained by virions released from 
cells. A related example of a change in biological properties of MHV coincident 
with a change in S has been described byFazakerley et a1. (1992). AMARmutant 
that had a 149 amino acid deletion in SI had a neuroattenuated phenotype, 
considered to be a result of its reduced rate of spread in the CNS. Some other, 
similar deletion mutants have been selected from MHV4 stocks by VN MAbs. 
In four celllines several such mutants had enhanced growth compared with the 
wild-type virus, attributed to delayed or diminished cytopathic effect, allowing 
cultures to support virus production for longer periods (Gallagher et a1., 1990). 

Two MAb-selected variants of MHV-3 had a changed tissue tropism, the 
mutants accumulating more in the lung and kidneys rather than in the liver, the 
primary target organ of the wild-type virus (Martin et a1., 1990). 

The S protein can affect the out co me of infection in other ways. MHV-JHM 
spike on the surface of infected cells can bind IgG via the Fc domain (Oleszak 
and Leibowitz, 1990). MHV-infected cells were lysed in the presence of spleen 
and lymph node cells from nonimmunized mice, leading to the proposal that S 
on the cell surface had, at neutral pH, caused fusion of the infected cell and 
those of the B celllineage (Wysocka et a1., 1989). 
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