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1 Introduction 

Human rhinoviruses are a major cause of mild upper respiratory tract infections in man. 
Early work on the isolation, propagation and characterisation of these viruses in organ 
and tissue culture has been extensively reviewed (Andrewes 1966; Hamre 1968; Tyrrell 
1968; Jackson and Muldoon 1973; Gwaltney 1975). Numerous studies have also been 
done on the epidemiology of the spread of rhinovirus infections and their route of trans
mission. Much of this work has been described by Gwaltney (1975). Bovine and equine 
rhinoviruses have also been isolated, and generally these viruses also produce respiratory 
tract infections in their hosts (Stott and Killington 1972; Jackson and Muldoon 1973; But
telWorth et al. 1976). Comprehensive reviews on the structure (Stott and Killington 1972) 
and replication (Stott and Killington 1972; ButtelWorth et al. 1976) of rhinoviruses have 
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already been published, and in this review recent studies on the classification, structure 
and antigenicity of the virus particle, and its replication in host cells, are considered. 

Rhinoviruses belong to the Picomaviridae family, which consists of a group of small 
RNA-containing, ether-resistant animal viruses with little surface structure as shown by 
electron microscopy. All members of this family have a very similar molecular structure 
and replication strategy. Other picomaviruses, such as the enteroviruses and aphthoviru
ses, have been characterised more extensively than rhinoviruses, and thus, where neces
sary, the properties of these picomaviruses will be discussed and compared with those of 
rhinoviruses. Recent detailed accounts of the structure and replication of picornaviruses 
in general are available (Rueckert 1976; Rekosh 1977; Perez-BercoJfl979; Sanger 1979; Agol 
1980). 

2 Classification 

The largest genus within the Picomaviridae family contains the rhinoviruses, which con
sists of a number of human and bovine serotypes. The other genera comprise the entero
viruses (including polio-, echo- and coxsackieviruses), cardioviruses (including encepha
lomyocarditis virus (EMC)) and aphthoviruses (including foot-and-mouth disease viru
ses (FMDV)) (Cooper et al. 1978). The genera can be differentiated on a number offea
tures including optimum growth temperature, stability at acid pH and density in CsCI 
(Newman et al. 1973; Cooperet al.1978). Generally, the optimum growth temperature of 
rhinoviruses is between 33°C and 34 °C, while that of other picomaviruses is between 
36°C and 37 0c. Furthermore, rhinoviruses are inactivated below pH 5, while 
aphthoviruses are inactivated below pH 7 and entero- and cardioviruses below pH 4 
(Cooper et al. 1978; Sanger 1979). There is an apparent correlation between sensitivity to 
pH and buoyant density in CsCl, for rhinoviruses have densities of 1.38-1.41 glml, 
aphthoviruses of 1.43-1.45 glml, while entero- and cardioviruses have lower densities, 
namely 1.33-1.35 g/ml (Newman et al. 1973; Sanger 1979). A detailed account of the clas
sification of picornaviruses is found in a recent report (Cooper et al. 1978). 

At least 115 human rhinovirus serotypes have been identified (Rueckert 1976; Cooper 
et al. 1978; Melnick 1980), using neutralization, immunodiffusion and complement 
fIxation tests with hyperimmune rhinovirus antisera produced in a number of animal 
species (Gwaltney 1975). Most of the human rhinovirus types are antigenically distinct 
although cross-relationships have been detected between some of them by haemagglu
tination (Faulket al.1971) and neutralization (Cooney and Kenny 1970; Cooneyet al.1973; 
Schieble et al. 1974; Cooney et al. 1975; Mogabgab et al. 1975; Fox 1976; Smith 1978). 
However, the examination of the antigenic relationships between human rhinoviruses is 
complicated due to the large number of types and to the presence of some low-level cross 
reactions between types. Only two bovine rhinovirus serotypes have been identified and 
they have similar structural properties to human rhinoviruses (Reed et al. 1971; Ide and 
Darbyshire 1972; Kurogi et al. 1974; Shimizu et al. 1974; Mohanty 1973; Mohanty 1978). All 
the human and bovine rhinovirus serotypes have been classified as belonging to the 
rhinovirus genus (Cooper et al. 1978). 

Rhinoviruses have also been isolated from horses (Plummer 1963; Ditchfield and M ac
pherson 1965), and these have wide host ranges including rabbits and guinea pigs as well 
as horses, man and monkeys (Plummer 1963; Martin and Heath 1969), in contrast to hu-
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man (Stott and Killington 1972) and bovine (Ide and Darbyshire 1972) rhinoviruses. Fur
thermore, although the two known equine serotypes produce similar symptoms to other 
rhinoviruses in their hosts and apparently have a typical picornavirus structure, they dif
fer from human and bovine rhinoviruses in nucleic acid structure, sedimentation coeffi
cient, CsCI density and stability to acid pH (Newman et al.1977). At present equine rhino
viruses are not classified as belonging to the rhinovirus genus and remain as unclassified 
picornaviruses (Cooper et al. 1978). 

3 Properties of the Virus Particle 

3.1 Size and Symmetry 

Rhinovirus particles, along with those of otherpicornaviruses, appear as smooth, feature
less structures by electron microscopy (Newman et al. 1973; Rueckert 1976). They have 
unusually compact capsids which are essentially impermeable to phosphotungstate and 
other electron-dense salts used as negative stains. There have been numerous attempts 
to determine the diameter of rhinovirus particles and these attempts have been ade
quately summarised by Stott and Killington (1972). Generally, particle diameters of 
between 15 and 33 nm have been obtained by flltration studies and between 20 and 25 
nm by negative staining. However diameters of between 18 and 28 nm have been 
observed by electron microscopy of thin sections of rhinovirus particles in infected cells. 
The latest review describing the morphology of picornaviruses gives diameters of 
rhinovirus particles of between 24 and 30 nm (Cooper et al. 1978). 

Rhinovirus particles exhibit icosahedral symmetry (Brown and Hull 1973), although 
there is no direct evidence to show how many cap somers are present on rhinovirus parti
cles due to the difficulty in observing capsids by electron microscopy. However, there is 
considerable indirect evidence, comprehensively summarised by Rueckert '(1976), to 
show that picornavirus capsids comprise 60 structural units or capsomers. Furthermore, 
it has been suggested that cardiovirus capsids consist of 12 pentamers made up of an 
assembly of5 protomers (Dunkerand R ueckert 1971; Maket al.1974; McGregoret al.1975). 
This 60 capsomer model is now generally accepted for all picornaviruses (Cooper et al. 
1978) including rhinoviruses (Medappa et al. 1971). 

3.2 Sedimentation and Buoyant Density 

A number of studies, described by Stott and Killington (1972), Newman et al. (1973) and 
Korant et al. (1975), have reported sedimentation coefficients of between 122 S and 185 S 
for human and bovine rhinoviruses in sucrose density gradients. Some reports have 
shown that rhinoviruses cosediment with enteroviruses (Dimmock and Tyrrell 1964; 
McGregor and Mayor1971a; Medappa et al.1971), while others have shown thatrhinoviru
ses sediment more slowly than enteroviruses (Rowlands et al. 1971; Korant et al. 1972; 
Newman et al. 1973). These differences are probably because rhinovirus particles, freshly 
isolated from CsCI gradients, have anomalous high sedimentation coefficients in sucrose 
gradients (Korant et al. 1972; Korant and Stasny 1973) - see below. In the absence of such 
artifacts, human rhinoviruses sediment at about 94% the rate of enteroviruses (Korant et 
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al. 1972). Equine rhinoviruses do not sediment with human and bovine rhinoviruses in 
sucrose gradients (Newman et al. 1973). 

Numerous studies, summarised by Stott and Killington (1972), Newman et al. (1973) 
and Cooperet al. (1978), have shown variation in the buoyant densities of human and bo
vine rhinoviruses in CsCl gradients, with values ranging from 1.38 to 1.41 g/ml. Different 
rhinovirus types often have different buoyant densities; for example, human rhinovirus 
type 2 has a significantly greater density than type 14 under the same conditions (Korant 
et al. 1972). Furthermore, more than one band of infectious virus particles can be resolved 
on CsCl gradients. Gauntt et al. (1975) have obtained two bands of infectious rhinovirus 
type 14 particles with buoyant densities ofl.41 g/ml (H virus) and 1.39 g/ml (L virus). H 
and L virus particles can be differentiated by particle size, plaque morphology and extent 
of neutralisation by specific antiserum. H particles are apparently progeny virus particles, 
while L particles are infectious virus particles that are associated with amorphous mate
rial and do not take part in virus replication (Gauntt et al. 1975). 

Differences observed in the buoyant densities of rhinoviruses in CsCl gradients may 
be due to a number of factors including errors caused on sedimenting virus for prolonged 
periods (Newman et al. 1973) or to the penetration of the rhinovirus particles by caesium 
ions during purification (Korantetal.1972;Rueckert1976; Mapolesetal.1978). Generally, 
the density of rhinoviruses in CsCl was higher than in potassium citrate or potassium tar
trate (Gerin et al. 1968) or caesium sulphate (Rowlands et al. 1971). 

Caesium binding to virus particles is probably important in increasing the buoyant 
density of rhinoviruses and enteroviruses (Rueckert 1976). Thus, rhinovirus type 14 rever
sibly binds a saturating amount of 4000-5000 caesium ions per virus particle on exposure 
to CsCl, which increases the buoyant density from 1.34 g/ml to 1.40 g/ml. On the other 
hand, there is no change in the buoyant density of EMC virus on similar exposure to 
CsCl, with fewer than 200 caesium ions binding to each virus particle. The protein coat of 
rhinovirus particles is permeable to caesium ions and these ions apparently bind readily 
to the RNA ofthe particles (Rueckert 1976; Mapoles et al.1978). RNA-free protein shells 
of rhinoviruses and enteroviruses have similar buoyant densities (1.29-1.30 g/ml) in CsCl 
gradients, suggesting that the ability of rhinoviruses to bind caesium ions requires the 
RNA genome (Rueckert 1976). Furthermore, although the protein coat of poliovirus is 
apparently impermeable to caesium ions, poliovirus particles can bind the same number 
of caesium ions as rhinovirus particles if the poliovirus RNA is exposed to caesium ions 
during the assembly of virus particles (Mapoles et al. 1978). 

3.3 Structural Stability 

The kinetics of heat inactivation of rhinoviruses and other picomaviruses are different at 
temperatures greater than 39°C than at temperatures lower than 39 °C (Dimmock 1967; 
Cooper et al. 1978). Rhinoviruses are relatively stable at 24 °C-37 °C (Jackson and Mul
doon 1973), although heating for long periods at physiological temperatures damages the 
integrity of the RNA (Dimmock 1967; Gauntt and Griffith 1974; Killington et al. 1977). 

Rhinoviruses are more stable than enteroviruses at 45°C-50 °C (Ketler et al. 1962; 
Dimmock and Tyrrell 1964; Dimmock 1967; McGregor and Mayor 1971b), although they are 
still all rapidly inactivated. The stability of rhinoviruses at this temperature is variable 
(Ketleret al.1962), and addition ofl M MgCh stabilises some but not all types (Ketleretal. 
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1962; Dimmockand Ty"eIl1962; Dimmockand Tyrrell 1964; Kisch et al.1964; Strizova et al. 
1970). Empty capsids and long fibrillar structures are formed on heating rhinovirus par
ticles to 50°C (McGregorandMayor1968; McGregorandMayor1971b) or 56 °C (Hughes e t 
al. 1979), while more gentle heating at 45°C releases an amorphous core from rhinovirus 
particles, leaving a capsid with holes (McGregor and Mayor 1971b). The RNA remains 
infectious on heating to 55°C for short periods, although the proteins are inactivated at 
these temperatures (Dimmock 1967). Rhinoviruses and enteroviruses are also inactivated 
by ultraviolet irradiation, although such inactivated particles are still capable of inducing 
neutralising antibody in rabbits (Hughes et al. 1979). 

Rhinoviruses are stable between pH 6.0 and 8.0, but are labile below pH 5.0 (Hughes 
et al1973; Newman et al1973), and inactivate very rapidly at pH 3.0 (Hughes et al.1973). 
However, rhinovirus types differ significantly in their sensitivity between pH 5.0 and 6.0 
(Lonberg-Holm and Noble-Harvey 1973; Butterworth et al. 1976). Korant et al. (1975) have 
used isoelectric focussing on sucrose gradients to separate two types of complete particle 
banding at pH 4.5 and pH 6.4 and five types of virus subcomponents banding between pH 
4.0 and 6.3. The viruses banding at pH 4.5 had lower sedimentation coefficients and were 
considerably less infectious than those banding at pH 6.3. Two types of subviral particle 
can be isolated on sucrose gradients from rhinovirus preparations incubated at 56°C 
(Lonberg-Holm and Noble-Harvey 1973; Lonberg-Holm and Yin 1973) or at pH 5.0 (Korant 
et al.1972; Lonberg-Holm and Noble-Harvey 1973; Lonberg-Holm and Yin 1973; Noble and 
Lonberg-Holm 1973; Lonberg-Holm and Butterworth 1976). One type, called A-particles, 
sediments at 135 S in sucrose gradients and contains RNA, but these particles are not 
infectious as they are unable to attach to receptors on host cells (NobleandLonberg-Holm 
1973). The other type of particle sediments at 80 S and lacks RNA and are called B-par
ticles. The structure of all these particles and their role in virus replication are discussed in 
Sects. 4.4 and 5, respectively. 

Rhinoviruses, like other picornaviruses, are resistant to a number of chemicals in
cluding ether, chloroform, sodium deoxycholate and fluorocarbon (Stott and Killington 
1972; Jackson and Muldoon 1973). Some human and bovine rhinovirus types are inac
tivated by trypsin while other types are unaffected (Kisch et al. 1964; Ide and Darbyshire 
1972): enteroviruses are resistant and aphthoviruses are sensitive to trypsin under similar 
incubation conditions. Recent studies have shown that rhinoviruses are inactivated by 
several chemicals including hydrogen peroxide (Mentel and Schmidt 1974; Mentel et al. 
1977) and iodine (Carter et al. 1980). 

4 Molecular Structure 

4.1 Chemical Composition 

Rhinovirus particles, in common with those of other picornaviruses, have a simple 
chemical composition. They contain an RNA genome comprising about 30010 of the 
weight of the virus particle and four capsid polypeptides and a small polypeptide 
covalently attached to the RNA genome. There are no carbohydrates or lipids in these 
particles. The detailed structure and properties of rhinovirus particle RNA and proteins 
are described below. 
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4.2 RNA 

The virus RNA of several rhinovirus serotypes has been shown to be infectious and 
single stranded (Dimmock 1966; Fiala and Saltzman 1969; Nair and Lonberg-Holm 1971; 
Sethi and Schwerdt 1972; Gauntt 1973; KoliaisandDimmock 1973). Furthermore this RNA 
is fragile and appreciable quantities of subgenomic RNA fragments have been observed 
on extraction (Gauntt 1973; Nair and Lonberg-Holm 1971; Sethi and Schwerdt 1972). The 
genomic RNA of rhinovirus types 2 and 14 breaks down inside purified particles (Korant 
et al. 1972; Gauntt and Griffith 1974) and the genome of rhinovirus type 14 fragments on 
incubation at 60 °e (Gauntt 1980). In addition, virus-induced RNA is degraded on growth 
of rhinovirus type 2 at the non-optimum temperature of37 °e, leaving little undegraded 
RNA available for inclusion into mature virus particles (Killington et al. 1977). This 
genomic degradation may be due to the presence of RNase associated with virus particles 
(Gauntt and Griffith 1974) or attached to the RNA genome (Gauntt 1980). The latter may 
be the case, as proteolytic removal of a protein(s) associated with the genome resulted in 
increased stability of the RNA on incubation at 60 °e (Gauntt 1980). 

Brown et al. (1970), McGregor and Mayor (1971a), Nair and Lonberg-Holm (1971), Sethi 
and Schwerdt (1972) and Newman et al. (1973) have shown that human and bovine 
rhinovirus genomic RNAs consistently sediment more slowly on gradients than those of 
other picomaviruses including poliovirus and FMDV virus. However, equine rhinovirus 
RNA sedimented with the RNAs of other picomaviruses (Newman et a1. 1973). Molecu
lar weights of between 2.1 and 2.8 x 106 have been obtained for human and bovine 
rhinovirus RNAs from these studies. It is interesting to observe that Nair and Lonberg
Holm (1971) obtained different molecular weights for types 2 and 14 of2.4 x 106 and 2.5 x 
106, respectively. More recently, Koliais and Dimmock (1973) obtained a molecular 
weight of 2.8 x 1<r for rhinovirus type 2 by polyacrylamide gel electrophoresis. 

The virion RNAs of serologically related rhinovirus types lA and 1B have been 
shown to share about 7fJl/o sequence homology, although the virion RNAs of unrelated 
rhinovirus types lA, 2 and 14 show no such homology (Yin et al. 1973). This is an unex
pected result as significant sequence homology has been observed between the virion 
RNAs of different strains of poliovirus (Young et al. 1968) and FMDV (Dietzschold et al. 
1971; Robson et al. 1977; Harris et al. 1980). 

Base analysis of the genome of human rhinoviruses has shown them to be unique 
members of the picomaviruses, in that they have a particularly high adenine content 
(Brown et a1. 1970; McGregor and Mayor 1971a; Newman et al. 1973; Cooper et al. 1978). 
However, equine rhinoviruses have similar adenine contents to other picomaviruses 
(Newman et al.1973). The genomes of rhinoviruses have been shown to contain covalent
ly bound polyadenylic acid [poly(A)] sequences of average length between 74 and 150 
residues in length (Nairand Owens 1974; Macnaughton and Dimmockl975; NairandPani
cali 1976; Ahlquist and Kaesberg 1979) at the 3' -terminus of the molecules (Ahlquist and 
Kaesberg 1979). The poly(A) length distribution was asymmetric, being skewed towards 
the smaller lengths (Nair and Panicali 1976; Ahlquist and Kaesberg 1979). 

Other picomaviruses also contain 3' -terminal poly(A) sequences on their RNA 
(Rueckert 1976; Rekosh 1977; Cooper et al. 1978; Sanger 1979), although there is little 
agreement in the length of these sequences. Estimates of as little as 10-20 residues for 
mengovirus (Miller and Plagemann 1972) and EMe virus (Giron et al.1976; Burness et al. 
1977), and as high as 75-89 residues for poliovirus (Yogo and Wimmer 1972; Spector and 
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Baltimore 1975) have been obtained. The function of these poly(A) sequences is un
known, although they are probably important for RNA infectivity as molecules with ar
tificially shortened (Spector and Baltimore 1974) or naturally short (Goldstein et al. 1976; 
Hruby and Roberts 1976) poly(A) sequences generally have a lower infectivity than those 
with longer poly(A) sequences. However, recent studies have shown that the specific 
infectivity of the RNAs of some FMDV strains does not depend on the length of the 3' -
terminal po1y(A) sequences (Baxt et al. 1979; Grubman et al. 1979). 

It had been assumed that picornavirus RNA from virus particles was identical to the 
viral mRNA found in po1ysomes of infected cells, as these RNAs from poliovirus par
ticles and infected cells had identical infectivities and the same RNase TI oligonucleotide 
maps (Lee et at. 1976). However, there were significant differences in the 5' -termini of 
these molecules, with no evidence in either case of any pNp, ppNp, pppNp or other of the 
'cap' structures (Fernandez-Munoz and Darnell 1976), that have been shown to terminate 
the 5' -terminus of most eukaryotic mRNAs (Shatkin 1976). Instead, the 5' -terminus of 
poliovirus mRNA from polysomes was shown to terminate in pUp (Hewlett et al. 1976; 
Nomoto etal.1976), and the 5' -terminus of the poliovirus genome was shown to be block
ed by a small covalently attached protein called VPg (virus protein genome linked) (Leeet 
al.1977). Similar proteins have since been observed on the RNAs of otherpicornaviruses 
including FMDV (Sangeretal.1977) and EMC virus (Golini etal.1978; Hruby and Roberts 
1978). VPg ofFMDV has been shown to comprise two proteins of different charge and 
amino acid composition (King et al. 1980). However, the relationship between these pro
teins is not clear at present The linkage between VPg and poliovirus genomic RNA is a 
tyrosine 04-phosphodiester linkage to uridylic acid (Ambros and Baltimore 1978; Roth
berg et at. 1978). As no such linkage has been observed so far in non-infected eukaryotic 
cells, the enzyme responsible for this linkage may be virus coded (Sanger 1979). At 
present, there is no evidence to suggest that rhinoviruses have a molecule similar to VPg 
attached at the 5' -terminus of the RNA genome. However, a recent study has shown that 
a protein(s) is closely associated with the rhinovirus type 14 genome, although no com
parison between this protein(s) and VPg was made (Gauntt 1980). 

It has been shown that the genomic RNAs of cardioviruses and aphthoviruses con
tain covalently attached polycytidylic acid [poly(C)] sequences (Porteret al. 1974; Brown 
etat.1974) located near the 5' -terminus of the molecules (Harris and Brown 1976), but not 
linked to VPg (Sanger et al. 1977). However, the role of the poly(C) sequence is not 
known and rhinoviruses and enteroviruses have been shown to contain no poly(C) se
quences (Brown et al. 1974). 

4.3 Capsid Proteins 

The capsids of picornavirus particles comprise four different polypeptides VP1, VP2, VP3 
and VP4, also called, a, B, y, and 0 (Stott and Killington 1972; Butterworth etal.1976;Ruek
kert 1976), which are a characteristic feature of all picornaviruses (Rueckert 1976; Cooper 
et al. 1978). The rhinovirus polypeptides are similar to otherpicornaviruses in their amino 
acid content (McGregorand Mayor1971a), molecular weights (Medappaetal.1971; Korant 
et al. 1972; Stott and Killington 1973; Rueckert 1976) and elution pattern from calcium 
phosphate chromatography columns (Pardoe et al. 1975). Apparent molecular weights 
for VP1 of 34000-36 000, VP2 of 27 000-30 000, VP3 of 24000-28 000 and VP4 of 
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7000-8 000 have been obtained for rhinovirus types lA, 2, 4 and 5 (Medappa et al. 1971; 
Korant et al.1972; Stott and Killington 1973). The molecular weights of the polypeptides 
of the two equine serotypes are significantly different from one another and from those of 
the corresponding polypeptides of human rhinoviruses (Newman et al. 1977). In some 
cases, small amounts of a polypeptide VPO, also called t; have been observed in human 
rhinovirus particles (Medappa et al. 1971; McGregor and Rueckert 1977): VPO is the pre
cursor polypeptide for VP2 and VP4 (Sect 5.5). 

Rhinovirus particles have been shown to contain equivalent proportions of the four 
polypeptides VPI, VP2, VP3 and VP4 (Medappa et al.1971; Rueckert 1976). Furthermore, 
these authors have suggested that there are 60 copies of each of these polypeptides: each 
of the 60 capsomers of the rhinovirus particles comprises copies of the four polypeptides. 
This model is now widely accepted (Cooper et al. 1978), although there is some doubt 
about whether there is a full complement ofVP4 (Stott and Killington 1973). However, it 
seems probable that there are equivalent proportions of polypeptides in rhinovirus par
ticles, as all four polypeptides are obtained from the cleavage of a common polypeptide 
precursor (Sect 5.5). The discrepancy in the amount of VP4 in rhinovirus particles 
probably lies in its quantitation on polyacrylamide gels and! or its loss during purification 
and analysis. 

The location of the polypeptides in rhinovirus type 2 and poliovirus particles has been 
examined by labelling virus particles with 3H-acetic anhydride, and measuring the 
amount of label in the four structural polypeptides (umberg-Holm and ButtelWorth 1976). 
VPl of both rhinovirus type 2 and poliovirus particles was labelled to a greater extent than 
VP2 and VP3, and VP4 was not labelled at all. The polypeptides of heat disrupted par
ticles were all equally labelled with 3H-acetic anhydride. These results show that in both 
rhinovirus type 2 and poliovirus particles, VPl is on the surface and VP4 is situated inter
nally. Similarly, VP4 was unlabelled on iodination of FMDV (Talbot et al. 1973) and 
bovine enterovirus (Carthew and Martin 1974) particles, and is thus presumably internal. 
In all these cases, VP2 and VP3 were also labelled in undisrupted virus particles and are 
therefore at least partly exposed. Furthermore, VP2 of rhinovirus particles was more 
readily labelled than VP2 of poliovirus particles with 1251 and 14C-iodacetamide (Lonberg
Holm and ButtelWorth 1976), which may be connected with the greater acid lability of 
rhinoviruses and permeability of their capsids. Various attempts have been made to 
determine the precise location of these virus polypeptides (Talbot and Brown 1972; Philip
son et al. 1973; Maket al.1974), but in all cases the evidence was inconclusive. No similar 
experiments have been reported for rhinoviruses. 

A small protein, VPg, covalently attached to the 5' -terminus of the genome, has been 
observed in a number of picornaviruses (Sect 4.2). However, as yet there is no evidence 
to show that rhinovirus particles contain similar molecules, although a protein(s) closely 
associated with the genome of rhinovirus type 14 has been reported (Gauntt 1980). 

4.4 Virus-Related Components 

A number of naturally occurring and artificially produced virus-related components 
have been described for several humanrhinoviruses, and the properties and composition 
of these components are compared with those of infectious virus particles in Table 1. Two 
types of rhinovirus particle, both containing RNA and all the structural polypeptides, can 
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Table 1. Properties and composition of human rhinovirus particles and virus-related particlesa 

Component Isoelectric S value Polypeptides RNA Attachment to 
point cells 

Virus particles 6.4-6.5 150 VP 1,2,3,4 + + 
Virus particles 4.3-4.7 140 VP 1,2,3,4 + 
Dense component VP 1,3 + + 
A-particles 4.0-4.2 135 VP 1,2, 3 + 
Empty capsids 6.2-6.3 88 VP 1, 2, 3,4 + 
Natural top component 6.3 80 VPO, 1,3 + 
Natural top component 4.5 80 VPO, 1,3 
B-particles 4.5 80 VP 1,2,3 

a Based on Korant et al. (1972) and Korant et al. (1975) 

be separated on pH gradients during isoelectric focussing (Korant et a11975). Particles 
banding at pH 6.4-6.5 are infectious and sediment at 150 S, while those at pH 4.3-4.7 
sediment at about 140 S and are not infectious in being unable to attach to host cells. 

Other virus-related components have been isolated that contain RNA, but which do 
not have a full complement of polypeptides (Table 1). Dense components occur naturally 
and band at a higher density than infectious virus particles (Korant et al. 1972). Although 
these components only contain VPl and VP3 associated with the RNA, they are infec
tious, though to a much smaller extent than complete 150 S particles (Korant et al.1972). 
A-particles, which sediment at 135 S, occur naturally during infection (Lonberg-Holmand 
Korant 1972; Lonberg-Holm and Noble-Harvey 1973) or can be produced by a number of 
treatments including incubation at 56°C (Lonberg-Holm and Noble-Harvey 1973; Lon
berg-Holm and Yin 1973) and incubation at pH 5.0 (Korant et al.1972; Lonberg-Holm and 
Noble-Harvey 1973; Lonberg-Holm and Yin 1973; Noble and Lonberg-Holm 1973; Lonberg
Holm and Butterworth 1976). They are not infectious, although they contain RNA, as they 
are unable to attach to host cells (Korant et a11975). It is interesting to note that A-par
ticles, but not virus particles, readily adsorb to liposomes (Lonberg-Holm et a11976b). 
This difference in binding to liposomes may provide some information concerning the 
role of A-particles in rhinovirus infection. 

Four other virus-related components, which do not contain RNA, have been 
observed (Table 1). Natural top component is found in most virus preparations and can 
be distinguished from virus particles by electron microscopy (Korant et al. 1972). They 
appear as spherical particles of similar size to infectious particles, but their central region 
is penetrated by stain, indicating the absence of RNA. Natural top component comprises 
only VPO, VPl and VP3 and presumably represents an abortive stage in the assembly of 
complete virus particles before the cleavage ofVPO to VP2 and VP4 (Korant et al. 1972) 
(Sect 5.5). Two forms of the natural top component can be obtained by isoelectric fo
cussing in pH gradients, consisting of components banding at pH 6.3 that can attach to 
host cells and components banding at pH 4.5 that are unable to attach to host cells 
(Korant et al. 1975). Empty capsids can be recovered on isoelectric gradients on the acidic 
side of the main virus peak, at about pH 6.3, and consist of virus particles that have lost 
their RNA but still contain a full complement of polypeptides (Korantet al. 1975). These 
capsids sediment at 88 S and attach efficiently to host cells. The other type of virus-related 
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components that do not contain RNA are B-particles, which sediment at 80 S. They 
occur naturally (Lonberg-Holm and Korant 1972; Lonberg-Holm and Noble-Harvey 1973) 
or can be produced on incubation at 56°C or at pH 5.0 as described for A-particles. These 
particles have a similar isoelectric point to A-particles of pH 4.5, and like A-particles do 
not readily bind to host cells (Korant et al. 1975). 

The ability of virus-related particles and components to attach to cells appears to be 
correlated to their isoelectric points. Only particles and components with isoelectric 
points of between pH 6.2 and 6.5 readily attach to cellular receptors. The conformation of 
the capsid proteins, VPl, VP2 and VP3, is probably crucial in determining the isoelectric 
and attachment properties of these particles, as there is no correlation between these 
properties and the presence ofVP4 or RNA (Korantetal.1975). Many of these particles 
occur naturally in rhinovirus-infected cells and their possible role in infection is dis
cussed in Sect 5. 

4.5 Antigenic Structure 

Rhinoviruses, in common with other picornaviruses, exist in two main antigenic forms. 
One form, the D-antigenic form, resides in the external determinants of native rhinovirus 
particles, and these determinants stimulate the formation of neutralising antibodies, 
which have been detected by a number of complement fIXation, haemagglutination, 
immunodiffusion and immune electron microscopy techniques. Generally, immu
nological reactions involving D-antigens are type specific (Korant et al. 1972; Lonberg
Holm and Yin 1973; Korant et al. 1975; Hughes et al.1977), although some cross-reactions 
involving different types have been reported (Cooney and Kenny i970; Faulk et al. 1971; 
Cooney et al. 1973; Schiebleetal.1974; Cooneyetal.1975;Mogabgabetal.1975;Fox1976; 
Smith 1978). Intact rhinovirus particles expose mainly VP1 (Lonberg-Holm and But
terworth 1976; Rueckert 1976), suggesting that at least some type-specific or D-deter
minants are located on VPl. No information is available concerning the presence ofD
determinants on the other structural proteins. 

The other antigenic form are C-antigenic determinants, which are associated with 
non-infectious A- and B-particles. C-antigenic determinants do not induce neutralising 
antibodies, but induce antibodies which cross react by complement fIXation, immunodif
fusion and immune electron microscopy with some heterologous rhinoviruses (Lonberg
Holm. and Yin 1973; Hughes et al. 1974; Butterworth et al. 1976; Hughes et al. 1977; Smith 
1978). It is not clear whether C-determinants are present on some or all of the structural 
proteins, although it has been shown that the exposed VP2 antigens of different FMDV 
strains are identical (Moloen and Briaire 1980). 

It has been suggested (Butterworth et al. 1976) that the conformation of the virus cap
sid is important in determining antigenicity. They postulate that D-antigenic deter
minants exposed on native virus particles are protected during reorganisation of the cap
sid during conversion to A- and B-particles, and the hidden C-antigenic determinants are 
then exposed. The following data support this conclusion. Conversion of D-antigenic 
forms to C-forms leads to a different labelling pattern of the external polypeptides with 
1125: VP2 and VP3 are labelled in addition to VPl of native particles (Lonberg-Holm and 
Butterworth 1976). Furthermore, A- and B-particles do not attach to cellular receptors 
(Noble and Lonberg-Holm 1973), and have more acidic isoelectric points than native par-
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ticles (Korant et al. 1975). Finally, natural top component preparations of human 
rhinovirus type 2 are a mixture of C- and D-determinants, with the same polypeptides 
VPO, VPl and VP3 (Lonberg-Holm and Yin 1973; Noble and Lonberg-Holm 1973; Korantet 
al. 1975) but different isoelectric points (Korant et al. 1975). 

Thus, it appears that the polypeptide composition of the particles, and in particular 
the presence or absence ofVP4 found in native but not A- and B-particles, is not impor
tant in determining antigenicity. On the other hand, the conformation of the particles is 
apparently crucial in exposing either the external native D-determinants or the internal 
C-determinants. 

5 Replication 

5.1 (Jro1fth ~cle 

The optimum temperature for the growth of human and bovine rhinoviruses is 33°C, 
while that of other picornaviruses is between 36°C and 37 °c (Stott and Killington 1972). 
Considerable reductions in virus titre were observed on growing rhinovirus type 2 at 
37°C, and replication was blocked at 39 °C (Stott and Heath 1970; Killington et al. 1977). 
The length of the growth cycle of rhinovirus types 2 and 14 at33 °C-35 °C varies with the 
cells and multiplicity of infection, although generally virus is synthesised 4-7 hours after 
infection with maximum yields appearing 10-18 hours after infection (Fiala and Kenny 
1967; Stott and Heath 1970; Thomas et al. 1970; Kawana and Matsumoto 1971; Gauntt 1973; 
Koliais and Dimmock 1973). Temperature-sensitive mutants of human rhinovirus types 2 
and 34 have been isolated that differ in their ability to replicate at 33°C (Evans et al. 1980) 
and 37°C (Conant et al. 1970). 

The replication cycle of rhinoviruses in monolayer and suspension cell cultures 
resembles that of other picornaviruses. The biological characteristics of the replication of 
rhinoviruses have been comprehensively described previously (Stott and Killington 1972; 
Butterworth et al. 1976), and in this review the replication cycle will be considered 
primarily with respect to molecular events. 

5.2 Attachment to Cells 

The frrst stage of replication is the attachment of virus particles to host cells. There are 
about 104 receptor sites per cell for human rhinovirus types 2 and 14 on HeLa and WI38 
cells (Lonberg-Holm and Korant 1972; Butterworth et al.1976; Lonberg-Holm et al. 1976a), 
although higher concentrations of receptors have been reported for human rhinovirus 
types lA and 18 on another human diploid fibroblast line (Medrano and Green 1973). 
Fewer receptor sites are observed at O°C than at physiological temperatures (Noble
Harvey and Lonberg-Holm 1974). The rate of attachment of human rhinovirus types 2 and 
14 on the same cells can differ by a factor of20 (Lonberg-Holm and KorantI972). Receptor 
competition studies, in which HeLa cell receptors are saturated with one rhinovirus type 
before challenge with another type, have shown that in most cases previous attachment 
of one rhinovirus type does not inhibit attachment of another type (Lonberg-Holm and 
Korant 1972; Lonberg-Holm et al. 1976a). However, in a few cases different rhinoviruses 
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share the same receptors and attachment if one is blocked by previous attachment of 
another. The rhinovirus types sharing receptors may correlate with the H and M charac
teristics of rhinoviruses: H strains only replicate in human cells while M strains replicate 
in both human and monkey cells (Tyrrell and Bynoe 1966). It is also interesting to observe 
that the H strain rhinoviruses that share receptor sites also share receptors with cox
sackievirus A21, but not with poliovirus 2 (Lonberg-Holm et al. 1976a). 

Cell surface receptors for rhinoviruses are sensitive to proteolytic enzymes (Stott and 
Heath 1970; Lonberg-Holm and Korant 1972), although they are insensitive to 
neuraminidase (Lonberg-Holm and Korant 1972). The adsorption of rhinoviruses to cell 
receptors is increased by a high MgCh concentration (Fiala and Kenny 1967), inhibited by 
concanavalin A (Lonberg-Holm 1975) and is temperature dependent (Lonberg-Holm and 
Korant 1972; Lonberg-Holm and Philipson 1974; Lonberg-Holm and Whiteley 1976). 
Actinomycin D inhibits the replication of rhinovirus type 14 in HeLa cells, although it 
does not affect the early stages of virus attachment and entry (Gauntt 1977). Lonberg
Holm and Whiteley (1976) have shown that attachment of rhinovirus type 2 to host cells is 
strongly sensitive to alterations in the cell membrane produced by metabolic inhibitors 
such as iodoacetamide and a combination offluoride and cyanide, or by treatment at low 
temperatures. 

Rhinovirus type 2 frrst forms a reversible complex on attaching to HeLa cells which 
can be dissociated by ethylenediaminetetraacetic acid (EDTA). However, after 
prolonged incubation at 25 °C an irreversible complex is formed that cannot be removed 
by EDTA (Noble-Harvey and Lonberg-Holm 1974). EDTA has no effect on the attach
ment of human rhinovirus type 14 or poliovirus to cells (Lonberg-Holm and Korant 1972), 
while concanavalin A slows down the progression of adsorbed virus to the irreversible 
complex, but does not stop its formation (Lonberg-Holm 1975). 

5.3 Uncoating of Virus Particles 

The length of the eclipse phase during rhinovirus replication, like that for other picor
naviruses, is temperature dependent and varies with different serotypes (Lonberg-Holm 
and Korant 1972). The half-life of the eclipse of He La-cell-associated human rhinovirus 
type 2 is about 5 minutes at 34.5 °C (Lonberg-Holm and Korant 1972), while the eclipse of 
type 14 (Lonberg-Holm and Korant 1972) and type 20 (Sethi 1978) takes considerably 
longer. The eclipse of human rhinovirus type 2 is slowed by incubation with 
iodoacetamide or fluoride (Lonberg-Holm and Whiteley 1976). Uncoating of rhinovirus 
particles by host cells to produce A-particles occurs during this phase (Korant et al. 1972; 
Lonberg-Holm and Korant 1972; Lonberg-Holm and Noble-Harvey 1973; Noble and Lon
berg-Holm 1973). It is not clear what role these A-particles play in infection, although 
treatment with SDS has been shown to prevent the processing of human rhinovirus type 
2 particles to A-particles, as well as inhibiting eclipse and preventing plaque formation 
(Lonberg-Holm and Noble-Harvey 1973). A-particles, produced from rhinovirus type 2 par
ticles treated with acid, readily attach to liposomes in vitro, unlike virus particles (Lon
berg-Holm et al. 1976b). B-particles are formed from A-particles with the release of the 
virus RNA, and this occurs within 45-60 minutes after infection of He La cells with hu
man rhinovirus type 2 (Lonberg-Holm and Noble-Harvey 1973). The uncoating of 
rhinovirus particles during the eclipse and later stages of infection, with particular ref-
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erence to the role of A- and B-particles, has been discussed previously (Lonberg-Holm 
and Philipson 1974; Butterworth et al. 1976). 

A significant, but transient stimulation in the synthesis of cytoplasmic DNA has been 
reported during rhinovirus uncoating in rhinovirus type 14 infected KB cells (Griffith et 
al. 1978). The significance of this stimulation is not known. 

5.4 RNA Replication 

The replication of rhinovirus RNA in infected cells is similar to that of other picor
naviruses (Baltimore 1971; Bishop and Levintow 1971). The input virus RNA is translated 
to produce an RNA-dependent RNA polymerase(s), which then replicates the genomic 
RNA in a two-step process. Firstly, the genomic RNA (plus strand) acts as a template for 
the synthesis of complementary virus RNAs (minus strands), and then these minus 
strands serve as templates for the synthesis of progeny plus strands, which are incor
porated into progeny virus particles. 

Three RNA species have been recognised in cells infected with rhinovirus types 2 
and 14 (Sethi and Schwerdt 1972; Gauntt 1973; Koliais and Dimmock 1973). These species 
consist of single-stranded (SS) RNA, the replicative form (RF) and the replicative inter
mediate (RI). The SS RNA is of similar length and structure to virus particle RNA (Sethi 
and Schwerdt 1972; Gauntt 1973; Koliais and Dimmock 1973), while the RI and RF are re
spectively multistranded and double-stranded structures (Koliais and Dimmock 1973). It 
is generally thought that the RI consists of a fu11length ofSS RNA with several daughter 
strands which are in the process of synthesis. The frrstRNA species detected during repli
cation of rhinovirus type 2 in infected cells are found by 5 hours after infection and con
sist of RI and RF complexes (Koliais and Dimmock 1973). Shortly after this, there is a 
rapid increase in the synthesis of SS RNA. The proportion of the total RNA contributed 
by RI falls considerably during infection, while the decrease in RF is less dramatic. Most 
studies on the identification of rhinovirus RNA species have used actinomycin D treated 
cells, and it has been shown that in the absence of actinomycin D RI is the only replicative 
complex synthesised in rhinovirus type 2 infected cells (Macnaughton et al. 1976). These 
results are consistent with the hypothesis that RF does not exist under natural conditions 
of infection and that RI is the rhinovirus replicative complex involved in the synthesis of 
progeny SS RNA. There are presumably two differentforms of the RI, those synthesising 
progeny minus strands and those synthesising progeny plus strands. However, the 
detailed structure of these RI complexes has yet to be resolved. 

RNA polymerase(s), isolated from membrane-bound complexes in rhinovirus in
fected cells, directs the in vitro synthesis of both single- and double-stranded RNA (Yin 
and Knight 1972; Griffith and Gauntt 1975) or mainly double-stranded RNA (Koliais and 
Dimmock 1974a). However, where single-stranded RNA is synthesised in vitro there is 
conflicting evidence as to whether detergent treatment has no effect (Griffith and Gauntt 
1975) or stops its synthesis (Yin and Knight 1972). Cordycepin triphosphate inhibits in 
vitro RNA synthesis by rhinovirus and poliovirus polymerase complexes (Panicali and 
Nair 1978) with the formation of shortened SS RNA molecules. This inhibition can be 
reversed by the addition of adenosine triphosphate. 

Covalently attached poly(A) sequences have been fbund on SS RNA and on RI and 
RF complexes isolated from rhinovirus type 2 infected cells (Macnaughton and Dimmock 
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1975; Macnaughton and Dimmock 1976). These poly(A) sequences are apparently not 
added by transcription from the minus RNA strands as no polyurldylic acid [poly(U)] se
quences have been detected in these RNAs (Macnaughton and Dimmock1975). Further
more, it appears from pulse-labelling experiments that the poly(A) sequences are added 
to the SS RNAs after transcription (Macnaughton and Dimmock 1976). Although the 
poly(A) tracts of cellular mRNAs are thought to be synthesised post-transcriptively, this 
may not be the only method of polyadenylation in picornaviruses, as poly(U) sequences 
have been found in the poliovirus-specified replicative RNA structures in the strand 
complementary to the message, at or near the 5' -terminus (Yogo and Wimmer1973; Yogo 
and Wimmer 1975). As poliovirus mRNA poly(A) tracts are 3'-terminal (Yogo and Wim
mer 1972), this raises the possibility of at least partial polyadenylation by transcription. 

The role of these poly(A) sequences in rhinovirus RNA replication is not clearly 
understood, although the polyadenylation of rhinovirus specified RNAs is stimulated by 
the addition of exogenous poly(A) (Macnaughton and Dimmock 1976; Koliais and Dim
mock 1978). Furthermore, this exogenous poly(A) can be processed in rhinovirus infect
ed cells to form larger poly(A) sequences which can be covalently linked to virus RNA 
(Koliais and Dimmock 1978). The mechanism for this is unclear, but may be through an 
RNA ligase activity, that has been observed in cells infected with rhinovirus type 1A (Yin 
1977) or other picornaviruses (Linne et al. 1974; Yin 1977). 

Numerous chemical inhibitors of rhinovirus replication have been described (Stott 
and Killington 1972; Jackson and Muldoon 1973; Gwaltney 1975; Butterworth et al. 1976), 
although the action of only a few of them has been shown to be directly involved in RNA 
replication. These inhibitors include 2-( a-hydroxybenzyl)benzimidazole (HBB) and the 
more active hydrochloride of the D-( - )isomer of HBB which acts against most 
rhinovirus types (Gwaltney 1968; Stott and Killington 1972), preventing the synthesis of 
virus RNA polymerase (Baltimore et al. 1963) and guanidine (Stott and Killington 1972; 
Koliais and Dimmock 1974b; Gauntt 1979) and its derivatives (Koliais and Dimmock 
1974b) which prevent the initiation of new virus RNA chains (Caliguiri and Tamm 1973). 
However, serial passage of certain rhinovirus types in the presence of guanidine can 
produce resistant or partially resistant progeny virus particles (Acomleyetal.1968; Koliais 
and Dimmock 1974b). Cordycepin (Nairand Owens 1974; Nairand Panicali1976) and cor
dycepin triphosphate (Panicali and Nair 1978) have also been shown to act against 
rhinovirus RNA replication, although the actual mechanism of their action is not clear 
(Maale et al. 1975). Other inhibitors which may affect rhinovirus RNA synthesis are de
scribed below (Sect 5.8). 

5.5 Synthesis of Virus Polypeptides 

Picornavirus-specified polypeptides have been identified in infected cells by adding 
radioactive amino acids to the infected cells at appropriate times after infection. Similar 
virus-coded polypeptides have been observed for a number of picornaviruses including 
rhinoviruses (Rueckert 1976). Up to 20 polypeptides have been obtained in cells infected 
with rhinovirus types 1A and 2, and pulse-chase experiments have shown that the larger 
polypeptides are precursor polypeptides that undergo a series of post-translational pro
teolytic cleavages to produce the smaller polypeptides (Butterworth 1973; McLean and 
Rueckert 1973; McLean et al.1976). The rhinovirus precursor polypeptides have also been 
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identified in infected cells treated with zinc ions. This treatment prevents post-trans
lational cleavage by inhibiting the action of proteolytic enzymes and thus stabilises the 
precursor polypeptides (Butterworth and Korant 1974; Korant et al. 1974; Korant and But
terworth 1976). 

The identity of the enzymes involved in rhinovirus protein processing is unclear. 
Although some proteolytic cleavages have been assigned to host cell proteases in picor
navirus infections (Korant 1972; Villa-Komaroffet al. 1975; Brown and Ehrenfeld 1979), 
others may be virus coded. Lawrence and Thach (1975) have isolated an EMC structural 
protein which has protease activity and is able to cleave some virus polypeptides from 
infected cells. Other picornavirus proteins have since been identified that also act as pro
teases able to cleave structural precursors (Shih et al.1979; Gorbalenya et al. 1979; Korant 
et al. 1979; Svitkin et al. 1979). 

It is generally accepted that picornavirus proteins arise from the proteolytic cleavage 
of a large precursor molecule, or polyprotein, which represents the entire informational 
content of the genome. Results from Oberg and Shatkin (1972) and Smith (1973), which 
have shown that there is one major ribosome binding site on the picornavirus RNA 
molecule, confrrm this suggestion. However, the RNAs of some picornaviruses may also 
have a second minor ribosome binding site (Celma and Ehrenfeld 1975; Jense et al. 1976; 
Humphries et al. 1979). The polyprotein is usually cleaved during translation, so is not nor
mally detected in infected cells. However, polyproteins have been observed for a number 
of picornaviruses under conditions where proteolytic cleavage has been inhibited (Jacob
son et al.1970; Korant 1972; Summers et a1.1972), and one report describes the detection of 
polyprotein in coxsackievirus Bl infected cells in the absence of inhibitors (KUehn and 
Holland1970). A polyprotein of202 000 daltons and perhaps one of214 000 daltons have 
been obtained on inhibiting all post-translational cleavages of rhinovirus type lA poly
peptides with zinc ions (Butterworth and Korant 1974). Although these polyproteins 
approach a size large enough to contain all the rhinovirus gene products, it is impossible 
to determine at present whether they represent the complete translation product of the 
rhinovirus mRNA. Other large cleavage products of mo1. wt.165 000,146 000 and 106 000 
have also been obtained (Butterworth and Korant 1974), but their role in rhinovirus poly
peptide cleavage has not yet been resolved. 

The gene order of picomaviruses has been determined using pactamycin, which 
inhibits initiation of protein synthesis without affecting either elongation or termination 
(Stewart-Blairet al., 1971). The addition of radioactive amino acids a few minutes after the 
addition of pactamycin leads to the preferential labelling of those polypeptides coded for 
by the 3' -end of the RNA. The degree of change in the amount of label incorporated into 
the pactamycin-treated sample compared with that incorporated into the control is 
directly related to the distance of the polypeptides from the initiation site. Using this 
method, the gene order of rhinovirus type lA (Butterworth 1973; McLean and Rueckert 
1973; McLean et al.1976) has been determined and shown to be similar to that of other pi
cornaviruses (Rueckert 1976; Sanger 1979). 

The possible cleavage pathways and gene order for rhinovirus type lA induced poly
peptides derived from pulse-chase kinetics and pactamycin mapping is shown in Fig. 1, 
which is a summary of available evidence from Butterworth (1973), McLean and Rueckert 
(1973) and McLean et al. (1976). Translation begins at or near the 5' -end of the RNA and 
three main families of proteins, common to all picornaviruses, are synthesised. The cap
sid proteins precursor is translated ftrst and is subsequently processed by post-trans-
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tein. Translation begins from an 
initiation site at or near the 5' -end (lift) 
of the virus RNA and is terminated at 
or near the opposite end of the mole
cule. The mol. wts. are x 10-3 and line 
lengths are proportional to mol. wt 

lational cleavages to produce the four capsid proteins, VP1, VP2, VP3 and VP4. The cen
tral part of the polyprotein apparently undergoes one of two cleavage modes to produce 
stable proteins of either 47000 or 38000 mo1. wt. (McLean and Rueckert 1973). The func
tion of these proteins is unknown, although the analogous proteins of poliovirus (Korant 
1979) and EMC virus (Shih et al. 1979) act as proteases in cleaving the structural precursor 
into the structural proteins. The last proteins to be translated are coded for by the 3' -end 
of the RNA and are cleaved from an 84 000 mol. wt. polypeptide (Butterworth 1973; 
McLean and Rueckert 1973; McLean et al.1976). The ftrst cleavage product has a mol. wt. 
of 76 000, which is in turn cleaved by a number of alternative cleavages. One of these 
cleavages produces a polypeptide of mol. wt. 55 000, while another produces a 38 000 
mol. wt. polypeptide (McLean et al. 1976). In addition to these cleavages, the 76 000 mol. 
wt. polypeptide can become associated with ribosomes, after which it is cleaved to 
produce two different 39 000 mol. wt. polypeptides which are bound to ribosomes 
(McLean et al. 1976). Furthermore, 35%-45% of this family of polypeptides is rapidly 
degraded to small unidentifted products (McLean et al. 1976). Comparable 3' -end poly
peptides of poliovirus (Lundquist et al. 1974; F/anegan and Baltimore 1979), mengovirus 
(Lund and Scraba 1979) and FMDV (Newman et al. 1979) form part of the virus-induced 
RNA-dependent RNA polymerase. However, similar evidence for the role of these 
rhinovirus polypeptides is not available at present In addition to these families of pro
teins, it is probable that there is a "lead in" sequence which is subsequently cleaved from 
the capsid precursor (Oberg and Shatkin 1972; Smith 1973). 

There are several reports of asymmetric translation in which there is an apparent 
overproduction of capsid protein relative to noncapsid protein in polio- and mengovirus 
infected cells (Lucas-Lenard 1974; Paucha et al. 1974; Paucha and Colter 1975). These 
results have been interpreted as showing an "internal" termination site at or near the end 
of the capsid region. A similar apparent overproduction of capsid protein has been 
observed in rhinovirus type 1A infected cells, but this was shown to be an artifact caused 
by two phenomena: the production of two alternate cleavage products from the middle 
section of the polyprotein with mol. wt. of 47000 and 38 000, and different fates for the 
polypeptides at the 3' -end including the degradation of 35%-45% of this family to small 
unidentiftable products (McLean et al. 1976). 

The genomic RNAs of poliovirus and EMC virus have been completely translated in 
rabbit reticulocyte lysates (Pelham 1978; Shih et al. 1978; Shih et al. 1979) and Krebs 2 
ascites cells (Svitkin and AgoI1978). In all these cases, the cleavage patterns and polypep
tides were similar in vitro and in vivo. However, at present there are no reports of the in 
vitro translation of rhinovirus genomic RNA. 
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5.6 Virus Particle Assembly 

The assembly of rhinovirus particles during replication has not been extensively studied, 
atthough the results obtained suggest that it is similar to that of other picornaviruses 
(Rueckert 1976). Two capsid-related precursor subviral particles have been isolated from 
cytoplasmic extracts of rhinovirus type lA-infected HeLa cells (McGregor and Rueckert 
1977). These particles sediment at 13 S and 14 S on glycerol density gradients, and have 
been shown by dissociation experiments to contain pentamers of the 92 000 mol. wt cap
sid precursor and pentamers ofVPO, VPl and VP3, respectively. Furthermore the 13 S 
particles have been shown by pulse-chase experiments to be precursors of the 14 S par
ticles (McGregor and Rueckert 1977). On incubation at acid pH, the 14 S particles readily 
dissociate into 6 S particles, which contain VPO, VP1 and VP3 in equal amounts (Mc
Gregorand Rueckert 1977). From these and similar results with other picornaviruses (Per
lin and Phillips 1973; Phillips and Fennell 1973 ; McGregor et at. 1975) the following model 
for the assembly of rhinovirus type lA 14 S particles has been proposed by McGregorand 
Rueckert (1977). 

(92 (00) ------->-. (92 (00)5 ------->-. (vpo, VPl, VP3)5 
6 S 13 S 14 S 

The capsids of cardioviruses are held together by two types of bonding, one by which 
5 capsomers form a pentameric subunit and the other by which 12 of these subunits to
gether form the complete capsid of 60 capsomers (Dunker and Rueckert 1971; Mak et at. 
1974; McGregor et at. 1975). Furthermore, studies With poliovirus have shown that there 
are two assembly steps in the formation of empty capsids from 14 S particles; immature 14 
S particles are activated while attached to the rough membrane fraction of infected cells, 
and are then converted into 73 S empty particles (Perlin and Phillips 1975). 125 S 
poliovirus particles consisting of an immature shell ofVPO, VPl and VP3 as well as RNA 
have been observed in poliovirus-infected cells (Fernandez-Tomas and Baltimore 1973) 
and cell-free extracts (Fernandez-Tomas et at. 1973), and this suggests that VPO is cleaved 
to VP2 and VP4 only after the RNA is securely in place in the immature capsid. The cap
sid of complete rhinovirus type lA particles has been reported to contain up to 11 of its 60 
capsomers as immature capsomers, comprising uncleaved VPO instead ofVP2 and VP4 
(Medappa et at. 1971; McGregorand Rueckert 1977). From these results it can be conclud
ed, assuming that rhinovirus particles are assembled in a similar way to other picor
naviruses, that mature rhinovirus particles are synthesised from 14 S particles as follows. 

(vpo, VPI, VP3)5 • (vpo, VPl, VP3)60 ---+ 

(vpo, VPl, VP3)60-RNA--..... 
(vpo, VPl, VP3)60-n (vpl, VP2, VP3, VP4)n-RNA 

5.7 Virus Particle Maturation 

Electron microscope studies have shown that maturation of rhinovirus particles occurs 
in the cytoplasm of infected cells in a similar manner to that described for other picor
naviruses. Polyribosomes containing more ribosomes than those found in uninfected 
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cells, areas of viroplasm consisting of aggregates of coarse granular material and mem
brane-enclosed bodies are found by 8 hours after infection (Kawana and Matsumoto 
1971). Recognisable progeny virus particles appear by 16 hours after infection in mem
brane-enclosed bodies or free within the cytoplasmic matrix (Kawana and Matsumoto 
1971). The particles then gradually form into long parallel rows before eventually forming 
closely packed hexagonal or rectangular crystals (Hamparian et al. 1961; Blough et al. 
1969; Kawana and Matsumoto 1971). This crystallisation of rhinovirus particles is 
enhanced by high concentrations of magnesium (Blough et al. 1969). 

5.8 Inhibitors of Replication 

Numerous reports have appeared in the literature concerning the use of anti-viral com
pounds in inhibiting rhinovirus replication in infected tissue culture monolayers and in 
man (Stott and Killington 1972; Jackson and Muldoon 1973; Butterworth et al. 1976). Anti
viral compounds of widely diverse chemical structures have been effective against 
rhinoviruses in tissue culture, while they have met with varying success in preventing 
rhinovirus diseases in man. Details of experiments using these inhibitors in tissue culture 
and man are out of the scope of this review. 

The effects of a number of inhibitors which selectively act against different stages in 
the replication of rhinoviruses have been discussed above in the appropriate sections. 
However, tissue culture grown rhinoviruses are also sensitive to a large number of other 
compounds as diverse as ascorbic acid (Schwerdt and Schwerdt 1975), N phenyl Nt aryl
thiourea derivatives (Galabov et al. 1977), scillarenin (Sato and Muro 1974) and interferon 
(Stoker et al. 1973; Came et al. 1976), and new anti-rhinovirus compounds are reported 
with increasing frequency. The value of these compounds in preventing rhinovirus repli
cation is difficult to determine at present as the mechanism by which many of them act is. 
unclear, and their potency depends on several factors including the rhinovirus serotype, 
type of cells and concentration of inhibitor. 

6 Conclusions 

The main emphasis of this review has been on the structure and replication of 
rhinoviruses with particular reference to molecular structures and processes. Although 
at least 115 types of human rhinovirus and 2 distinct bovine rhinovirus types have been 
observed, all these rhinoviruses appear to have similar molecular properties. 
Rhinoviruses are typical members of the Picornaviridaefamily, although the Rhinovirus 
genus can be distinguished from the other genera on the basis of sensitivity to acid and 
the buoyant density in CsCl of the virion. 

Rhinoviruses have a relatively simple structure of four capsid proteins encapsulating 
a positive single-stranded RNA genome. At present, no molecule analogous to VPg, 
associated with the genome of several picornaviruses, has been identified. The repli
cation of rhinoviruses follows the overall pattern of other picornaviruses with respect to 
attachment to cells, uncoating and RNA replication. Rhinovirus proteins are formed by 
post-transcriptional cleavage of a large polyprotein, with the formation of many non
structural as well as structural proteins. However, little is known at present concerning 
the assembly and maturation of rhinovirus particles. As much ofthe detailed work on the 
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replication strategy of many other picomaviruses is lacking forrhinoviruses, some of this 
work has been described in order to fill in gaps in our knowledge of rhinovirus repli
cation. 

Relatively little new work has been done in the lastfewyears on the structure and rep
lication of rhinQ..viruses, in comparison to that done with other picornaviruses. Recent 
studies with poliovirus, FMDV and EMC virus have analysed; among other things, the 
fine structure and possible functions ofVPg, the terminal sequences on the genome, and 
some of the possible control mechanisms for RNA synthesis and translation of the picor
navirus genomes: these studies are out of the scope of this review and have been ade
quately described in reviews by Perez-Bercoff (1979), Sanger (1979) and Ago/ (1980). 
Similar work is required for rhinoviruses in order to determine more fully the molecular 
properties of rhinoviruses and to compare them with other picornaviruses. These studies 
should help to explain some of the unique structural characteristics of rhinoviruses and 
to determine some of the fundamental processes in their replication strategy. 
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