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1. INTRODUCTION 

Many animal viruses, as well as certain plant and bacterial viruses, 
possess a lipid-containing membrane termed the "viral envelope." For 
most of these viruses, the envelope is acquired by budding at a cellular 
membrane, and viral components become an integral part of this 
membrane during assembly. In this chapter, we review the extensive 
body of information that has been obtained recently on the fine struc
ture, composition, and assembly processes of the enveloped animal 
viruses. The replication processes of these viruses have been reviewed in 
other volumes of this series (e.g., Volumes 3, 4, 10, and 11). 

It has become increasingly apparent that viral membranes possess 
important advantages for studies of membrane structure and assembly; 
the simplicity of viral membranes jn terms of protein composition is 
probably the most significant advantage for detailed studies of 
membrane structure. Many lipid-containing viruses are important 
human and animal pathogens, and their membrane proteins possess 
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biologically important functions and immunological properties, which 
also provide much of the stimulus for research in this area of molecular 
virology. 

Although significant differences in sizes and number of structural 
proteins occur among lipid-containing viruses, there are several features 
of membrane structure shared by all these viruses. These include the 
presence of a lipid bilayer, glycosylated proteins exposed on the 
external surface of the bilayer, and internal nonglycosylated proteins. 
The available evidence indicates that the viral genome codes for the 
protein components of viral membranes, whereas the lipids are derived 
from the host cell membrane. Carbohydrates, which are covalently 
linked to viral glycoproteins as well as glycolipids, are also probably 
specified by cellular enzymes, although some virus-specific modifica
tions of carbohydrates have been identified. 

2. METHODS FOR ANALYSIS OF VIRAL MEMBRANES 

2.1. Proteins 

Viral membrane proteins resemble proteins of other biological 
membranes in their solubility properties. While numerous methods 
have been employed for the study of viral proteins, some general experi
mental approaches which have been useful are those common to 
membrane proteins in general. Thus viral membrane proteins can be 
solubilized by detergents, and polyacrylamide gel electrophoresis in the 
presence of sodium dodecylsulfate (Summers et al., 1965) is the most 
widely used approach for analysis of the polypeptide constituents of 
enveloped viruses. Other useful general preparative procedures include 
gel filtration in the presence of guanidine hydrochloride (Lazarowitz et 
al., 1971; Fleissner, 1971) and isoelectric focussing in the presence of 
nonionic detergents (Hung et al., 1971). Standard procedures of protein 
chemistry, including compositional analysis, peptide mapping, and 
amino acid sequencing, have been applied to certain isolated viral 
membrane proteins, but much basic information remains to be 
obtained. 

In addition to methods resulting in complete solubilization of 
virion components, other procedures for the analysis of viral structure 
rely on the isolation of substructures of the virion. Treatment of 
enveloped virions with nonionic detergents such as Triton XI 00 or 
Nonidet P40, or weak ionic detergents such as deoxycholate, results in 
solubilization of the viral envelope and release of the internal nucleo-
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proteins. Separation of envelope and nucleocapsid proteins can usually 
then be achieved by centrifugation or phase separation procedures. 
Affinity chromatography on lectin columns (Hayman et at., 1973) or 
ion exchange chromatography on phosphocellulose (Strand and August, 
1973) has also been useful for isolation of viral glycoproteins. 

A variety of approaches have been applied to determine the loca
tion of the structural proteins in enveloped viruses, as discussed in 
detail in sections on individual virus groups. Proteolytic digestion 
results in selective degradation of viral glycoproteins, which are located 
on the external surface of the lipid bilayer. The internal proteins remain 
intact after such treatment and can be isolated as components of glyco
protein-free particles surrounded by an intact lipid bilayer. The external 
proteins of the virion can also be selectively labeled by surface labeling 
procedures, including lactoperoxidase-catalyzed iodination, Schiffs 
base formation with pyridoxal phosphate followed by reduction with 
borotritide, or reaction with formylmethionylsulfone methyl phosphate. 
Direct electron microscopic examination of subviral components has 
also frequently enabled their identification as specific structural 
components of the virion. Using these and other approaches, the loca
tion of the major structural polypeptides has been established for many 
different enveloped viruses. Further analysis of the structure of viral 
membranes will include identification of nearest-neighbor relationships 
among viral envelope proteins. Such studies have recently been 
undertaken using bifunctional cross-linking reagents (Garoff, 1974; 
Wiley et at., 1977; Dubovi and Wagner, 1977). 

2.2. Lipid Bilayer 

Several biophysical methods have been employed to analyze the 
organization and physical properties of lipids in viral membranes. x
ray diffraction patterns of virus pellets or concentrated suspensions 
exhibit a series of concentric circular fringes; the separation and relative 
intensity of these fringes are related to the variation in electron density 
as a function of radius from the center of the particle. Fourier analysis 
of the diffraction data yields a profile of the radial electron density dis
tribution, and the location of the lipid hydrocarbon phase is assumed to 
correspond to an observed deep minimum in electron density. It has 
been concluded that only a bilayer arrangement could account for the 
deep minimum in electron density distribution observed in viral 
envelopes (Harrison et at., 1971). The proteins on the external surface 
of the bilayer are also represented in the electron density profiles. 
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Although it could be concluded that most of the region of the bilayer 
was occupied by lipid, the possibility of penetration of the bilayer by a 
small amount of protein probably cannot be excluded. 

Electron spin resonance spectroscopy using spin label methods has 
also provided evidence for a bilayer structure in a variety of enveloped 
viruses (for review,· see Landsberger et al., 1978). This technique 
employs fatty acid or phospholipid derivatives containing a paramag
netic nitroxide ring, which are incorporated into the lipid bilayer. The 
resulting ESR spectra have provided evidence concerning the fluidity of 
lipid fatty acyl chains, as well as other properties of the environment 
and mobility of lipid molecules. Bilayer structures exhibit a charac
teristic flexibility gradient, in which the mobility of the fatty acyl chain 
progressively increases with distance from the polar head group (Hub
bell and McConnell, 1971). Spin label ESR spectroscopy has also been 
used to determine the effects of changes in lipid and protein composi
tion on lipid bilayer fluidity (Landsberger et al., 1973; Landsberger and 
Com pans, 1976) and to study aspects of virus-cell interaction (Maeda et 
al., 1977). 

Nuclear magnetic resonance studies of l3C-labeled lipids incor
porated into enveloped viruses have been employed to analyze the orga
nization of the lipid phase (Stoffel and Bister, 1975). Measurements of 
spin lattice relaxation times have been carried out with whole virions 
labeled with l3C incorporated into specific positions in lipids, and the 
results indicate a high degree of rigidity in the envelope structure. 

Fluorescence depolarization measurements with probes incor
porated into the lipid bilayer have been used to estimate the microvis
cosity of lipids in viral membranes (Moore et aI., 1976; Barenholz et 
al., 1976). Fluorescent energy transfer from aromatic amino acid 
residues of viral proteins to a probe incorporated into the lipid bilayer 
has also been used to estimate the distance separating the donor and 
acceptor residues (Lenard et al., 1974). Precise distances could not be 
calculated, however, since it is possible that more than one amino acid 
residue may be transfering energy to the probe. The precise location of 
fluorescent probes in viral membranes is not known either, although 
their solubility properties suggest that they are incorporated into the 
hydrocarbon phase of the bilayer. 

The distribution of lipids between the internal and external 
monolayers of the lipid bilayer has been investigated by several 
approaches, including labeling of amino groups with [35S]formylmethi
onylsulfone methyl phosphate (Gahmberg et aI., 1972a), treatment with 
phospholipases and phospholipid exchange proteins (Rothman et al., 
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1976), and measurement of transfer of radioactive cholesterol from 
virions to lipid vesicles (Lenard and Rothman, 1976). The lipids of the 
outer monolayer are thought to be involved in these reactions and 
transfer processes; exchange of lipids between the inner and outer 
monolayers appears to be a very slow process. These approaches have 
indicated an asymmetrical distribution of lipids in viral membranes. 

Several laboratories have investigated the origin of viral lipids by 
comparative compositional analyses of lipids of the viral envelope and 
those of the host cell and its plasma membrane. Either direct chemical 
determinations or radiolabeling with 32P04 has been employed to 
determine the distribution of phospholipids. The results of these studies, 
described in detail in the sections which follow, indicate that viral lipids 
are derived from the host cell membrane where virus assembly occurs. 

2.3. Carbohydrates 

Carbohydrates are covalently linked to viral glycoproteins as well 
as glycolipids. Identification of glycoproteins has generally been accom
plished by specific labeling with sugar precursors; glucosamine and 
fucose have been employed most often because they are not converted 
extensively into other metabolites (Klenk et al., 1970a; Strauss et al., 
1970). The carbohydrates of viral glycoproteins can also be labeled by 
exposure to galactose oxidase followed by reduction with tritiated 
sodium borohydride (Klenk et al., 1978). Further information about 
the size and structure of the oligo saccharides of viral glycoproteins has 
been obtained by digestion of the polypeptide backbone with pronase 
and analysis of the resulting glycopeptide components by gel filtration 
(Burge and Strauss, 1970). Digestion with specific glycosidases has 
provided some information of the sequence of sugars in viral oligosac
charides, as described in the sections which follow on rhabdoviruses and 
togaviruses. Other studies employed methylation of the constituent 
sugars followed by gas chromatographic analysis as described in the 
section on influenza virus. Valuable information on the carbohydrate 
moiety of the viral glycoproteins has been obtained from studies 
employing inhibitors of glycosylation, such as 2-deoxY-D-glucose, D
glucosamine (Klenk et al., 1972b), and tunicamycin (R. Schwarz et al., 
1976; Leavitt et al., 1977; Nakamura and Com pans, 1978a). 
Tunicamycin has been shown to inhibit the synthesis of lipid-bound 
precursors of the carbohydrate side chains (Takatsuki et al., 1975; 
Tkacz and Lampen, 1975), and evidence has been obtained that the 
other inhibitors act by a similar mechanism (R. Schwarz et al., 1977). 



298 Chapter 5 

3. VIRAL MEMBRANE STRUCTURE AND ASSEMBLY 

3.1. Arenaviruses 

3.1.1. Classification, Morphology, Composition 

The arenaviruses are a recently identified group of enveloped 
RNA-containing viruses (Pfau et al., 1974). The members of the group 
include lymphocytic choriomeningitis virus (LCM), Lassa fever virus, 
and the Tacaribe complex of viruses (Amapari, Junin, Latino, Ma
chupo, Parana, Pichinde, Tacaribe, and Tamiami viruses). Virions are 
essentially spherical particles which occur in sizes ranging from 50 to 
300 nm in diameter. Distinct surface projections approximately 10 nm 
in length radiate from the viral envelope. A striking feature of 
arena virus morphology is the presence of one or more distinct granules 
of approximately 20 nm diameter in the interior of virions as observed 
by thin-section electron microscopy (Dalton et al., 1968; Murphy et al., 
1969, 1970). As described below, these granules have been identified 
biochemically as 80 S ribosomes incorporated into the virion during the 
assembly process. Although the presence of ribosomes is probably the 
most distinctive morphological characteristic of the virion, other 
aspects of virion morphology, including nucleocapsid structure and sur
face structure, are sufficient to distinguish arena viruses from the other 
known groups of animal viruses. Further, ribosomes may not be present 
in all arenavirus particles (Vezza et al., 1978). 

It has been established that arenaviruses contain at least five RNA 
species, three of which are host cell derived 28 S, 18 S, and 4-6 S RNA 
species. Virus-specific RNAs of approximately 31 Sand 22 S have been 
observed for several arena viruses (Carter et al., 1973; Pedersen, 1971, 
1973; Anon et al., 1976); in addition, a 15 S RNA species has also been 
reported for Pichinde (Farber and Rawls, 1975). Convincing evidence 
has been obtained that the 28 Sand 18 S RNAs in arenavirus prepara
tions originate from host cell derived ribosomes (Farber and Rawls, 
1975). Whether the ribosomes are essential components of arenaviruses 
has not been established; however, recent results indicate that some 
arenaviruses lack significant amounts of the 18 S ribosomal RNA 
(Vezzaetal., 1977, 1978). 

The virion proteins of Pichinde virus were the first to be 
characterized (Ramos et al., 1972), and more recently structural pro
teins of several other arenaviruses have been identified including those 
of Junin virus (Martinez-Segovia and DeMitri, 1977), Tacaribe and 
Tamiami viruses (Gard et al., 1977), and LCM virus (Buchmeier et al., 
1977). The available information indicates that all arenaviruses possess 
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a major carbohydrate-free polypeptide of 66,000-72,000 daltons 
associated with the nucleocapsid, and one or more envelope glycopro
tein species. Pichinde virions contain two glycoproteins with molecular 
weights of 38,000 and 64,000 (Ramos et al., 1972; Vezza et al., 1977). 
In contrast to earlier reports indicating that a glycoprotein of Pichinde 
virus was associated with the viral nucleocapsid (Ramos et al., 1972), 
recent observations indicate that both glycoproteins of Pichinde virus 
are located on the surface of the virion, and neither is found as a 
component of the isolated nucleocapsid (Vezza et al., 1977). In these 
studies it was observed that both glycoproteins of Pichinde virus are 
sensitive to digestion by pronase, which produces spikeless par
ticles which contained the major nonglycosylated protein. Further, 
ribonucleoprotein complexes were isolated from detergent-disrupted 
virions; these contained the major nucleocapsid protein but were free of 
either glycoprotein. These results indicate that both glycoproteins of 
Pichinde virions are present as components of the surface spikes, as 
found with other enveloped viruses. The two Pichinde glycoproteins are 
present in approximately equimolar ratios (Vezza et al., 1977). It 
remains to be determined whether they are present in the same or in 
different spike structures on the viral surface and whether they contain 
distinct amino acid sequences. 

In contrast to the two glycoproteins of Pichinde virions, only a 
single glycoprotein size class was detected in Tacaribe or Tamiami 
virions; these had molecular weights of 44,000 and 42,000, respectively 
(Gard et al., 1977). These glycoproteins were sensitive to proteolytic 
digestion with chymotrypsin, which produced spikeless particles 
containing the major nonglycosylated protein; thus the glycoproteins 
are located on the viral surface. Junin virions also contained a major 
glycoprotein of 38,000 daltons, but several additional minor glycopro
teins were also reported (Martinez-Segovia and DeMitri, 1977). 

Arenaviruses contain lipids as indicated by their inactivation by 
detergents or lipid solvents (Pfau et al., 1974). Electron microscopic 
studies indicating the presence of a distinct unit membrane also 
strongly suggest that these are lipid-containing viruses (Dalton et al., 
1968; Murphy et al., 1970). No data are available on viral lipid com
position or on carbohydrate components present in arenavirus particles, 
other than the demonstration that glycosylated polypeptides can be 
selectively radiolabeled by sugar precursors such as glucosamine. 

3.1.2. Biosynthesis and Assembly 

Little information has been obtained on the biosynthesis of 
arenavirus proteins in infected cells. In BHK21 cells infected with 



300 Chapter 5 

Tacaribe virus, synthesis of the major structural proteins could be 
detected above the background of host cell synthesis (Saleh and Com
pans, 1978). In addition to the major virion proteins, a virus-induced 
glycoprotein of ~70,000 daltons was synthesized in large amounts in 
infected cells; this glycoprotein was not detected in purified virions. It 
remains to be established whether it is a precursor of the 44,000-dalton 
virion glycoprotein, a distinct viral gene product, or a virus-induced 
host cell protein. 

The process of morphogenesis of several arenaviruses in Vero cells 
was studied by Murphy et al. (1970). Virus particles form by budding at 
the plasma membrane in most instances, with occasional budding at 
intracytoplasmic membranes. Membrane changes characteristic of the 
viral envelope were observed in regions of the plasma membrane, and a 
distinct increase in density of the membrane was found in restricted 
areas large enough to form individual virions. Surface projections were 
present on the external surface of budding particles, and dense granules 
(ribosomes) were contained in the interior. In some cells a large propor
tion of the plasma membrane appears to be involved in the budding 
process. 

No information is available on the molecular interactions involved 
in viral assembly. The internal nucleoproteins of arenavirions appear as 
convoluted strands when released from disrupted virions (Gard et aI., 
1977; Vezza et al., 1977). Most other enveloped viruses which contain 
strandlike or helical nucleoproteins also contain an internal membrane 
(M) protein which appears to be involved in assembly of the viral 
envelope. Since arenaviruses lack such a protein, the nucleoprotein and 
glycoproteins must determine the assembly process. Further informa
tion on the nature of the interactions between these components, as well 
as the arrangement of the nucleoprotein in the intact virion, is needed 
to provide insight into the process of virus assembly. 

3.2. Bunyaviruses 

The bunyaviridae include at least 150 distinguishable serological 
types, 87 of which were classified as the Bunyamwera supergroup of 
arboviruses (Murphy et al., 1973, Porterfield et al., 1976). They are 
clearly distinct from the togaviruses both in morphology and in 
molecular composition. The RNA genome of these viruses consists of 
three segments, which are contained within circular ribonucleoprotein 
complexes (Pettersson and von Bonsdorff, 1975; Bouloy et al., 1974; 
Pettersson and K~HirHiinen, 1973). In thin section, virus particles appear 
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to be roughly spherical with a mean diameter of 100 nm, and a distinct 
unit membrane suggests a lipid bilayer structure in the envelope (von 
Bonsdorff and Pettersson, 1975). 

Prominent large subunits have been seen by negative staining with 
uranyl acetate on the external surfaces of Uukuniemi virions (von Bons
dorff and Pettersson, 1975) but not of La Crosse virions (Obijeski et ai., 
1976). The Uukuniemi morphological units resembled hollow cylinders 
10-12 nm in diameter, with a central cavity of about 5 nm. The 
subunits were closely packed, and clustering as hexagonal arrays with 
frequent pentons (subunits surrounded by five neighboring units) was 
observed, suggesting icosahedral symmetry. A T = 12 surface lattice 
was observed in particles where vertex subunits were identified (von 
Bonsdorff and Pettersson, 1975). 

Two glycoproteins with molecular weights of about 65,000 and 
75,000 are present in Uukuniemi virions. Both glycoproteins are 
removed following protease treatment, which removes the surface 
subunits leaving pleiomorphic smooth surfaced particles (von Bonsdorff 
and Pettersson, 1975). Thus, like other enveloped viruses, both glycopro
teins are located on the external surface of the virion. A small residual 
peptide was observed after proteolytic digestion, which may represent a 
protease-resistant segment of the glycoproteins. The virion nucleocapsid 
consists of RNA and a major nucleocapsid protein (N, 25,000 daltons). 
Like arena viruses, the bunyaviruses possess neither an M protein nor an 
icosahedral nucleocapsid beneath the envelope, and it was therefore sug
gested (von Bonsdorff and Pettersson, 1975) that interactions between 
the surface glycoproteins may be important in viral assembly and 
maintenance of structural stability of the particles. The spikeless parti
cles produced by protease treatment were markedly pleomorphic, which 
may reflect the role of the glycoproteins in determining the shape of the 
virion. 

Although a similar number of polypeptide components are found 
in other bunyaviruses, the molecular weights of the components differ 
from those found for Uukuniemi virus. Three major and one minor 
protein have been found with four different members of the bunyavirus 
group (Obijeski et ai., 1976). In studies with La Crosse virus, two of the 
components, with estimated molecular weights of 120,000 and 34,000, 
were glycosylated, and the two glycoproteins were present in equimolar 
amounts. Nucleocapsids contained a major protein of 23,000 daltons, 
and a large protein (180,000 daltons) was present in small amounts in 
virions. Bromelain treatment removed both glycoproteins and yielded 
spikeless particles containing the two carbohydrate-fr.ee proteins. 
Lactoperoxidase-catalyzed iodination of intact virions also labeled the 
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two glycoproteins and not the internal proteins, confirming that they 
are the only species on the external surface of the envelope. It is not 
known if the two glycoproteins are components of a single spike or 
form different spikes on the surface of the virion. Three or four 
polypeptides including two glycoproteins have also been detected for 
several other bunyaviruses (McLerran and Arlinghaus, 1973; Rosato et 
ai., 1974; White, 1975; Gentsch et ai., 1977). 

Virtually nothing is known of the assembly process of bunyaviruses 
apart from the morphological demonstration of budding. Mor
phogenesis takes place at Golgi complex and endoplasmic reticulum 
membranes, within which virions accumulate (Murphy et ai., 1973). 
Precursor particles have not been detected in infected cells by electron 
microscopy, but the strandlike nucleoprotein structures are probably 
difficult to resolve in thin section. As discussed above, it has been sug
gested (von Bonsdorff and Pettersson, 1975) that lateral interactions 
between the glycoproteins of bunyaviruses may be important in the 
assembly process. 

3.3. Corona viruses 

The coronavirus group of RNA viruses is defined by common 
morphological properties, the most distinctive being the presence of 
large club-shaped surface projections. The group includes viruses of 
diverse origins, and insufficient information is now available to 
determine whether these agents form a unified group in their chemical 
composition and replication processes. Some biochemical studies have 
been undertaken with several corona viruses, including mouse hepatitis, 
avian infectious bronchitis, transmissible gastroenteritis virus of swine, 
and a human coronavirus OC43. 

The structure of the murine coronavirus A59 has been studied in 
greatest detail (Sturman, 1977; Sturman and Holmes, 1977). A single 
nonglycosylated polypeptide of 50,000 daltons is located in the interior 
of the virion and is probably the structural subunit of the nucleocapsid. 
On the surface of the virion a number of glycoproteins are detected, but 
these do not all contain distinct amino acid sequences. A 23,000-dalton 
glycoprotein designated "E 1" and a large glycoprotein designated "E2" 
appear to be two distinct envelope glycoproteins. E2 is observed in 
virions as a 180,000- or a 90,000-dalton glycoprotein; however, the two 
possess common tryptic peptides and the 180,000-dalton component is 
converted into a 90,000-dalton glycoprotein by trypsin treatment. Thus 
the 180,000-dalton component appears to be a precursor of the 90,000-
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dalton component, or possibly of two cleavage products of similar elec
trophoretic mobility. Cleavage of the 180,000-dalton glycoprotein had 
little effect on viral infectivity (Sturman and Holmes, 1977). 

The E2 glycoprotein appears to be degraded completely by the 
proteases bromelain or pronase, which produce particles lacking the sur
face spikes (Sturman, 1977). In contrast, only about 20% of E 1 is 
removed by protease treatment, and a carbohydrate-free cleavage 
product of 18,000 daltons is producted (Sturman, 1977; Sturman and 
Holmes, 1977). It was suggested that the protease-resistant portion of 
El is buried within the lipid bilayer and that E2 forms the spike struc
ture projecting from the surface. This protease-resistant portion of El 
is significantly larger than protease-resistant glycoprotein fragments 
observed with other lipid-containing viruses. It is therefore conceivable 
that a large part of this molecule may extend through the bilayer, 
possibly forming a protein layer on the internal surface of the viral 
membrane, as suggested by Sturman (1977). 

The E 1 glycoprotein of murine coronavirus A59 displays unusual 
properties on SDS gel electrophoresis (Sturman, 1977). Heating to 
100°C in the presence of SDS causes the formation of forms of El with 
lower electrophoretic mobility, and sulfhydryl-reducing agents enhance 
this aggregation. 

Studies of polypeptides of other coronaviruses have revealed a 
larger number of components (Hierholzer et al., 1972; Garwes and Po
cock, 1975; Bingham, 1975), but it remains to be established how many 
of these are virus coded, and whether they contain distinct amino acid 
sequences. The proteins of the transmissible gastroenteritis virus of 
swine appear similar to those of murine A59 virions in several respects 
(Garwes and Pocock, 1975). The largest glycoprotein (200,000 
daltons) was removed from virions by treatment with bromelain, and 
the surface projections were removed concomitantly, indicating that 
this glycoprotein forms the spike structure. Two low-molecular-weight 
glycoproteins (30,000 and 28,500) were resistant to protease treatment, 
as was a nonglycosylated polypeptide of molecular weight 50,000. Six 
or seven polypeptides including four glycoproteins were identified in 
preparations of the human coronavirus OC43 (Hierholzer et al., 1972). 
Two glycoproteins (molecular weights 104,000 and 15,000) were selec
tively removed by bromelain treatment and appeared to be components 
of the viral spikes, whereas other glycosylated and nonglycosylated pro
teins were resistant to protease. 

These results indicate that the surface projections of three unre
lated coronaviruses apparently contain a high-molecular-weight glyco-
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protein. In both murine and porcine coronaviruses, one or two low
molecular-weight glycoproteins appear to be resistant to proteolytic 
digestion, in part or entirely, and probably penetrate extensively into 
the viral membrane. Further studies of the interactions between these 
glycoproteins, and between the envelope proteins and nucleocapsid, are 
needed to determine the arrangement of coronavirus proteins in the 
virion and the nature of their association with the viral membrane. 

Electron microscopic studies of corona virus-infected cells indicate 
that virus assembly occurs by budding at intracytoplasmic membranes, 
including endoplasmic reticulum and Golgi complex membranes 
(David-Ferreira and Manaker, 1965; Oshiro, 1973). Virions accumulate 
in large amount within such vacuoles and are thought to be released by 
fusion of the vacuolar membrane with the cell surface. At late stages, 
extensive regions of plasma membranes are observed with adherent 
virions, but budding at the plasma membrane is not generally observed 
(Oshiro, 1973). 

3.4. Herpesviruses 

3.4.1. Classification, Morphology, Composition 

The herpesvirus group contains a large number of viruses, which 
have been isolated from a variety of animal hosts. Herpes simplex virus 
(HSV) has been the subject of intensive investigation, as have been 
certain herpesviruses of other species, notably pseudorabies, a porcine 
herpesvirus, and equine herpesvirus (EHV). The group is united by 
common morphological and biochemical properties, but little informa
tion is available concerning possible relationships between various 
herpesviruses. A similar number of structural polypeptides have been 
identified in HSV types I and 2, and EHV (Perdue et af., 1974; Kemp 
et af., 1974; Cassai et af., 1975). Further, antigenic relationships 
between certain glycoproteins of HSV type 1 and type 2 have been 
shown by immune precipitation experiments (Spear, 1976). Detailed 
reviews of the structure and replication of herpesviruses include those of 
Roizman and Furlong (1974), O'Callaghan and Randall (1976), and 
Kaplan (1974). 

Herpesviruses are large enveloped DNA-containing viruses with 
icosahedral nucleocapsids. Virions are usually 150-180 nm in diameter, 
with their icosahedral capsids measuring 100 nm in diameter. The 
capsid is a T = 16 structure with 162 capsomers. The envelope is a unit 
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membrane structure when seen in thin sections, and spikelike surface 
projections about 8-10 nm in length can be resolved on the surface by 
negative staining (Wildy et at., 1960; Epstein, 1962; O'Callaghan and 
Randall, 1976). Additional amorphous or fibrous material located 
between the capsid and envelope has been termed the "tegument" 
(Roizman and Furlong, 1974). 

Herpesvirions are among the most complex of the enveloped 
viruses. Over 30 structural polypeptides ranging from 18,000 to 275,000 
daltons have been identified in purified virions by SDS-polyacrylamide 
gel electrophoresis (Roizman and Furlong, 1974; O'Callaghan and 
Randall, 1976). Much information remains to be determined before the 
precise location of these proteins in the virion can be understood, but 
many have been localized as components of the capsid o~ envelope. 
Isolated nucleocapsids have been obtained by extraction from infected 
cells or detergent treatment of virions and their polypeptides compared 
with those of intact virions (Abodeely et at., 1971; Robinson and 
Watson, 1971; Gibson and Roizman, 1974; Perdue et at., 1974). At 
least six major proteins and several additional minor proteins are 
located in the capsid structure, all of which are nonglycosylated pro
teins. 

Herpesvirions contain at least 13 glycoproteins, all of which appear 
to be components of the viral envelope (Roizman and Furlong, 1974; 
O'Callaghan and Randall, 1976). By analogy with other enveloped 
viruses, it is likely that all herpesvirus glycoproteins are exposed on the 
external surface of the virion, but this has not been definitively 
established. Some information on the location of virion glycoproteins 
was obtained by detergent solubilization and selective labeling by 
tritiated borohydride reduction of Schiffs bases formed between viral 
proteins and pyridoxal phosphate (Roizman and Furlong, 1974). Four 
major glycoproteins (VP7, 8, 17, and 18), ranging in size from 
approximately 60,000 to 130,000 daltons, appeared to be most readily 
labeled and most easily solubilized, suggesting that they are com
ponents present on the external surface of the virion. In addition, six 
major proteins and four minor proteins were detected as surface 
components of herpesvirions by lactoperoxidase-catalyzed iodination; 
most or all of these were glycosylated (Gupta and Rapp, 1977). 
Interestingly, several glycosylated as well as nonglycosylated envelope 
proteins of herpesvirions appear to be covalently linked to lipids, as 
shown by oil red 0 staining (Abodeely et at., 1971) and specific incor
poration of radioactive choline (Perdue et at., 1974). The nature of the 
linkage of lipid to these proteins and its possible significance in terms of 
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virus structure and assembly remain to be established. Sulfated 
structural glycoproteins are also present in herpesvirions (Kaplan and 
Ben Porat, 1976). 

Limited information has been obtained about the lipids of herpes
virions. It is likely that the lipids are arranged in a bilayer corrrespond
ing to the unit membrane in the viral envelope, although the arrangement 
of lipids has not been investigated. The lipid composition of herpes
virions was found to closely resemble that of the inner nuclear 
membrane, from which the virus buds, whereas it differed from that of 
the outer nuclear or cytoplasmic membranes (Ben Porat and Kaplan, 
1971). Although most of the viral lipids appeared to be synthesized prior 
to infection, 32P-labeled lipids synthesized after infection were 
preferentially incorporated from the inner nuclear membrane into 
virions (Ben Porat and Kaplan, 1971). Thus the incorporation of lipids 
into virions did not seem to occur solely by a random process. The 
essential role of the envelope lipids for infectivity was indicated by the 
inactivation of virions by phospholipase C (Spring and Roizman, 1968). 
Glycolipids of herpesvirions have been analyzed and found to be similar 
to those observed in infected cells (Brennan et at., 1976). 

As described above, both glycoproteins and glycolipids are 
carbohydrate-containing components of herpesvirions. Glucosamine, 
galactosamine, galactose, mannose, fucose, and sialic acid have been 
identified as sugar constituents of the glycoproteins (Roizman and Fur
long, 1974). The glycopeptides obtained by pronase digestion of virions 
or infected cell glycoproteins have been characterized by gel filtration, 
and up to five species with estimated molecular weights ranging from 
about 2000 to 10,000 were observed (Honess and Roizman, 1975). Two 
species with molecular weights of about 4300 and 6800 were the major 
glycopeptides obtained from glucosamine-labeled virions. The larger 
glycopeptides contained substantial amounts of sialic acid, which could 
be released by mild acid hydrolysis. 

3.4.2. Synthesis and Assembly 

Herpesvirus glycoproteins are synthesized with little or no 
involvement of proteolytic cleavage events (Honess and Roizman, 1973; 
Spear, 1976). Four immunologically distinct classes of major glycopro
teins have been detected; three of these appear to be glycosylated in two 
discrete stages in infected cells, with partially and fully glycosylated 
forms that can be resolved by gel electrophoresis (Spear, 1976). Evi-
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dence for discrete stages of glycosylation was also obtained by analysis 
of oligosaccharide units of viral glycoproteins observed after pronase 
digestion (Honess and Roizman, 1975). In 15-min labeling periods viral 
glycoproteins contained small glucosamine-containing oligosaccharides 
of about 2000 daltons, which contained little or no fucose or sialic acid. 
The completed glycoproteins possess larger oligo saccharides containing 
fucose as well as sialic acid; only these glycoproteins are observed in 
Vlflons. 

The glycoproteins specified by herpesviruses are found in associa
tion with various cellular membranes, including smooth and rough 
endoplasmic reticulum and plasma membranes (Spear and Roizman, 
1970; Spear et ai., 1970; Heine et ai., 1972). The role of those glycopro
teins in virus replication is uncertain, although some may migrate to the 
inner nuclear membrane where envelopment occurs. In addition, they 
confer altered immunological properties on the plasma membrane, and 
may be responsible for herpesvirus-induced cell fusion (Roizman and 
Furlong, 1974; Ludwig et ai., 1974). Virion glycoproteins differ from 
those present in the inner nuclear membrane of uninfected cells, indicat
ing that host cell proteins are excluded from the envelope of budding 
virions, although they are not lost from the membrane after infection 
(Kaplan and Ben Porat, 1970). 

As discussed above, the process of herpesvirus envelopment is 
usually observed at the inner nuclear membrane, particularly at early 
stages of infection (Darlington and Moss, 1969; Epstein, 1962; Fong et 
ai., 1973; Schwartz and Roizman, 1969). Budding into nuclear or cyto
plasmic vacuoles has also been observed. The inner nuclear membrane 
appears thickened in the region which becomes part of the envelope of 
the budding virion, presumably because of the presence of viral glyco
proteins. By freeze-fracture electron microscopy, normal intramembra
nous particles were seen to be deleted from specific areas of the inner 
nuclear envelope in herpesvirus-infected cells, which may represent 
areas where cellular proteins are displaced by virus-specific proteins 
(Haines and Baerwald, 1976). Mature enveloped virus particles have 
been observed in cytoplasmic vacuoles or channels, which are thought 
to be involved in egress of virions from the nuclear envelope to the cell 
surface (Morgan et al., 1959; Darlington and Moss, 1969; Schwartz and 
Roizman, 1969). 

Inhibition of glycosylation by 2-deoxyglucose or glucosamine 
inhibits production of infectious herpesvirus as well as the process of 
virus-induced cell fusion (Courtney et al., 1973; Gallaher et al., 1973; 
Ludwig et al., 1974; Knowles and Person, 1976). In the presence of 
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these inhibitors, changes were observed in the electrophoretic mobility 
of viral glycoproteins, probably due to production of unglycosylated or 
partially glycosylated glycoproteins. Inhibition of herpesvirus replica
tion by cytochalasin B may occur by a similar mechanism (Dix and 
Courtney, 1976). These inhibitors caused a greater inhibition of the 
production of infectious particles than of physical particles, and the 
virus particles produced contained aberrant glycoproteins (Courtney et 
at., 1973; Dix and Courtney, 1976). When radioactive 2-deoxyglucose 
was added to infected cells, it was found to be incorporated into 
herpesvirus-specific glycoproteins (Courtney et at., 1973). 

3.5. Myxoviruses 

3.5.1. Classification, Morphology, Composition 

The orthomyxovirus group includes the influenza viruses of man 
and animals. Virions are roughly spherical particles '" 100 nm in 
diameter, or filamentous forms of similar width but up to several 
micrometers in length. By negative staining, prominent surface spikes 
are seen, and a helical nucleocapsid is contained within the envelope 
(Horne et at., 1960; Hoyle et at., 1961; Waterson et at., 1961). Thin sec
tions show a distinct unit membrane in the viral envelope, similar to the 
plasma membrane of the host cell. An additional electron-dense layer 
on the internal surface (Com pans and Dimmock, 1969; Bachi et at., 
1969) corresponds to the location of a nonglycosylated internal 
membrane protein, as described below. Several reviews are available 
concerning various aspects of influenza virus structure and replication 
(Schulze, 1973; Laver, 1973; White, 1974; Kilbourne, 1975; Palese, 
1977), and a chapter on "Reproduction of Myxoviruses" is contained in 
Volume 4 of this series (Compans and Choppin, 1975). 

The available information indicates that influenza virions consist of 
about 1-2% RNA, 70-75% protein, 20-24% lipid, and 5-8% car
bohydrate (Ada and Perry, 1954; Frommhagen et at., 1959; Schafer, 
1959; Blough et at., 1967). The RNA genome consists of eight distinct 
single-stranded RNA species, each of which codes for one of the virus
specific polypeptides (Palese, 1977; Pons, 1976; Scholtissek et at., 1976; 
McGeoch et at., 1976). The virion polypeptides include two glycopro
teins, the hemagglutinin and neuraminidase, which form distinct spikes 
on the external surface (Laver and Valentine, 1969; Webster and Dar
lington, 1969; Rott et at., 1970). A nucleocapsid subunit, a membrane
associated protein, and three minor high-molecular-weight proteins (P 1, 
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P2, and P3) are internal components of the virion. In Table 1 a list of 
the envelope proteins of influenza virions along with their accepted 
designations, estimated molecular weights, and functions is presented. 

Classification of influenza viruses is based on serological properties 
of the viral polypeptides. Three distinct serological types (A, B, and C) 
have been recognized, which show no immunological cross-reaction 
between any of their structural components. Both the hemagglutinin 
and neuraminidase antigens of type A viruses show extensive variation, 
and distinct serological subtypes have been identified which contain 
common internal antigens but have surface antigens which appear to be 
completely unrelated. The appearance of these new subtypes of type A 
viruses, with distinct surface antigens, is the cause of major pandemics 
of influenza. The antigenic subtypes of type A influenza viruses are 
designated according to the serological type of both their hemagglutinin 
(H) and neuraminidase (N). Four distinct subtypes, HoN h HIN h H2N 2, 
and HaN 2, have been identified among human influenza viruses between 
the first isolation in 1933 and the present time. Type A influenza 
viruses with hemagglutinin and neuraminidase antigens distinct from 
those of human influenza viruses have also been isolated from horses, 
swine, and birds. Only minor variation in immunological properties has 
been observed with influenza B viruses, and influenza C viruses have 
not been studied in detail. 

3.5.2. Fine Structure and Arrangement of Envelope Components 

The envelope of influenza virus has probably been studied in more 
detail than that of any other lipid-containing viruses. The recognized 
envelope components of influenza A and B viruses include a lipid 

TABLE 1 

Envelope Proteins of Influenza A Viruses 

Molecular weight 
Protein Designation of polypeptide Function 

{HA 
75,000-80,000 } 

HAl 50,000-55,000 Binding to receptors 
HA2 25,000-30,000 

Hemagglutinin 

N euram inidase NA 55,000 Removal of 
neuraminic acid 

Membrane Protein M 26,000 Membrane structure 
and assembly 
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bilayer, external spikes consisting of the two glycoproteins hemagglu
tinin and neuraminidase, and an internal carbohydrate-free protein, the 
M protein. The hemagglutinin protein of influenza virus is probably the 
best-characterized viral envelope protein; there has been a longstanding 
interest in this protein because of its importance as the major antigen 
involved in immunity to influenza virus infection. A host-cell-derived 
carbohydrate antigen has also been detected in association with the 
viral envelope. 

3.5.2a. The Hemagglutinin 

Influenza virus was the first virus found to agglutinate erythrocytes 
(Hirst, 1941; McClelland and Hare, 1941); this has proved to be a con
venient rapid assay for viruses of many different major groups. In the 
case of the influenza viruses, hemagglutination is caused by one of the 
envelope glycoproteins, termed the "hemagglutinin protein." When 
isolated from SDS-disrupted virus, the hemagglutinin protein was 
found to be a rodlike subunit'" 14 nm in length and 4 nm in diameter 
(Laver and Valentine, 1969). In the absence of detergents, these glyco
proteins were found in characteristic rosettelike aggregates, and it was 
suggested that one end of each spike may be hydrophobic and may be 
involved in binding to the viral envelope. End-on views of the hemag
glutinin show a triangular shape (Laver, 1973; Griffith, 1975), and the 
size of the spike suggests that it may be composed of three identical 
polypeptide chains (see below). 

The hemagglutinin spike may be composed of a 75,000-dalton 
glycoprotein species, designated "HA," or alternatively two cleavage 
products, designated "HAl" and "HA2" ("'50,000 and "'25,000 
daltons, respectively). The extent of cleavage of HA into HAl and 
HA2 varies with the virus strain and cell type and the presence or 
absence of serum proteases (Lazarowitz et at., 1971, 1973a,b; Rifkin et 
at., 1972; Skehel, 1972; Stanley et at., 1973; Klenk et at., 1975). No 
cleavage of HA is necessary for virus assembly or receptor binding 
activity, and virions of some strains containing uncleaved HA are 
infectious (Lazarowitz et at., 1973a; Stanley et at., 1973), but sub
sequent studies have shown that the infectivity of virions is enhanced by 
proteolytic cleavage (Klenk et at., 1975; Lazarowitz and Choppin, 1975; 
Klenk et at., 1977b). It was observed that cleavage of HA into 
polypeptides of sizes similar to HA 1 and HA2 could be accomplished 
by a variety of proteases; however, only cleavage by trypsinlike 
enzymes resulted in the formation of highly infectious virus (Lazarowitz 
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and Choppin, 1975; Klenk et al., 1977b). Activation of infectivity thus 
requires cleavage of a specific peptide bond with arginine or lysine in 
the carboxyl linkage. Dual infection experiments with different 
influenza virus strains demonstrated that the sensitivity or resistance of 
the hemagglutinin protein to cleavage is a structural property of each 
virus glycoprotein (Klenk et al., 1977b). 

The estimated molecular weight as well as the morphology of the 
intact hemagglutinin spike suggested that it was a trimer composed of 
three HA polypeptides, or three HA1-HA2 complexes (Laver, 1973; 
Griffith, 1975; Schulze, 1975b). Further evidence for a trimer structure 
was obtained by cross-linking experiments with dimethyl suberimidate 
(Wiley et al., 1977), in which trimers of HA were demonstrated. The 
available estimates of the number of hemagglutinin polypeptides per 
virion (Com pans et al., 1970; White et al., 1970; Skehel and Schild, 
1971; Klenk et al., 1972a; Schulze, 1972; Inglis et al., 1976) indicate 
that 200-350 hemagglutinin spikes are present per particle. Tiffany and 
Blough (1970) calculated from electron microscopic measurements that 
a 100-nm-diameter particle possessed 550 spikes and an 80-nm-diameter 
particle 300 spikes, most of which are hemagglutinin proteins. Since 
virions occur in a range of sizes, no single value will apply to all virions 
in a population. 

Treatment of influenza virus with the protease bromelain under 
certain conditions results in degradation of the HA 1 polypeptide, pro
ducing smooth-surfaced spikeless particles which still contain HA2 
(Compans et al., 1970). Therefore, the HA2 segment of the hemagglu
tinin appears to interact closely with the lipid bilayer, whereas HA 1 is 
located distally in the spike structure. On more extensive proteolytic 
digestion, HA2 is also cleaved (Schulze, 1970; Klenk et al., 1972a) but 
a small peptide still remains associated with the envelope, which may 
represent a segment of the glycoprotein which penetrates into the lipid 
bilayer (Lenard et al., 1976). Treatment of some influenza virus strains 
with bromelain results in solubilization of a segment of the spike 
consisting of HAl as well as a cleavage product of HA2 that is about 
5000 daltons smaller than the intact molecule (Skehel and Waterfield, 
1975). These solubilized glycoproteins have been crystallized (Brand 
and Skehel, 1972), and the crystals were shown to exhibit erythrocyte
binding activity (Wiley, 1975). Comparison of the amino acid composi
tion of the intact and bromelain-released glycoproteins indicated a 
preponderance of hydrophobic amino acids in the segment which is 
missing after bromelain cleavage (Skehel and Waterfield, 1975), sug
gesting that this may be a hydrophobic segment which may penetrate 
into the lipid bilayer. Since the N terminus of HA2 is unmodified by 
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bromelain treatment, the hydrophobic segment must be located at the 
C-terminal end of the molecule. Comparison of the N-terminal amino 
acid sequences of HAl and HA2 of various human subtypes of type A 
influenza viruses shows marked conservation of the sequence and a 
characteristic "palindrome sequence" of amino acids occurs at the N
terminal region of HA2 (Skehel and Waterfield, 1975). This sequence, 
which is located at the site of the HA polypeptide which is cleaved to 
form HA 1 and HA2, is highly conserved among all influenza A viruses 
and may be important for recognition by the protease involved in 
cleavage. Alternatively, since virions with cleaved HA show enhanced 
infectivity, it is also possible that this region of the molecule undergoes 
a change in conformation and participates in some aspect of virus-cell 
interaction. The overall amino acid compositions of HAl and HA2 
subunits of the Ao/Bel strain of influenza virus were very similar, 
except that HA 1 was higher in proline and lower in methionine than 
HA2 (Laver, 1971; Laver and Baker, 1972). 

The hemagglutinin glycoprotein contains about 15-20% car
bohydrate by weight (Laver, 1971; White, 1974; Schwarz and Klenk, 
1974; Nakamura and Com pans, 1978a). The carbohydrate composition 
is determined in large part by the host cell, and differences in elec
trophoretic mobilities are observed in glycoproteins from the same 
strain of virus grown in different host cells (Com pans et al., 1970; 
Haslam et al., 1970; Schulze, 1970), which are due to differences in car
bohydrate content of the glycoproteins (Schwarz et al., 1977; 
Nakamura and Com pans, 1978b). An antigenic relationship has also 
been demonstrated between carbohydrate components obtained from 
chick allantoic cells and influenza virions grown in these cells (Laver 
and Webster, 1966). 

Until recently, little information was available concerning the car
bohydrate portion of the HA glycoprotein. About 80% of the car
bohydrate attached to viral proteins was shown to be linked to HA; the 
glycosyl moieties were shown to be composed of glucosamine, man
nose, galactose, and fucose at a molar ratio of 6:4: 1: 1, respectively, 
and the total carbohydrate of HA, determined by chemical means, was 
estimated to be approximately 12,000 daltons (Laver, 1971). Like all 
myxoviruses containing neuraminidase, influenza A and B viruses lack 
neuraminic acid. It was also found that HA2 of influenza A virions 
contains fucose, whereas HA2 of influenza B (GLl760) does not (Chop
pin et al., 1975). Recently the glycopeptides obtained by pronase diges
tion of influenza A viruses were characterized (Schwarz et al., 1977; 
Nakamura and Compans, 1978b). Both laboratories showed that HA 
possesses type I (oligosaccaride side-chain com posed of glucosamine, 



Viral Membranes 313 

mannose, galactose, and fucose) and type II (oligosaccharides com
posed of glucosamine and mannose) glycopeptides. Methylation studies 
indicated that fucose and galactose are exclusively present in terminal 
positions. Mannose and glucosamine are in part located in the periph
ery and in part in more central regions. The occurrence of 2,4-methyl 
mannose indicates that mannose may be involved in branch formation 
(Schwarz et al., 1978a). Galactose is accessible to surface labeling reac
tions, such as the action of galactose oxidase followed by reduction with 
tritiated borohydride (Klenk et al., 1978). The side chains are attached 
to the polypeptide by N-glycosidic linkages between N-acetylgluco
samine and asparagine; O-glycosidic linkages do not exist (Keil et al., 
1978). The distribution of type I and type II oligosaccharides on HA 1 
and HA2 was shown to depend on the virus strain. Schwarz et al. 
(1977) showed that HA 1 of an avian influenza virus possessed only type 
I glycopeptides, whereas both types I and II glycopeptides were shown 
to be present on HA2. However, Nakamura and Com pans (l978b) 
using the WSN strain of influenza found that HA 1 possessed both 
types I and II glycopeptides whereas HA2 contained only type I 
glycopeptides. Because of such strain differences, it has been suggested 
that specific amino acid sequences determine whether a type I or type 
II oligosaccharide is added at a particular site on the glycoprotein 
(Nakamura and Compans, 1978b). 

The host cell type may also determine the type of oligosaccharide 
chains added to a given viral glycoprotein. Thus, although HA2 of 
WSN strain influenza virions grown in MDBK cells contained only 
type I glycopeptides, both types I and II glycopeptides were found in 
HA2 of WSN virions grown in CEF cells (Nakamura and Com pans, in 
preparation). 

Schwarz et al. (1977) showed that the type I HA glycopeptides of 
fowl plague and N influenza strains grown in chicken embryo fibro
blasts (CEF) had a molecular weight of approximately 2600, whereas 
type II glycopeptides from the same source had a molecular weight of 
approximately 2000. The molecular weights of types I and II 
glycopeptides of the WSN strain of influenza virus grown in CEF cells 
were also found to be approximately this size (Nakamura and Com
pans, 1978b). HA glycopeptides of virus grown in MDBK cells were 
slightly larger in size than those of virus grown in CEF cells. Based on 
the estimated carbohydrate content (12,000 daltons) of the HA glyco
protein and the sizes of the types I and II glycopeptides of influenza 
virus grown in MDBK cells, it was estimated that HA2 contains a 
single type I glycopeptide whereas HA 1 possesses two type I and one or 
two type II oligosaccharide side chains for the WSN strain (Nakamura 
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and Com pans, 1978b). However, out of five or six side chains present 
on the fowl plague virus hemagglutinin at least two (both types I and 
II) appear to be located on HA2 (Schwarz et al., 1977). 

Antigenic determinants which react with neutralizing antibody are 
present on the HA 1 portion of the hemagglutinin glycoprotein (Eckert, 
1973; Brand and Skehel, 1972; Laver et al., 1974). Immunodiffusion 
tests with purified hemagglutinin subunits revealed two or three dif
ferent antigenic determinants (Laver et al., 1974) However, all of the 
antigenic determinants appeared to be on the same protein molecule, 
and only one species of hemagglutinin was observed in each virus type. 

3.S.2h. The Neuraminidase 

Enzymatic destruction of receptors on the surface of the eryth
rocyte by influenza virus provided the first evidence for a virus
associated enzyme (Hirst, 1942). The enzyme was subsequently 
identified as a neuraminidase (Klenk, 1955; Gottschalk, 1957). The fine 
structure and function of this enzyme have recently been reviewed 
(Bucher and Palese, 1975). 

The morphology of purified neuraminidase subunits isolated from 
detergent-disrupted virions is quite distinct from that of the hemagglu
tinin spikes (Laver and Valentine, 1969; Webster and Darlington, 1969; 
Rott et al., 1970). The neuraminidase has an oblong head measuring 
approximately 5 x 8.5 nm, from which a fiber'" 10 nm long extends. A 
small knob of "'4 nm is present at the distal end. Like the hemagglu
tinin subunits, the neuraminidase proteins aggregate into characteristic 
rosettes in the absence of detergents, with the oblong heads located on 
the periphery of the rosettes. Therefore, the neuraminidase also appears 
to possess a hydrophobic end. Protease treatment removes the fiber and 
releases the oblong head which is still enzymatically active (Seto et al., 
1965; Drzeniek et al., 1966b) and is seen as a square array of four 4-nm 
spherical subunits (Wrigley et al., 1973). These observations suggest 
that the neuraminidase binds to the viral membrane by its hydrophobic 
end, with the fiber and oblong head projecting outward; however, it has 
not been possible to clearly resolve the arrangement of neuraminidase 
subunits on the envelopes of intact virions. 

Biochemical evidence has also indicated a tetrameric structure for 
the intact spikes. The native structure appears to have a molecular 
weight of '" 200,000-250,000 (Drzeniek et al., 1966b), and in the 
presence of SDS and reducing agents it is dissociated into four NA 
polypeptides of 55,000 daltons (Bucher and Kilbourne, 1972; Lazdins et 
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ai., 1972; Kendal and Eckert, 1972). It has been suggested that two NA 
polypeptides are disulfide linked to form a dimer and that two dimers 
associate noncovalently to form a tetramer (Lazdins et ai., 1972). 
Several laboratories reported that two different neuraminidase poly
peptides of similar molecular weights were present in the X7 recom
binant of influenza virus (Webster, 1970; Bucher and Kilbourne, 1972; 
Lazdins et ai., 1972). However, most strains have been shown to 
possess a single NA polypeptide (Haslam et ai., 1970; Laver and Baker, 
1972; Skehel and Schild, 1971; Gregoriades, 1972). The possibility that 
one of the two NA polypeptides in the X7 strain is a proteolytic 
cleavage product has therefore been considered (Lazdins et ai., 1972). 
Recently it has been shown by analysis of recombinant viruses that a 
single viral RNA segment codes for the neuraminidase polypeptide 
(Palese, 1977; Scholtissek et ai., 1976), further supporting the conclu
sion that a single polypeptide is present. 

A high proportion of the carbohydrate of the neuraminidase is 
removed by trypsin treatment (Lazdins et ai., 1972; Allen et ai., 1977); 
this removes the fiber and leaves the terminal knob, which is still enzy
matically active (Seto et ai., 1966). 

The NA polypeptide possesses types I and II glycopeptides that 
appear to be similar to those of the HA polypeptide and both glycopro
teins have a similar monosaccharide composition (Allen et ai., 1977; 
Schwarz et at., 1977). Allen et at. (1977) and Keil et ai. (1978) have 
obtained evidence that the glycopeptides of NA are linked to the 
polypeptide backbone through an N-acetylglucosamine-asparagine 
linkage. 

Recently both the hemagglutinin and neuraminidase of influenza 
virions were shown to be sulfated glycoproteins (Compans and Pinter, 
1975). The sulfate appears to be covalently linked to the oligosac
charide chains of viral glycoproteins (Nakamura and Com pans, 1977, 
1978b). Glycoproteins of enveloped viruses of all other major groups 
studied also are sulfated, whereas carbohydrate-free polypeptides are 
not (Pinter and Com pans, 1975; Kaplan and Ben Porat, 1976). 

The possible function of the neuraminidase in virus replication is 
discussed below. 

3.S.2c. The Lipid Bilayer 

The envelope of influenza virions is acquired by a process of bud
ding at the plasma membrane (Murphy and Bang, 1952), and there is 
continuity between the unit membrane of the cell surface and that of 
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the emerging virus particle (Bachi et at., 1969; Com pans and Dimmock, 
1969). During this process of morphogenesis, the lipids of the viral 
envelope are acquired from those of the cellular plasma membrane. It is 
therefore likely that the arrangement of lipids in the viral envelope 
reflects that of the plasma membrane. 

Evidence for a lipid bilayer structure in influenza virions has been 
obtained by electron spin resonance (ESR) spectroscopy using spin 
label methods (Landsberger et at., 1971, 1973). Using stearic acid deriv
atives with nitroxide-containing functional groups located at different 
positions on the hydrocarbon chain, a flexibility gradient was observed 
in the viral envelope, which is characteristic of a lipid bilayer structure 
(McConnell and McFarland, 1972). When the functional group is 
located close to the polar head group, it is observed to be in a relatively 
rigid environment, and fluidity of the environment increases as the 
nitroxide group is located further down the hydrocarbon chain. 

The composition of the virion includes 10-13% phospholipids, 
6-8% cholesterol, and at least 1-2% glycolipids (Frommhagen et at., 
1959; Blough and Merlie, 1970; Klenk et at., 1972a). In early studies it 
was demonstrated that prelabeled cellular lipids were incorporated into 
influenza virions and that the lipid composition resembled that of the 
host cell of origin (Wecker, 1957; Kates et at., 1961). A part of the viral 
lipid may, however, also be newly synthesized after virus infection 
(Blough, 1974). Differences in fatty acid composition have been 
reported for various strains of influenza virus grown in ovo, primarily 
in the neutral lipid fraction (Tiffany and Blough, 1969a,b; Blough and 
Tiffany, 1973). Because of these differences, it has been proposed that 
viral envelope proteins determine the lipid com position by binding 
specific lipids; however, extensive and detailed analyses with other virus 
groups indicate that the viral lipid composition closely reflects that of 
the host cell plasma membrane and may be influenced by viral proteins 
only to a very limited extent (see sections on paramyxoviruses and 
togaviruses). Thus virions obtained from different host cell types 
contain the same protein components but may show marked differences 
in lipid composition, which parallel those of the host cell plasma 
membrane. These differences in lipid composition may result in viral 
membranes with differences in fluidity of the lipid bilayer as observed 
by ESR spectroscopy. Thus influenza virions grown in MDBK (bovine 
kidney) cells were observed to have a more rigid lipid bilayer than 
virions grown in BHK21 cells (Landsberger et at., 1973). The higher 
cholesterol content in virions from MDBK cells was thought to be the 
major determinant of the increased lipid rigidity. 
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Recently the distribution of lipids between the inner and outer 
sides of the lipid bilayer of influenza virions has been investigated using 
phospholipases and phospholipid exchange proteins (Tsai and Lenard, 
1975; Rothman et al., 1976). Approximately 30% of the phospholipid 
was observed to be inaccessible to either phospholipase C digestion or 
the exchange protein. Nearly all of the phosphatidylinositol, about half 
of the phosphatidylcholine, 30% of the phosphatidylethanolamine, and 
15-25 % of sphingomyelin and phosphatidylserine were accessible to 
either treatment, and it was concluded that these lipids are exposed on 
the outer monolayer of the viral membrane. The population of lipid 
molecules which were exchanged in the reaction catalyzed by exchange 
protein was shown to be the same as that digested by phospholipase C 
(Rothman et al., 1976). The phospholipid pools accessible to the 
exchange protein were stable, indicating that exchange between the 
inner and outer monolayer is extremely slow (a half-time in excess of 30 
days for sphingomyelin and 10 days for phosphatidylcholine). The 
presence of amine-containing phospholipids on the external surface of 
influenza virions was suggested previously based on staining properties 
of the viral membrane (Choppin and Com pans, 1975). The distribution 
of lipids in the viral membrane differs from that observed for human 
erythrocytes in this respect (Bretscher, 1972, 1973). Since less than half 
of the total phospholipid was observed to be present on the outer 
monolayer of influenza virions, it was suggested that there is a high 
glycolipid content on the external side of the bilayer (Rothman et al., 
1976). The presence of glycolipid carbohydrates on the external surface 
of the viral envelope has been demonstrated by binding of specific 
lectins to protease-treated particles devoid of glycoproteins (Klenk et 
al., 1972a). 

An exchange process between virions and lipid vesicles was used to 
investigate the distribution of cholesterol in the viral envelope (Lenard 
and Rothman, 1976). Exchange of labeled cholesterol occurred only 
after treatment with chymotrypsin, which degrades the viral glycopro
teins. About half of the cholesterol was rapidly exchangeable, and 
appeared therefore to be present in the outer monolayer. The half-time 
for the equilibration of cholesterol between the inner and outer halves 
of the bilayer was estimated to be at least 13 days. 

3.S.2d. The M Protein 

The M protein was first identified as a distinct structural 
component by the use of proteolytic enzymes or detergents to selec-
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tively remove the surface glycoproteins of influenza virions (Com pans 
et al., 1970; Schulze, 1970; Skehel and Schild, 1971) which enabled the 
isolation of "spikeless" particles which lacked hemagglutinin and neu
raminidase activities. Analysis of their polypeptide composition by 
SDS-polyacrylamide gel electrophoresis revealed that two major 
polypeptides were present. The larger of the major polypeptides had 
been previously identified as the nucleoprotein subunit, but the smaller 
(-"""26,000 daltons) was previously unrecognized as a viral structural 
component. It is now virtually certain that this major protein is 
associated with the inner surface of the viral envelope, and it has been 
designated as the M, or membrane, protein. The M protein is the 
smallest and most plentiful of the virion polypeptides, composing about 
40% of the total virion protein by weight. Similar polypeptides have 
also been identified for other enveloped viruses (see sections on 
paramyxoviruses and rhabdoviruses). 

Electron microscopic studies initially suggested the presence of a 
protein layer on the inner surface of the viral envelope. Thin sections of 
influenza virions showed an electron-dense layer on the internal surface 
of the unit membrane, which is not present on the normal cellular 
membrane (Apostolov and Flewett, 1969; Bachi et al., 1969; Com pans 
and Dimmock, 1969). It has been calculated that the M protein is 
present in sufficient quantity to form such a shell beneath the lipid 
bilayer (Com pans et al., 1972; Schulze, 1972). Further evidence for the 
location of the M protein was obtained by extraction of the lipids of 
glutaraldehyde or formaldehyde-fixed virions; the resulting particles 
exhibited a smooth-surfaced membrane surrounding the nucleocapsid, 
which corresponds to the M protein layer (Schulze, 1972; Reginster and 
Nermut, 1976). Iodination with chloramine T (Stanley and Haslam, 
1971) and fluorescence transfer experiments (Lenard et al., 1974) have 
also supported the conclusion that the M protein is located beneath the 
lipid bilayer and external to the viral ribonucleoprotein. The M protein 
is unaffected when intact virions are exposed to proteolytic enzymes 
(Com pans et al., 1970; Schulze, 1970; Klenk et al., 1972a), and it is 
unreactive with labeling reagents specific for proteins on the external 
surface of the bilayer (Stanley and Haslam, 1971; Rifkin et al., 1972), 
indicating that no part of the M protein penetrates through the lipid 
bilayer to the external surface of the envelope. 

The M protein has been purified by gel filtration in the presence 
of guanidine hydrochloride (Lazarowitz et al., 1971), acid chloro
form-methanol extraction (Gregoriades, 1973), and precipitation after 
solubilization of virions with ammonium deoxycholate (Laver and 
Downie, 1976). The amino acid composition of the M protein of several 
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strains of influenza virus has been determined (Laver and Baker, 1972; 
Gregoriades, 1973); M protein contained ~42% of polar amino acids, 
similar to the nucleoprotein subunit. Therefore, the overall composition 
of the M protein is not markedly hydrophobic, although the fact that it 
is selectively extracted in acid chloroform-methanol indicates hydro
phobic properties. Isoelectric focusing of the influenza (Ao/WSN) M 
protein in the presence of NP40 or Triton X 100 indicated an isoelectric 
point of pH 4.6 (Gregoriades, 1973). 

The M proteins of various type A influenza viruses are closely 
related immunologically (Schild, 1972) as well as biochemically, as 
shown by peptide mapping procedures (Laver and Downie, 1976). A 
single tryptic peptide was observed to differ when the M proteins of 
Port Chalmers (H3N2) and BEL (HoN 1) viruses were compared; all 
other tryptic peptides were indistinguishable. Influenza B viruses have 
M proteins which appear to be unrelated immunologically or 
biochemically to those of type A viruses (Schild, 1972; Laver and 
Downie, 1976). With type C influenza viruses, a major nonglycosylated 
polypeptide of 26,000-28,000 daltons is present (Kendal, 1975; Com
pans et al., 1977), which is thought to correspond to the M protein 
based on its resistance to protease and absence as a component of 
purified ribonucleoproteins. 

Exposure of intact virions to [14C]dansylchloride results in selec
tive labeling of the M protein (Robertson et al., 1978). This observation 
suggested that the dansyllabel became associated with the lipid bilayer, 
and labeled a portion of the protein which interacted with the bilayer. 
The dansyl label occurs exclusively on lysine residues; however, several 
cyanogen bromide peptides are labeled, and further understanding of 
the basis of the reaction will have to await a better understanding of the 
molecular structure of the protein. 

Several laboratories have recently obtained evidence that the M 
protein is exposed on the surface of influenza virus infected cells, where 
it may act as a target for cytotoxic T lymphocytes (Braciale, 1977; Bid
dison et al., 1977; Ada and Yap, 1977). These observations will 
undoubtedly stimulate further investigation of the possible functional 
significance of this membrane association in virus replication and its 
importance in the immune response to influenza virus. 

3.S.2e. Sulfated Glycosaminoglycans 

The use of 35S04 as a label has revealed a sulfated component in 
virions migrating near the origin of SDS-polyacrylamide gels, which 
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was previously unrecognized in studies using amino acid or sugar incor
poration or procedures for staining of polypeptides (Com pans and 
Pinter, 1975; Pinter and Compans, (975). Prelabeling experiments indi
cate that this component is derived from the host cell (Com pans and 
Pinter, (975), and it appears likely to correspond to a host cell antigen 
originally described by Knight (1944, (946) and subsequently found by 
others to be a sulfated glycosaminoglycan associated with influenza 
virions (Haukenes et al., 1965; Howe et al., 1967; Lee et al., (969). The 
host antigen has been purified from influenza virions grown in embry
onated eggs and shown to be uronic and sialic acid-free sulfated glycos
aminoglycan, similar in composition to the keratan sulfate group of 
acid glycosaminoglycans (Haukenes et al., 1965; Lee et al., (969). The 
constituent sugars of this material differ from those of the viral glyco
proteins by the presence of glucose and galactosamine and the absence 
of mannose (Schwarz et al., 1978a). 

The sulfated glycosaminoglycan is exposed on the surface of the 
virion, as it can be removed by treatment with proteolytic enzymes. 
However, it does not appear to be bound firmly to the virion glycopro
teins, as a gentle extraction procedure using Triton X 100 results in a 
quantitative separation of the glycoproteins and sulfated gly
cosaminoglycan (Com pans and Pinter, (975). Therefore, the glyco
saminoglycan is either bound loosely to the glycoproteins or attached to 
the viral lipid directly. If the latter is the case, the binding appears to 
involve a peptide portion of the molecule, since trypsin treatment quan
titatively removes these sulfated components from virions. 

3.5.2f. Envelope Components of Influenza C Virus 

There are marked similarities between the structural components 
of influenza A and B viruses; however, influenza C virions exhibit some 
distinct biochemical and morphological properties. These viruses are 
generally similar to other influenza viruses in particle size and shape, 
possession of a segmented genome, and morphology of the internal 
ribonucleoprotein (Ritchey et al., 1976; Cox and Kendal, 1976; Com
pans et al., (977). The nucleoprotein subunit and M protein of 
influenza C virions also are similar to those of other influenza virions in 
size and relative amounts (Kendal, 1975; Compans et aI., (977). The 
most distinctive feature of influenza C virions is their lack of detectable 
neuraminidase activity (Hirst, 1950; Kendal, 1975; Nerome et al., 
(976). A receptor-destroying enzyme is present in influenza C virions, 
but it does not cleave neuraminic acid from various substrates; the 
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receptors for influenza A and C viruses on erythrocytes appear to be 
unrelated since both viruses possess receptor-destroying activity for 
their own receptor but lack activity against the receptor for the 
heterologous virus. In agreement with the lack of neuraminidase is the 
finding that influenza C virions contain neuraminic acid (Nerome et al., 
1976; Meier-Ewert et al., 1978). 

Three glycoprotein species have been detected in influenza C 
virions: a major glycoprotein of ~88,000 daltons and two minor glyco
proteins of ~66,000 and 26,000 daltons (Kendal, 1975; Com pans et al., 
1977). The two smaller glycoproteins are linked by disulfide bonds 
(Meier-Ewert et al., 1978), suggesting analogy to HAl and HA2 of 
influenza A and B viruses; in the absence of reducing agents only a 
single glycoprotein peak of ~88,000 daltons is resolved. It is uncertain 
whether the larger virion glycoprotein seen in the presence of reducing 
agents is a result of incomplete conversion into the two smaller glyco
proteins by proteolytic cleavage or whether it is a distinct viral glyco
protein. 

Glycoproteins of influenza C virions are frequently seen in a 
regular hexagonal arrangement on the surface of the virus (Apostolov 
et al., 1970; Com pans et al., 1977). Such an arrangement is not a 
regular feature of influenza A viruses, although similar patterns have 
sometimes been reported. 

3.5.3. Comparison of the Envelope Structure of Standard and 
Incomplete Influenza Virus 

Noninfectious, hemagglutinating particles of influenza virus are 
produced upon serial undiluted passage [reviewed in Volume 4 of this 
series (Com pans and Choppin, 1975)]. These particles are termed 
"incomplete virus" or "von Magnus" virus, since the phenomenon was 
first described by von Magnus (1954). Frequently incom plete virus is 
markedly pleomorphic (Rott and Schafer, 1960; Lenard and Com pans, 
1975), and altered patterns of surface spikes have been reported (Moore 
et al., 1962; Almeida and Waterson, 1970). A square array of spikes, 
observed on some large, pleomorphic particles (Almeida and Waterson, 
1970), may represent areas enriched in neuraminidase subunits, which 
appear as square subunits when viewed end-on (Wrigley et al., 1973). 

The polypeptides of standard and incomplete virus of the A/WSN 
strain grown in MDBK cells were found to differ, in that incomplete 
virus possessed about twice the relative amount of glycoproteins, while 
the amount of NP protein was significantly decreased (Lenard and 
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Com pans, 1975). The specific neuraminidase activity was also higher in 
incomplete virus. A subpopulation of incomplete virus with normal 
morphology showed the same alterations in protein composition as the 
large pleomorphic particles. These results indicate that the total 
amount of glycoproteins per unit area incorporated into the influenza 
viral membrane may vary with the growth conditions and does not play 
a primary role in determining viral size and shape. No differences were 
found in phospholipid content or composition between standard and 
incomplete virus, nor was any difference in membrane fluidity detected 
by ESR spectroscopy of spin-labeled virus (Lenard et al., 1976), indi
cating that these properties of the viral membrane are not determined 
by the amount of viral glycoprotein present in the envelope. Since lipids 
of viral envelopes appear to be considerably more rigid than a lipid 
bilayer of the same composition that is devoid of viral protein 
(Landsberger and Com pans, 1976), these results suggest that the M 
protein is the major determinant of membrane rigidity (Lenard et al., 
1976). 

3.5.4. Functions of Influenza Virus Glycoproteins 

3.5.4a. Adsorption to Receptors 

In the case of enveloped viruses, glycoproteins located on the sur
face of the virion are the components involved in adsorption to cellular 
receptors, which mayor may not be host cell glycoproteins. Hemag
glutination by influenza virus has been studied as a model system for 
adsorption of a virus to receptors, and considerable information has 
been obtained. Adsorption to the erythrocyte occurs by the hemagglu
tinin spike binding to sialic acid-containing components on the cellular 
surface. The receptor molecule has been isolated from chick red blood 
cells, and it is a major glycoprotein which contains M and N blood 
group antigens. A detailed summary of the properties of this receptor is 
given by Schulze (l975b). Removal of sialic acid from the receptor 
molecule by neuraminidase prevents the agglutination of erythrocytes 
by influenza virus. Hemagglutination can also be inhibited by pretreat
ing the virus with specific antibodies. As has been pointed out above, 
proteolytic cleavage of HA is not a precondition for hemagglutination, 
but it is necessary for complete infectivity. Thus it appears that, in 
addition to its role in adsorption, the hemagglutinin has another func
tion in the infection process, and it has been suggested that it may be 
involved in penetration (Klenk et al., 1975; Lazarowitz and Choppin, 
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1975). This notion is supported by the recent observation that the F 
protein of paramyxoviruses known to be responsible for penetration has 
a highly hydrophobic amino acid sequence at the N terminus of the F2 
fragment (see section on paramyxoviruses) which exhibits almost com
plete homology with the N-terminal end of HA2 (Skehel and 
Waterfield, 1975). Thus both glycoproteins might have similar func
tions. 

Antibody to the hemagglutinin protein of influenza virus will neu
tralize virus infectivity. The specific determinants of viral glycoproteins 
that are recognized by viral neutralizing antibodies have not been 
chemically characterized. It has been postulated that antibody 
molecules may recognize only determinants on the tip of the HA spike 
of the influenza virion (White, 1974). In reaching these conclusions, it 
has been assumed that the size of the antibody molecule precludes the 
possibility that it could make contact with any other part of the spike 
since the spaces between the spikes are too small for the immunoglob
ulin to interact with other regions. Electron mciroscopic observations 
(Lafferty and Oertilis, 1963) indicate that antibody molecules do 
interact with the tips of surface spikes, and analysis of the tryptic 
peptides of HA molecules isolated from closely related influenza strains 
has shown that they rarely differ by more than one or two peptides 
(Laver and Webster, 1973; Webster and Laver, 1972), suggesting that 
these strain differences are restricted to small regions or determinants 
of the HA spike. 

The antigenic character exhibited by the glycoproteins of influenza 
virions is highly variable as evidenced by the many different strains of 
type A and B influenza. The HA and NA glycoproteins of influenza 
viruses are antigenically distinct, and they undergo antigenic changes 
independently of each other (Drzeniek et al., 1966b; Seto and Rou, 
1966; Webster and Laver, 1967; Kilbourne et al., 1968). The antigenic 
changes that occur may be gradual, in which case the different virus 
strains are clearly related to each other with respect to both surface 
antigens. Antigenic changes of this nature are termed "antigenic drift," 
which is thought to result from the interplay of viral mutability and 
immunological selection (Webster and Laver, 1975). The presence of 
antibody of low avidity may select for single-step mutants, which have 
an altered amino acid in the key area of the antigenic determinant, giv
ing rise to a new viral strain. 

At intervals of 10-15 years sudden and complete changes in the 
determinants of type A influenza glycoproteins occur; the changes are 
such that the virus possess glycoproteins that appear completely distinct 
by peptide mapping and serological tests (Webster and Laver, 1975). 
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Dramatic changes in the antigenic determinants of the viral glycopro
teins are termed "antigenic shifts," and it is these new viruses that 
cause worldwide influenza pandemics. It has been postulated that anti
genic shift may occur because type A strains of human origin may 
undergo recombination with type A strains of avian or other animal 
origin. The antigenic determinants of the new HA or NA are suffi
ciently different that the human host does not possess immunity, and 
the virus gains a selective advantage. Interestingly, type B influenza 
viruses do not undergo antigenic shift. The reason for this may lie in the 
fact that type B influenza viruses have not been isolated from other 
animal species; thus it is probable that the type B viruses cannot 
undergo similar recombination events (for review, see Webster and 
Laver, 1975). 

3.S.4b. Neuraminidase Activity 

Several distinct functions have been proposed for this enzyme. It is 
postulated that neuraminidase-containing virus lodges in the upper 
respiratory tract and binds to mucin via the hemagglutinin. The 
glycosyl residues of mucin are terminated by sialic acid (N-acetylneu
raminic acid) to which the hemagglutinin binds, and one role of neu
raminidase may be to cleave the sialoglycoprotein bond, freeing the 
bound virion. It is presumed that i~ this way the virus is released and 
underlying cell receptors are exposed to which the hemagglutinin can 
attach (Davenport, 1976). 

It is unlikely that neuraminidase is involved in an early event such 
as penetration because virions remain infectious after inhibition of the 
activity by specific antibody (Seto and Rott, 1966; Bucher and Palese, 
1975). However, the possibility that neuraminidase participates in the 
release of the budding virion from the infected cell surface has gained 
support from several types of experiments. By using influenza strains 
that had different levels of enzyme activity, it was shown that virus 
strains having low activity were released from cells more slowly than 
strains with higher enzyme activity (Palese and Schulman, 1974). 
Further, in the presence of antibody to the viral neuraminidase, which 
inhibited enzyme activity, virions were formed, but release of virus into 
culture medium was inhibited (Seto and Rott, 1966; Com pans et at., 
1969; Webster, 1970). When bacterial neuraminidase was added to the 
cultures, infectious virus was released from the cells. These studies, 
however, are complicated by the fact that bivalent antibody can cause 
cross-linking of virions to viral antigens on cell surfaces, and Becht et 
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at. (1971) reported that monovalent Fab fragments inhibited neuramini
dase activity without affecting virus release. 

More conclusive evidence for the function of the enzyme has been 
obtained with temperature-sensitive mutants of influenza virus which 
are defective in neuraminidase activity (Palese et at., 1974). At nonper
missive temperature, no neuraminidase activity is detected; virus parti
cles are produced by cells despite the fact that infectivity titers are 
markedly reduced. However, the virus particles form large aggregates, 
and in contrast to wild-type virions these particles contain sialic acid as 
shown by colloidal iron hydroxide staining. Since influenza virions bind 
to sialic acid residues, these results indicate that the mutant virus parti
cles aggregate to each other because sialic acid is added to viral car
bohydrates, and that the essential function of viral neuraminidase is to 
remove or prevent the addition of such sialic acid. In support of this 
conclusion, addition of bacterial neuraminidase to cells infected with 
these mutants causes a marked enhancement of virus release. 

Further evidence which supports this role for the neuraminidase 
was obtained with a neuraminidase inhibitor, 2-deoxy-2,3-dehydro-N
trifluoracetylneuraminic acid (F ANA). Influenza virions grown in the 
presence of F ANA contain neuraminic acid on their envelopes and the 
particles undergo extensive aggregation (Palese and Com pans, 1976). A 
marked reduction in virus yield is observed because of this aggregation, 
and treatment with a purified neuraminidase results in enhancement of 
progeny virus yields, apparently by disaggregation of virus. Thus viral 
neuraminidase is not required for assembly of progeny virions but 
appears to be essential for the removal of sialic acid from the surface of 
the virion itself. 

3.5.5. Biosynthesis of Envelope Components 

3.5.5a. Proteins 

The synthesis and assembly of influenza virus-specific polypeptides 
can readily be analyzed in cell cultures because host cell polypeptide 
synthesis is inhibited after infection. All of the virion polypeptides plus 
a virus-specific nonstructural polypeptide (designated "NS") can be 
identified by polyacrylamide gel electrophoresis. The time course of 
synthesis varies with the specific virus strain and cell type (Lazarowitz 
et at., 1971; Skehel, 1972; Klenk et at., 1972b; Krug and Etkind, 1973; 
Meier-Ewert and Com pans, 1974; Inglis et at., 1976; Lamb and 
Choppin, 1976). 
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The intracellular location of viral polypeptide species has been 
determined using cell fractionation procedures. The HA polypeptide is 
always membrane associated, and the results of pulse-chase experiments 
suggest that it is synthesized on membrane-bound polyribosomes in the 
rough endoplasmic reticulum and that completed chains are transported 
to the smooth cytoplasmic membrane fraction and from there to the 
plasma membrane (Lazarowitz et ai., 1971; Com pans, 1973a; Klenk et 
ai., 1974; Hay, 1974; Meier-Ewert and Com pans, 1974). This scheme of 
intracellular migration is also supported by results indicating a 
progressive addition of sugars to the HA polypeptide (Compans, 1973b; 
Stanley et ai., 1973; Klenk et aI., 1978). Glucosamine is incorporated 
into HA polypeptides in the rough as well as the smooth membrane 
fraction, whereas fucose is present in smooth membranes but absent in 
the HA polypeptides in the rough membrane fraction (Com pans, 
1973b). Inhibition of protein synthesis by puromycin stops the incor
poration of glucosamine almost immediately, whereas fucose is incor
porated only after the completed HA polypeptide migrates to the 
smooth endoplasmic reticulum or Golgi complex membranes in the 
infected cell (Stanley et ai., 1973). Incorporation of sulfate into HA 
polypeptides also occurs for up to 3e min after inhibition of protein 
synthesis (Nakamura and Com pans, 1977). The initial glycosylation 
events involve en bloc transfer of the glucosamine-mannose cores of the 
side chains from a lipid precursor (Schwarz et ai., 1977; Klenk et ai., 
1978). This transfer appears to be extremely rapid, possibly occurring 
on nascent chains (Klenk, 1974), since it is not possible to detect 
unglycosylated forms of the HA polypeptide by short pulse labeling 
(Com pans, 1973a; Klenk et ai., 1974). The site of cleavage of HA into 
HA 1 and HA2 varies with the virus strain. With the WSN strain 
cleavage occurs at the plasma membrane (Lazarowitz et ai., 1971), 
whereas the fowl plague virus cleavage occurs intracellularly in 
membranes of the endoplasmic reticulum (Klenk et al., 1974). Cleavage 
of HA is inhibited if the virus is grown in the presence of protease 
inhibitors or at reduced temperature (Klenk and Rott, 1973). 

The NA polypeptide is present in small amounts in infected cells, 
and there is less information available on its intracellular location. The 
NA polypeptide is found along with HA in the smooth membrane frac
tion (Com pans, 1973a; Klenk et aI., 1974; Hay, 1974), and it appears to 
be one of the polypeptides to arrive rapidly at the plasma membrane 
(Lazarowitz et al., 1971; Hay, 1974). These data suggest that the steps 
in the synthesis and transport of HA and NA to the plasma membrane 
may be similar. Evidence has been obtained that the hemagglutinin is 
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incorporated into discrete regions of the plasma membrane, whereas 
the neuraminidase is more dispersed (Hay, 1974). 

The M protein, although the most abundant polypeptide in the 
virion, is synthesized in limited amounts in infected cells, and it has 
been suggested that the synthesis of M may be rate limiting for viral 
assem bly (Lazarowitz et at., 1971). In contrast to other viral 
polypeptides, the rate of synthesis of M increases late in the infectious 
cycle (Skehel, 1972; Meier-Ewert and Com pans, 1974; Lamb and 
Choppin, 1976). The M protein is found associated with various cyto
plasmic membrane fractions as well as the plasma membrane 
(Lazarowitz et at., 1971; Com pans, 1973a; Stanley et at., 1973; Klenk 
et at., 1974; Meier-Ewert and Com pans, 1974; Hay, 1974). However, 
the behavior of M in pulse-chase experiments differs from the behavior 
of HA, in that no migration of M has been detected between various 
cellular compartments. M protein is inserted rapidly into the plasma 
membrane, and it has been suggested that this polypeptide may be 
synthesized on free polyribosomes and inserted into membranes after 
synthesis (Com pans et at., 1974; Hay, 1974). If this is the case, those 
molecules found in association with intracellular membranes may be 
by-products rather than intermediates in assembly. In cells infected at 
reduced temperature, synthesis of the M protein is selectively inhibited 
(Klenk and Rott, 1973), and this inhibition results in a block in virus 
maturation. Similarly, in abortive infection, as it occurs if fowl plague 
virus is grown in HeLa, L, or BHK cells, synthesis of M protein is sup
pressed, and virus particles are not formed. However, the lack of M 
protein has no effect on synthesis and processing of the hemagglutinin. 
Thus the envelope proteins are synthesized and processed by independent 
mechanisms (Lohmeyer et at., 1977). 

3.S.Sb. Lipids 

The available evidence suggests that the normal cellular processes 
of lipid biosynthesis are used to generate the lipids incorporated into 
the viral envelope. Prelabeling of cells with 32P04 before infection was 
used to demonstrate that preformed host cell lipids were utilized for 
virus assembly (Wecker, 1957). The lipids are acquired from the plasma 
membrane during budding and reflect closely the composition of the 
plasma membrane. The asymmetrical distribution of phospholipids and 
glycolipids also presumably reflects the distribution on the cell surface. 
The rate of synthesis of phospholipids was depressed late in the growth 
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cycle in influenza virus infected cells (Blough and Weinstein, 1973), and 
it is likely that this may be a secondary effect of inhibition of cellular 
biosynthesis. 

3.5.5c. Carbohydrates 

Because the genetic information in the viral RNA is accounted for 
by the known structural and nonstructural viral polypeptides, it is not 
possible for the virus to direct the synthesis of enzymes involved in car
bohydrate biosynthesis. Host cell glycosyltransferases therefore appear 
to be utilized. Glycosylation of the viral glycoproteins can be detected 
by addition of radioactive sugars such as glucosamine and fucose to 
infected cells. It is not known whether carbohydrates present in viral 
glycolipids are preformed or newly synthesized after infection. 

Inhibition of the glycosylation of viral glycoproteins has been 
reported using the sugars 2-deoxyglucose or glucosamine (Kilbourne, 
1959; Gandhi et al., 1972; Kaluza et al., 1972; Klenk et aI., 1972b) or 
the antibiotic tunicamycin (R. Schwarz et al., 1977; Nakamura and 
Com pans, 1978a). Both the production of the normal HA polypeptide 
and that of neuraminidase activity are inhibited by these compounds, 
whereas there is little or no effect on synthesis of carbohydrate-free 
polypeptides. A new polypeptide designated "HAO"is detected in the 
presence of inhibitors (Klenk et al., 1972b) which appears to be an 
unglycosylated or partially glycosylated form of the HA polypeptide. 
Glycosylation of the viral glycoproteins appears to influence their 
sensitivity to proteolytic cleavage. Thus the aberrant HAO glycopro
teins produced in the presence of glycosylation inhibitors are cleaved 
into more heterogeneous products resembling HAl and HA2 (Klenk et 
al., 1974; Nakamura and Com pans, 1978a), and in fowl-plague-virus
infected cells treated with tunicamycin the unglycosylated hemagglu
tinin polypeptide is completely degraded (R. Schwarz et al., 1976). 
HAO appears to migrate from rough to smooth cytoplasmic membranes 
in the same manner as HA (Klenk et al., 1974; Nakamura and Com
pans, 1978a) and in some virus-cell systems the maturation process 
occurs, although at a reduced level, in the presence of these inhibitors to 
yield virions containing aberrant glycoproteins (Com pans et al., 1974; 
Nakamura and Com pans, 1978a). Therefore, full glycosylation is not a 
requirement for either intracellular migration or assembly of influenza 
viral glycoproteins into virions. The particles produced in the presence 
of inhibitors have low specific infectivity, however, indicating that 
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glycosylation is probably essential for normal biological activity of the 
glycoproteins. 

3.5.6. The Assembly Process 

Influenza virus was the first virus to be shown to be released from 
infected cells by a process not involving lysis; virus particles emerged 
from the cell surface by budding into the extracellular space (Murphy 
and Bang, 1952). The emerging virions contain a unit membrane like 
that observed on the cellular plasma membrane, with modifications on 
the internal and external surfaces (Com pans and Dimmock, 1969; 
Bachi et at., 1969). The external surface contains projections cor
responding to the viral glycoproteins, whereas the internal surface 
shows an electron-dense layer which is thought to represent the internal 
membrane (M) protein. Viral envelope proteins appear to be incor
porated into areas of membrane of normal morphology, which however 
exhibit specific adsorption of erythrocytes (Compans and Dimmock, 
1969). After alignment of the internal viral components, budding occurs 
by an outfolding of the plasma membrane. Since virions contain little 
or no host cell proteins, these proteins must be excluded from regions of 
the cell surface where virus maturation occurs. There is little direct evi
dence for the nature of the macromolecular interactions involved in 
assembly that lead to domains on the cell surface from which host cell 
polypeptides are excluded. With influenza A viruses, there is little mor
phological evidence for direct interactions between glycoproteins, 
whereas the M protein appears to form a tightly packed shell with 
extensive protein-protein interactions. It therefore seems that lateral 
interactions between M protein molecules, together with trans
membrane interactions between glycoproteins and M protein, are likely 
to be involved in assembly of the envelope. 

Recent reports of the presence of actin in enveloped viruses have 
suggested the possibility that actin microfilaments may be involved in 
virus maturation (Wang et al., 1976). However, the assembly of 
influenza virions was not prevented by cytochalasin B (Griffin and 
Com pans, 1978), despite the disruption of cellular microfilaments by 
the drug. Released virus yields were diminished in the presence of 
cytochalasin as a result of aggregation of virions at cell surfaces; it was 
found that this resulted from production of an inactive neuraminidase 
in the presence of the drug. When purified V. cholera neuraminidase 
was added to cytochalasin-treated cells, a marked enhancement of virus 
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release was observed. Cytochalasin partially inhibits the glycosylation 
of influenza virus glycoproteins, which probably results in the forma
tion of inactive neuraminidase. 

3.6. Paramyxoviruses 

3.6.1. Classification, Morphology, Composition 

The paramyxoviridae family comprises three genera: paramyxo
virus (paramyxovirus subgroup), morbillivirus (measles-distemper 
group), and pneumovirus (respiratory syncytial virus subgroup). 
Members of the paramyxovirus subgroup include a variety of human 
and animal viruses, such as Newcastle disease virus (NOV), mumps, 
and the parainfluenza viruses. The envelope of these viruses has hemag
glutinating and neuraminidase activities. The measles-distemper group 
includes measles virus, canine distemper virus, and rinderpest virus. 
These viruses contain only hemagglutinin but no neuraminidase. The 
respiratory syncytial virus (RSV) subgroup includes RSV of man and 
cattle, and pneumonia virus of mice. These viruses have no neuramini
dase activity and RSV has no hemagglutinating activity either. A com
mon feature of almost all paramyxoviruses is their ability to induce cell 
fusion; RSV causes cell fusion whereas pneumonia virus of mice has 
not been reported to cause fusion. 

Virions are usually spherical, 150 nm or more in diameter, but fila
mentous forms several micrometers long may be observed. Virions are 
composed of a helical nucleocapsid and an envelope with surface pro
jections about 10 nm in length. The envelope of paramyxoviruses 
appears to be particularly flexible, and virus particles exhibit a high 
degree of pleomorphism. 

Virus particles are composed of about 1 % RNA, 70% protein, 20% 
lipid, and 6% carbohydrate (Klenk and Choppin, 1969a). The lipids, the 
carbohydrates, and about 70% of the total viral protein constitute the 
envelope (Com pans and Choppin, 1967; Caliguiri et al., 1969). The car
bohydrate is present in the form of glycoprotein (Klenk et al., 1970a), 
glycolipid (Klenk and Choppin, 1970b), and mucopolysaccharide 
(Pinter and Com pans, 1975). 

Detailed studies have been carried out on the envelopes of NOV 
and two parainfluenza viruses: Sendai virus and simian virus 5 (SV5). 
Less information is available on morbillivirus and pneumovirus 
envelopes, but there is increasing evidence that they follow the same 
general rules for structure, function, and biosynthesis. Reviews on 
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paramyxovirus replication have been published in Volume 4 of this 
series (Choppin and Com pans, 1975), and elsewhere (Kingsbury, 1973). 

3.6.2. Fine Structure and Arrangement of Envelope Components 

The paramyxovirus envelope is composed of a lipid bilayer, an 
inner carbohydrate-free protein (M protein), and external spikes 
consisting of glycoproteins. Table 2 presents a list of the envelope pro
teins, their estimated molecular weights, and functions. 

The envelope can be disrupted and its components can be solubil
ized by detergents (Rott and Schafer, 1960). The glycoprotein spikes 
and the M protein have different solubilities in detergent-salt solutions 
and can thus be separated from each other (Scheid et al., 1972). The 
spikes are removed from the virus particles by extensive protease treat
ment (Chen et al., 1971). It is not clear if the spikes completely 
penetrate the lipid layer and thus are able to directly interact with the 
M protein. Glucosamine, mannose, galactose, and fucose have been 
identified as carbohydrate constituents of the spike glycoproteins 
(Klenk et al., 1970a). By means of their carbohydrate complement the 
spikes are able to bind to phytoagglutinins (Becht et al., 1972). 

Paramyxoviruses possess two different glycoprotein species, as was 
shown first with SV5 (Klenk et al., 1970a), Sendai virus (Content and 
Duesberg, 1970), and NDV (Mountcastle et al., 1971), and has been 
subsequently further substantiated with several other members of this 
group. The available evidence indicates that each glycoprotein species 
constitutes a distinct type of spike (Scheid et al., 1972; Seto et al., 1973; 
Shimizu et al., 1974). By means of gradient centrifugation (Scheid et 
al., 1972), affinity chromatography to agarose-bound fetuin (Scheid and 
Choppin, 1973), or isoelectric focussing (Shimizu et al., 1974), both 
types have been separated from each other and characterized in detail. 
From a comparison of the structural and functional data of all 
paramyxovirus glycoproteins analyzed to date (Table 2) the following 
picture emerges: One spike type consists of a glycoprotein which in the 
case of NDV, SV5, Sendai virus, and mumps virus has hemagglutinin 
and neuraminidase activities and has, therefore, been designated HN. 
With measles virus, this glycoprotein has only hemagglutinin activity, 
and with RSV it has none of these activities. The other type of spike is 
composed of glycoprotein F and with all viruses has cell-fusing and 
hemolytic activity. The data from which this general conclusion has 
been derived will now be discussed in more detail. 
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3.6.2a. The Hemagglutinin-Neuraminidase Spike 

In contrast to influenza virus which has hemagglutinin and neu
raminidase on distinct glycoprotein molecules, in paramyxoviruses 
both of these activities are associated with one glycoprotein species, the 
UN glycoprotein (Scheid et ai., 1972; Scheid and Choppin, 1973; Seto 
et ai., 1973; Tozawa et ai., 1973; Shimizu et ai., 1974). UN of Sendai 
virus, SV5, and NOV has a molecular weight in the range of 
65,000-74,000 as determined by polyacrylamide gel electrophoresis in 
the presence of SOS and reducing agents. Under nonreducing condi
tions a dimer is observed, suggesting that the hemagglutinin-neuramini
dase spike is composed of two disulfide-linked UN glycopolypeptides 
(Scheid et ai., 1978). Chymotrypsin treatment of this spike yields a 
water-soluble protein with neuraminidase activity (Orzeniek and Rott, 
1963) which contains the larger polypeptide fragment (UN-cl) as a 
disulfide-linked dimer (Scheid et ai., 1978). The other cleavage 
product(s) are lipophilic and contain that part of UN which anchors the 
spike in the virus membrane. Failure to detect an N-terminal amino 
acid on UN or UN-cl suggests that the hydrophobic tail of UN 
contains the C terminus (Scheid et ai., 1978). 

In some strains of NOV, an 82,000-dalton precursor to the UN 
glycoprotein designated "UNO" is incorporated into virions (Nagai et 
ai., 1976b; Nagai and Klenk, 1977). Such particles have reduced 
hemagglutinin and neuraminidase activities as will be described in 
detail below. 

3.6.2h. The Fusion Spike 

The fusion spike is composed of glycoprotein F, which consists of 
two disulfide-linked fragments, F 1 (MW 48,000-56,000) and F2 (MW 
10,000-16,000). Under nonreducing conditions the two fragments are 
not separated from each other and migrate on polyacrylamide gels as a 
complex (MW 54,000-68,000) which has been designated "Fl,2" 
(Table 2). The fragments are derived by proteolytic cleavage from a 
common precursor FO (MW ~65,000) which under certain conditions 
is incorporated into NOV and Sendai virus particles (see below). Since 
only the cleavage product but not the uncleaved precursor is biologi
cally active, it could be clearly demonstrated that glycoprotein F is 
responsible for hemolysis and cell fusion (Uomma and Ohuchi, 1973; 
Scheid and Choppin, 1974a; Shimizu et ai., 1974; Nagai et ai., 1976b). 
Similar conclusions have been drawn from a study using monospecific 
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antibodies (Seto et al., 1974). Of the two cleavage fragments only the 
larger one (F 1) was first identified and was then designated" F" (Scheid 
and Choppin, 1974). Subsequently evidence has been obtained that a 
smaller cleavage fragment F2 is also present on the spike (Shimizu et 
al., 1974; Homma et al., 1975; Nagai et al., 1976a), and recently this 
fragment has been isolated and characterized in some detail (Scheid 
and Choppin, 1977). With Sendai virus, SV5, and NOV, F1 as well as 
F2 is glycosylated, but F2 contains relatively more carbohydrates than 
F 1. No free N terminus was detected on FO or F2 of Sendai virus, 
whereas N-terminal phenylalanine was found on Fl. This suggests that 
the order of the FO polypeptide is X-NH-F2-Phe-F1-COOH. Analysis 
of the N-terminal sequence of the F 1 polypeptide revealed a high degree 
of hydrophobicity and of homology among all three viruses (Scheid et 
al., 1978; Gething et al., 1978). 

3.6.2c. The Lipid Bilayer 

Paramyxoviruses derive their lipids from the plasma membrane of 
the host, where maturation occurs. This concept is based to a large 
extent on a series of comparative lipid analysis of SV5 and isolated 
plasma membranes of different host cells (Klenk and Choppin, 1969b, 
1970a,b). These studies demonstrated that all lipid species observed in 
the plasma membrane are also found in the viral envelope. The only 
exception are gangliosides, which because of the action of the viral neu
raminidase are not incorporated into the virion. The envelope lipids are 
present in proportions typical for plasma membranes; i.e., there is a 
high cholesterol content with a molar ratio of cholesterol to phospho
lipid close to 1, and there are relatively high amounts of sphingomyelin 
and of glycolipids. The close similarity between the viral envelope and 
the plasma membrane is further emphasized when the patterns of the 
individual glycolipid species are analyzed which show distinct variations 
depending on the host cell. For instance, galactosyl-galactosyl-glucosyl
ceramide is found in rhesus monkey kidney cells and in virions grown in 
them, but not in bovine kidney (MOBK) cells or virus from MOBK 
cells (Klenk and Choppin, 1970b). Lipids of Sendai virus and of several 
strains of NOV grown in ovo have also been analyzed, and differences 
mainly in the fatty acid composition have been interpreted to 
demonstrate that the viral proteins have the ability to select 
preferentially certain lipid classes (Blough and Lawson, 1968; Tiffany 
and Blough, 1969b). However, the studies on SV5 described above 
clearly show that it is primarily the plasma membrane of the host cell 
that determines the lipid composition of the paramyxovirus envelope. 
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Electron spin resonance studies have provided evidence that the 
lipids of SV5 are found in bilayer structures with fluid lipid phases 
similar to those observed for other biological membranes (Landsberger 
et al., 1973). All viral membranes were shown to be substantially more 
rigid than the corresponding host cell plasma membranes. Proteolytic 
removal of the glycoprotein spikes did not appreciably alter the fluidity 
of the lipid bilayer of the envelope. Thus it was concluded that the 
rigidity of viral mem branes may be determined by the M protein and not 
by the viral glycoproteins. However, another factor in determining en
velope rigidity was the lipid composition, since differences in the rigidity 
of different host cell membranes were reflected in the viral lipid bilayer. 

3.6.2d. The M Protein 

Like influenza and rhabdoviruses, paramyxoviruses possess two 
major nonglycosylated proteins. One of those is the nucleocapsid pro
tein; the other one (MW ~40,OOO, Table 2) is associated with the viral 
membrane and has therefore been designated the M protein. The first 
evidence for a protein associated with the inner side of the lipid bilayer 
came from electron microscopic studies (see section on influenza 
viruses). This location was further substantiated by the observation that 
the M protein is resistant to protease treatment, which removes the 
spikes from the surface of intact virus particles (Chen et al., 1971). The 
M protein is insoluble in water and nonionic detergents but can be 
solubilized by nonionic detergents in the presence of high salt. On the 
basis of these properties purification procedures have been developed, 
and chemical analysis revealed that the M protein of SV5 contains a 
high proportion of hydrophobic amino acids (Scheid et al., 1972; 
McSharry et al., 1975). The M protein has high affinity for 
membranes, as indicated by cell fractionation studies which revealed 
that it is present in infected cells only in membrane-containing fractions 
(Nagai et al., 1976a; Lamb and Choppin, 1977). 

3.6.2e. The Envelopes of Mumps, Measles, and Respiratory 
Syncytial Viruses 

Mumps, measles, and respiratory syncytial viruses are by far not 
as well analyzed as Sendai virus, NOV, and SV5. The data on protein 
composition available to date (Table 2) suggest, however, that their 
envelopes are organized by the same general principles. 

Mumps virus contains two glycoproteins. The larger one has been 
found to possess hemagglutinin and neuraminidase activities. Evidence 
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has also been obtained for the presence of an M protein as judged by its 
solubility in Triton X 100 and high-salt solution (Jensik and Silver, 
1976). 

The experimental evidence obtained in a series of studies on 
measles virus indicates that this virus also has two glycoproteins. One of 
these glycoproteins has a molecular weight of ""80,000 as indicated by 
polyacrylamide gel electrophoresis in the presence of mercapto
ethanol (Bussell et al., 1974; Mountcastle and Choppin, 1977), whereas 
under nonreducing conditions it migrates as a dimer (Hardwick and 
Bussell, 1976). It resembles therefore the HN glycoprotein of Sendai 
virus in these properties. The other glycoprotein exhibits structural fea
tures typical for F. It is composed of two disulfide-linked fragments F 1 
and F2, and a precursor FO has also been identified. In contrast to Sendai 
virus, SV5, and NOV, Fl appears to be unglycosylated with measles 
virus (Hardwick and Bussell, 1976; Mountcastle and Choppin, 1977; 
Scheid et al., 1978). These data are compatible with immunological 
studies in which two distinct antigens have been identified, one with 
hemagglutinating and the other one with hemolytic activity (Norrby and 
Gollmar, 1975). 

The polypeptides of RSV have also been analyzed by polyacryl
amide gel electrophoresis, but so far an association with biological 
activities has not been established. Two glycoproteins have been found, 
and there is suggestive evidence for an M protein (Wunner and 
Pringle, 1976). 

3.6.3. Biogenesis and Assembly of the Envelope 

The envelopes of paramyxoviruses are assembled on preformed 
cellular membranes, and the final step in assembly is a budding process 
at the plasma membrane. The available evidence, which is derived 
mainly from electron microscopic and cell fractionation studies and will 
be discussed in detail below, suggests that envelope maturation is a 
multistep process involving sequential incorporation of viral proteins 
into cellular membranes. 

3.6.3a. Biosynthesis of Glycoproteins 

Fractionation studies on cells infected with NOV (Nagai et al., 
1976a) and Sendai virus (Lamb and Choppin, 1977) have shown that 
the polypeptide chains of the glycoproteins are synthesized on the rough 



Viral Membranes 337 

endoplasmic reticulum. The available evidence indicates that they 
migrate via the smooth endoplasmic reticulum and the Golgi apparatus 
to the plasma membrane. 

In the course of migration, the polypeptides of the glycoproteins 
undergo posttranslational modifications. These involve, as can be 
assumed from analogy to influenza virus (see Section 3.5.5a), sequential 
glycosylation on the rough endoplasmic reticulum and on smooth 
membranes. Inhibitors of glycoprotein synthesis such as 2-deoxY-D-glu
cose (Scholtissek et al., 1974; Hodes et al., 1975) and tunicamycin 
(Takatsuki and Tamura, 1971) block paramyxovirus replication. There 
is evidence that the inhibitors interfere with glycosylation (H. O. Klenk, 
R. T. Schwarz, M. F. G. Schmidt, and K. Bortfeldt, manuscript in 
preparation) as has been demonstrated in the case of other enveloped 
viruses such as orthomyxoviruses or toga viruses (see Sections 3.5.5c and 
3.10.3). 

The other type of posttranslational modification which has been 
studied extensively with paramyxoviruses is proteolytic cleavage. 
Cleavage is involved in the biosynthesis of both envelope glycoproteins. 
As described above, the F 1 and F2 subunits of glycoprotein Fare 
derived from a common precursor FO. This precursor has been 
identified with Sendai virus (Homma and Ohuchi, 1973; Scheid and 
Choppin, 1974a), SV5 (Peluso et al., 1977), measles virus (Scheid et al., 
1978), and a whole series of different strains of NOV (Samson and Fox, 
1973; Hightower et al., 1975; Nagai et al., 1976a,b). Cleavage of FO 
takes place on smooth internal membranes and on the plasma 
membrane (Nagai et al., 1976b). With two strains of NOV, a precursor 
HNO has been observed which is converted, again by proteolytic 
cleavage, into glycoprotein HN (Nagai et al., 1976a). It is not clear 
whether synthesis of HNO is a general phenomenon occurring with all 
paramyxoviruses. However, suggestive evidence has been obtained by in 
vitro translation studies that HNO might be synthesized by another 
NOV strain in which the precursor cannot be detected if analyzed under 
in vivo conditions (Clinkscales et al., 1977). 

Cleavage is not required for virus assembly, but it is necessary for 
the expression of the biological activities of each glycoprotein, i.e., 
hemolysis and cell fusion in the case of F (Homma and Ohuchi, 1973; 
Scheid and Choppin, 1974a; Nagai et al., 1976a) and hemagglutinating 
and neuraminidase activity in the case of HN (Nagai et al., 1976a; 
Nagai and Klenk, 1977). As will be shown later, these activities reflect 
the role of the glycoproteins in the penetration process. It is therefore 
not surprising that virus particles with uncleaved precursors have 
reduced infectivity. 
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Whether cleavage occurs depends on the virus strain and on the 
host cell. Sendai virus (Homma and Ohuchi, 1973; Scheid and Chop
pin, 1974a) and certain strains of NOV (Nagai et al., 1976a) in appro
priate host cells produce virus particles with one or both glycoproteins 
present in the inactive precursor form, whereas if grown in other host 
systems the virions are fully infectious and contain both glycoproteins 
in the cleaved form. This observation indicates that host enzymes, 
which are present in a given cell type and absent in another one, are 
responsible for cleavage. On the other hand, in a given host cell the 
glycoproteins of one NOV strain may be cleaved, whereas those of 
another one are not cleaved, and evidence has been presented that these 
variations in cleavage are based on structural differences of the glyco
proteins (Nagai et al., 1976a). 

Virus particles with uncleaved glycoproteins, which are obtained 
with Sendai virus and certain NOV strains, can be activated by in vitro 
treatment with proteases and provide suitable substrates to determine 
the specificity of these enzymes. It was found that the F glycoprotein of 
these viruses is cleaved and activated exclusively by trypsin (Scheid and 
Choppin, 1976; Nagai and Klenk, 1977). With Sendai virus, mutants 
with an altered protease sensitivity have been isolated that are not sus
ceptible to trypsin but are activated by other enzymes such as 
chymotrypsin and elastase (Scheid and Choppin, 1976). In contrast to 
glycoprotein FO, which requires a specific protease, glycoprotein HNO 
was cleaved and activated by a series of enzymes of different speci
ficities (Nagai and Klenk, 1977). Thus there is a striking difference in 
the susceptibility of the two glycoproteins to proteolytic enzymes, and it 
is reasonable to assume that HNO has a much higher chance to 
encounter an appropriate protease in a given host cell and that it is, 
therefore, more readily cleaved than FO. This might explain why, so far, 
HNO could be detected only with two NOV strains, whereas FO has 
been observed with almost all paramyxoviruses analyzed. 

3.6.3b. Biosynthesis of the M Protein 

The association of the M protein with membranes of infected cells 
and its incorporation into mature envelopes have been investigated in 
cell fractionation studies (Nagai et al., 1976b; Lamb and Choppin, 
1977). The M protein was found to be incorporated into plasma 
membranes and into virions immediately after its synthesis. It appears 
that insertion of the M protein into the plasma membrane is one of the 
final steps in envelope assembly. 
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Evidence has been obtained with NDV that M is inserted into 
membrane regions which already contain glycoproteins (Nagai et al., 
1976b). The mechanism by which M recognizes such areas is not 
known. Direct interaction across the lipid bilayer between the envelope 
glycoproteins and the M protein has not been demonstrated with 
paramyxoviruses, but reconstitution studies with isolated components 
suggest that the M protein mediates the binding of the spikes to the 
nucleocapsid (Yoshida et al., 1976). 

The data described so far support the concept that incorporation of 
M into the envelope precursor results in the formation of mature 
envelope with morphologically distinct spikes appearing on the outer 
and nucleocapsid strands being attached to the inner side of the 
envelope. It is reasonable to assume that on its incorporation into the 
membrane the M protein serves as a binding site for the nucleocapsid 
(Shimizu and Ishida, 1975; McSharry et al., 1971, 1975). 

Little is known about the events that lead to the appearance of the 
spikes, but it has to be assumed that extensive rearrangement of the 
glycoproteins occurs. Recently evidence has been obtained that the 
rearrangement might involve patch formation. It has been found that 
the NDV glycoproteins that are incorporated into smooth membranes 
of infected cells have a high degree of mobility in the plane of the 
membrane and show random distribution, whereas in the mature 
envelope they have a low mobility and are aggregated in patches (Nagai 
et al., 1975). Thus it appears that insertion of the M protein into the 
envelope and patch formation of the glycoproteins are closely linked 
events. However, it is not yet known whether patch formation is a pre
condition for attachment of M, or whether insertion of M promotes the 
aggregation of the glycoproteins. 

3.6.3c. Budding 

Our knowledge of the budding process is derived mainly from 
electron microscope and cell fractionation studies. As described in the 
preceding section, cell fractionation studies suggest that the immediate 
precursor to the viral envelope is a discrete patch of plasma membrane 
containing virus-specific proteins. The concept of patch formation is 
supported by electron microscopic studies which show that (1) a layer 
of surface projections covers the virus particle but is absent on the 
adjacent cell surface (Com pans et al., 1966), (2) ferritin-labeled anti
body binds to the entire surface of the budding virions but not to 
adjacent cell membrane (Choppin et al., 1971), and (3) neuraminic acid 



340 Chapter 5 

residues are present on the non altered cell surface but are absent on the 
budding virus particle (Klenk et ai., 1970b). Host cell polypeptides 
appear to be excluded from regions of membrane which give rise to 
virus particles as indicated by their absence in the mature virion. 

An important feature of the assembly of the virus is that during the 
budding process the membrane of the viral envelope is continuous with 
and morphologically similar to the plasma membrane of the host cell. 
This suggests that the lipids in the unaltered plasma membrane are 
easily exchangeable by lateral diffusion with those in the budding virus 
particles. It is therefore not surprising that the lipids in the envelopes 
very closely resemble those of the host cell membrane. 

There is thus good evidence that the viral envelope is derived from 
a patch of plasma membrane modified by the incorporation of virus
specific proteins. However, little is known about the mechanism which 
promotes protrusion of this patch to induce bud formation. Since the M 
protein and the nucleocapsid are the last virus-specific components to 
arrive in these patches, it is perhaps not unreasonable to assume that 
either one or both of these structures might be directly responsible for 
budding. In this respect, it is of interest to note that under certain con
ditions virus particles lacking nucleocapsid can be isolated (Rott et al., 
1963). This observation suggests that the M protein plays a more 
important role in the budding process than the nucleocapsid. 

3.6.4. Biological Function of Envelope Glycoproteins 

3.6.4a. Role in Initiation of Infection 

The glycoproteins of paramyxoviruses play essential roles in the 
initiation of infection. HN appears to be responsible for adsorption 
and F is involved in penetration. This conclusion can be drawn 
from numerous studies on the function of these glycoproteins. 
Paramyxoviruses are particularly suitable for such studies for the 
following two reasons: (1) There are specific activities associated with 
each glycoprotein that can be easily measured and thus can serve as 
model reactions. (2) Virus particles with biologically inactive precursors 
are available that can be activated by in vitro treatment with specific 
proteases, e.g., strain Ulster of NDV HNO can be activated by 
chymotrypsin and FO by trypsin. Thus the activity of each individual 
glycoprotein can be analyzed independently. 

i. The HN Glycoprotein. The ability of paramyxoviruses to 
interact and agglutinate a wide spectrum of erythrocytes has been 
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known for many years. That it is justified to use hemagglutination as a 
model reaction for adsorption is demonstrated by the observation 
described above that NDV particles with the biologically inactive 
precursor HNO have a reduced infectivity (Nagai et al., 1976b; Nagai 
and Klenk, 1977). This concept is also supported by the observation 
that a mutant of Sendai virus forms virions that lack the HN glycopro
tein as well as infectivity (Portner et al., 1975). Both of these findings 
demonstrate that HN is essential for infection. 

The glycoprotein nature of the myxovirus receptor on erythrocytes 
and the essential role of neuraminic acid for its function have been 
known for many years (Klenk et al., 1955). Since then much informa
tion has been accumulated on the receptor (for reviews, see Bachi et al., 
1977). There appears to be little specificity concerning the structure to 
which neuraminic acid is linked, because a whole series of different neu
raminic acid containing glycoproteins have been shown to bind. 
Moreover, gangliosides are also active (Huang et al., 1973; Haywood, 
1975). 

There is evidence that the same active center on the HN glycopro
tein is responsible for hemagglutinating and neuraminidase activities. 
This is suggested by binding studies of a neuraminic acid analogue 
(Scheid and Choppin, 1974b) and by activation studies with proteases 
(Nagai and Klenk, 1977). The neuraminidase of paramyxoviruses has a 
broader substrate specificity than the enzyme of influenza viruses 
(Drzeniek, 1967; Huang and Orlich, 1972). As has been pointed out 
above, lipids and carbohydrates in the virus particle are determined 
largely by the host. The neuraminidase appears to be responsible for the 
only distinct virus-specific modification, i.e., the absence of neuraminic 
acid in glycoproteins and glycolipids (Klenk and Choppin, 1970b; 
Klenk et al., 1970a,b). Whereas there is general agreement that hemag
glutination reflects the role of the HN glycoprotein in adsorption, less 
is known about the biological significance of the enzymatic activity. It 
has been suggested that the neuraminidase may be important for virus 
release, but the evidence for this concept has been obtained mostly from 
studies with influenza virus (see Section 3.5.4b). 

ii. The F glycoprotein. There is now wide agreement that the 
common principle underlying cell fusion and hemolysis is insertion of 
the viral envelope into the cell membrane by fusion. Experimentalevi
dence for insertion and subsequent dispersion of envelope antigens in 
the plasma membrane has been obtained from electron microscopic 
studies (Hoyle, 1962; Howe and Morgan, 1969; Apostolov and Almeida, 
1972; Bachi et al., 1977). Hemolysis appears to require insertion of a 
highly permeable envelope in order to allow leakage of ions, swelling of 
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the cells, and finally rupture and egress of hemoglobin (Shimizu et at., 
1976; Homma et at., 1976). Cell fusion occurs if the envelope incor
porated into the plasma membrane fuses with another cell. Hemolysis as 
well as cell fusion requires the presence of glycoprotein F in its cleaved 
form as outlined above. Since this glycoprotein is also necessary for 
infectivity, it is a fair assumption that envelope-membrane fusion is also 
the mechanism of paramyxovirus penetration. 

Cell fusion and hemolysis have found wide application as model 
systems to study envelope-membrane fusion (for a review, see Hosaka 
and Shimizu, 1977), and recent studies suggest that the virus alters the 
structure of the lipid bilayer of the target cell membrane and that there 
is an exchange of lipid between the viral envelope and the cell 
membrane. Evidence for lipid exchange has been obtained by Hoyle 
(1962), who reported that radioactively labeled phospholipid was 
transferred from influenza virus to membrane vesicles prepared from 
virus-infected cells, and Orzeniek et at. (1966), who showed that lipid 
antigens were transferred from paramyxovirions into erythrocytes on 
exposure of cells to viruses. Recently lipid exchange mediated by NOV 
between cells in culture could be demonstrated by means of a 
fluorescent lipid probe (Huang, 1977). 

Further insight into the molecular mechanism involved in the 
fusion process came from studies employing spin-labeled probes 
(Maeda et at., 1975, 1977; Lyles and Landsberger, 1977). These studies 
suggest that first the envelope bilayer of the Sendai virion and the 
membrane of the erythrocyte are brought in close contact by the action 
of the HN glycoprotein. Subsequently the lipids of the cell membrane 
are destabilized and lipid intermixing between both bilayers occurs. For 
destabilization and lipid exchange glycoprotein F must be present in the 
cleaved form; virions devoid of F or virions containing the uncleaved 
form have very low activity. Similar results have been obtained by 
nuclear magnetic resonance studies of chick embryo cells exposed to 
NOV which also showed that the virus alters the bilayer structure of the 
target cell membrane and that this perturbation depends on cleavage of 
F (Klenk et at., 1977a). The mechanism of the perturbation induced by 
glycoprotein F appears to be a biophysical rather than a biochemical 
event since the chemical composition of the membrane lipids is not 
changed in the fusion process (Elsbach et at., 1969; Oiringer and Rott, 
1976). As has been pointed out above, the F protein has a highly hydro
phobic region at the N terminus of the F 1 segment, and it is tem pting 
to speculate that this region might be responsible for the interaction 
with the target cell membrane. 
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It has been pointed out above that proteolytic cleavage of the viral 
glycoproteins is determined by the structure of these molecules as well 
as by the disposition of the appropriate enzymes by the host. Depending 
on the host cell and the virus strains, Sendai virus (Scheid and Choppin, 
1976) and NOV (Nagai et al., 1976b) form either infectious particles 
with cleaved glycoproteins or particles with reduced infectivity and 
uncleaved glycoproteins. Thus there are differences in host range, and 
these differences proved to be of high importance for the pathogenicity 
of NOV. Five virulent and five avirulent strains have been analyzed 
that were grown in five different host systems. For avirulent strains, 
only a few host systems were permissive, i.e., they produced infectious 
virus and allowed replication under multiple cycle conditions; most host 
cells were nonpermissive for these strains, i.e., they produced inactive 
virus and did not allow multiple cycle replication. In contrast, all host 
systems were permissive for virulent strains. It is a reasonable assump
tion that the wide host range of the virulent strains should facilitate 
spread of infection in the organism and thus promote outbreak of 
disease. 

3.7. Poxviruses 

3.7.1. Classification, Morphology, Composition 

The poxviridae family comprises six different genera and several 
other members not yet allocated to a specific genus, such as molluscum 
contagiosum virus. Natural hosts are a wide range of vertebrates and 
invertebrates. Most of the information on structure and replication has 
been obtained from studies on vaccinia virus (genus orthopoxvirus). The 
replication of poxviruses has been reviewed in Volume 3 of this series 
(Moss, 1974). 

Poxviruses are large, brick-shaped or ovoid particles 300-450 nm 
long and 170-260 nm wide. The chemical composition of vaccinia virus 
has been shown to be about 92% protein, 3% DNA, 5% lipid (1.2% 
cholesterol, 2.1 % phospholipid, 1.7% neutral lipid), and 0.2. % non
DNA carbohydrates (Hoagland et al., 1940; Smadel et al., 1940; 
Zwartouw, 1964). Biochemical studies and electron microscopy have 
demonstrated that the external envelope of vaccinia virus meets all the 
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criteria for biological membranes. Chemically it has been demonstrated 
to contain protein and lipid. Morphologically it possesses a trilaminar 
or unit membrane structure of the same width as that of cell 
membranes and exhibits tubular elements at the outer surface (Peters, 
1956; Dales and Siminovitch, 1961; N agington and Horne, 1962; West
wood et ai., 1964; Dales and Mosbach, 1968). A second membrane may 
be present in the core structure, but it has not been so well studied as 
the surface membrane (Morgan et ai., 1962; Easterbrook, 1966; 
Mitchiner, 1969). 

3.7.2. Components of the Envelope 

Because of the complexity of the virus structure, our knowledge on 
composition and architecture of the envelope is far from complete. 

3.7.2a. Proteins 

In vaccinia virions 20-30 polypeptides ranging in molecular weight 
between about 8000 and 200,000 have been identified by polyacryl
amide gel electrophoresis (Holowczak and Joklik, 1967; Moss and 
Salzman, 1968; Katz and Moss, 1970; Moss and Rosenblum, 1972; 
Sarov and J oklik, 1972). Out of 28 carbohydrate-free polypeptides 
observed in whole virus in one of these studies, 17 have been found in 
cores that were prepared by treating virions with N onidet P40 and 2-
mercaptoethanol followed by iodoacetamide, sonication, and banding in 
sucrose density gradients. Five carbohydrate-free polypeptides appeared 
to be envelope proteins, since they were found to be located at or near 
the surface of the virus. This conclusion was based on their ability to 
react in situ with surface labeling agents and on the ability of 
chymotrypsin and Nonidet P40 to release them from virions (Sarov and 
J oklik, 1972). One of these five polypeptides (MW 58,000) appears to 
constitute the tubules at the surface of the virus (Stern and Dales, 
1976). 

In contrast to the apparently complex pattern of carbohydrate-free 
envelope proteins, the glycoprotein composition of vaccinia virus is 
relatively simple. Only one (Holowczak, 1970; Garon and Moss, 1971; 
Moss et ai., 1973) or perhaps two glycoproteins (Sarov and Joklik, 
1972) could be identified in the virion. The vaccinia virus glycoprotein 
differs remarkably in its carbohydrate composition from the gJycopro
teins of other enveloped viruses, since glucosamine has been found to be 



Viral Membranes 345 

the only constituent sugar. Glycopeptides obtained after pronase diges
tion of virions grown in avian and mammalian cell lines were indistin
guishable and a similar glycopeptide was not detected in uninfected 
cells (Garon and Moss, 1971). The precise location of the glycoprotein 
within the viral envelope or even within the virion is unknown. 
Holowczak (1970) and Garon and Moss (1971) noted that a major por
tion of the glucosamine-Iabeled glycoprotein was removed from virions 
by treatment with Nonidet P40 and a reducing agent. This procedure 
was originally devised by Easterbrook (1966) to remove the viral 
envelopes. The glycoprotein was also removed by tryptic digestion 
under conditions in which the lipids were not removed, viral DNA was 
not released, and no loss of plaque-forming units occurred (Moss et al., 
1973). These results, which would suggest that the glycoprotein is 
located at the surface of the viral envelope, are difficult to reconcile 
with the observations of Sarov and J oklik (1972), who reported that the 
glycoproteins could not be removed by Nonidet P40 treatment in the 
absence of reducing agents or by chymotrypsin and that the glycopro
teins are not accessible to surface labeling agents. 

3.7.2b. Lipids 

The vaccinia virus envelope in its trilaminar structure resembles 
cellular membranes and the envelopes of viruses that are assembled on 
such membranes. Unlike the budding viruses, however, vaccinia does 
not derive its lipid constituents by emerging from preexisting cellular 
membranes but rather most probably by a process of autonomous self
assembly within cytoplasmic "virus factories" (Dales and Mosbach, 
1968). As a consequence of this mode of membrane biogenesis, the lipid 
composition of vaccinia virus is distinct from that of the host cell 
plasma membrane, notably with respect to a decreased amount of 
phosphatidylethanolamine and the presence of much greater quantities 
of an as yet unidentified phospholipid (Stern and Dales, 1974). Both 
preformed and nascent phospholipids entered the virion during and 
after particle maturation. In vitro transfer of phospholipids from 
Ii po somes to virus was demonstrated in the presence of either beef heart 
or HeLa cell phospholipid exchange protein, implying that such a pro
tein may catalyze the in vivo transfer of phospholipid from endoplasmic 
reticulum to assembling vaccinia envelopes (Stern and Dales, 1974). 

Evidence has been obtained that virus infection affects the lipid 
metabolism of the cell and that the resulting alterations in lipid com
position are reflected in the host. Thus, after infection with vaccinia 
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virus, there is a shift in HeLa and L cells from complex to less complex 
glycolipids. Purified virus contains the same relative amounts of 
glycolipid as do the host cells whose composition has been altered by 
the infection. Evidence has been obtained that these changes may be the 
consequence of virus-mediated suppression of host protein synthesis, 
thereby affecting also the activity of enzymes involved in production of 
glycolipids (Anderson and Dales, 1978). Similarly, fowlpox virus has 
been found to contain significant amounts of squalene, which is a meta
bolic precursor of cholesterol and is not observed in the uninfected host 
cell (White et al., 1968). 

3.7.3. Biogenesis of the Envelope 

The envelopes of vaccinia and other poxviruses are assembled de 
novo in cytoplasmic foci termed viroplasmic "matrices" or "factories." 
Such envelopes appear first within the factories and are not continuous 
with preexisting cellular membranes. The envelopes develop pro
gressively from arc-shaped trilamellar structures, possessing an external 
coat of a closely packed layer of spicules. Ultimately they are formed 
into closed spheres enclosing immature forms of vaccinia. With time, 
progressive differentiation into a core and lateral bodies takes place 
inside the envelopes, while the external surface undergoes poorly under
stood morphological alterations, such as transformation in which 
spicules disappear and surface tubules appear (Dales and Mosbach, 
1968). Rifampicin blocks the formation of virus particles at an early 
stage and membranes lacking the spicule layer accumulate within the 
cytoplasm. When rifampicin is removed, virtually all membranes 
become coated with spicules within 10 min (Moss et al., 1969). 

3.7.4. Virus-Induced Modifications of Cellular Membranes 

Despite the apparent lack of involvement of the host plasma 
membrane in poxvirus assembly, there are indications that this struc
ture is modified during virus replication. Alterations occurring early 
after infection are the appearance of virus-specific antigens at the cell 
surface (Miyamoto and Kato, 1968; Ueda et al., 1969). Other modifica
tions are hemagglutination and cell fusion. Interestingly, there is evi
dence that in some of these phenomena virus-specific proteins might be 
involved that are not structural com ponents of the virions. 
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3.7.4a. Hemagglutination 

Vaccinia virus produces a hemagglutinin which is found only in 
infected cells, not in virions. It is a late antigen and is located at the cell 
surface (lchihashi and Dales, 1971). The hemagglutinin might be 
identical with the major plasma membrane glycoprotein synthesized 
after infection, which is thought to be virus specific (Weintraub and 
Dales, 1974). Such nonstructural glycoproteins have been observed in 
relatively large amounts in membrane fractions of infected cells (Moss 
et al., 1973) and have been found to differ from the glycoprotein 
present in the virus particle in electrophoretic mobility, size of the oli
gosaccharide, and carbohydrate composition (Garon and Moss, 1971). 

3.7.4b. Cell Fusion 

Vaccinia virus induces cell fusion, which requires both DNA 
replication and protein synthesis, occurs only after mature particles 
have been assembled, and is not elicited from the outside by inoculum 
virus (Dales et al., 1976). Cell fusion can be suppressed by antiserum 
prepared against isolated surface tubules of the virion. Such treatment 
also neutralizes virus infectivity (Stern and Dales, 1976). These 
observations support the concept derived from electron microscopic 
studies that the virus penetrates into the host cell by fusion of the 
envelope with the plasma membrane (Chang and Metz, 1976; Dales et 
al., 1976). Moreover, these findings suggest that the fusing agent is 
located at the virus surface. It remains to be seen, however, whether 
this agent is the surface tubule itself or another component of the 
envelope. 

3.8. Rhabdoviruses 

3.8.1. Classification, Morphology, Composition 

The rhabdoviridae family comprises the genus vesiculovirus, with 
the prototype vesicular stomatitis virus (VSV), and the genus lyssavirus, 
with the prototype rabies virus. Natural hosts of these viruses are 
vertebrates and arthropods. In addition, there are members of this 
family that multiply in plants. 

Virions are usually bullet shaped, 130-300 nm long and 70 nm 
wide. They contain a long tubular nucleocapsid with helical symmetry 
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that is surrounded by an envelope. They are composed of about 3-4% 
RNA, 65% protein, 20-25% lipid, and 3-13% carbohydrate (McSharry 
and Wagner, 1971a; Schneider and Diringer, 1976). The carbohydrate 
is present in the form of glycoprotein, glycolipid (Klenk and Choppin, 
1971), and mucopolysaccharide (Pinter and Com pans, 1975). 

We will confine ourselves here to VSV, which is one of the best
studied enveloped viruses, and to rabies virus. Various aspects of 
rhabdovirus structure and replication have been reviewed previously in 
Volume 4 of this series (Wagner, 1975) and elsewhere (Emerson, 1976; 
Schneider and Diringer, 1976). 

3.8.2. Fine Structure and Arrangement of Envelope Components 

The rhabdovirus envelope is composed of a lipid bilayer, one or 
two inner carbohydrate-free M proteins, and external spikes consisting 
of a single glycoprotein designated G. Table 3 presents a list of the 
envelope proteins of VSV and rabies virus. 

The envelope proteins of VSV have been separated from the 
nucleocapsid by treatment with deoxycholate (Kang and Prevec, 1969; 
Cartwright et ai., 1970), digitonin (Wagner et ai., 1969), hydrochloric 
acid at pH 1.5 (Mudd, 1973), or Triton X 100 in the presence of 0.3 M 
NaCI (Emerson and Wagner, 1972). In low-ionic-strength solution, 
Triton X 100 (Kelley et ai., 1972) and other nonionic detergents, such as 
Nonidet P40 (Arstila, 1973; Cartwright et ai., 1970) and Triton NI01 
(Dietzschold et ai., 1974), solubilize selectively the G protein of VSV. 
Similarly, the glycoproteins of rabies virus have been solubilized by the 

TABLE 3 

Envelope Proteins of Rhabdoviruses 

Vesicular stomatitis virus 
Indiana serotype 

Molecular 
Designationa weight a 

G 69,000 

M 29,000 

a Wagner et al. (\972b). 
b Sokol et al. (1971). 
C N eurath et al. (\ 972). 

HEP flury strain 

Molecular 
Designationa weightb 

G 80,000 

M2 25,000 

Rabies virus 

PM strain 

Molecular 
De~ignationa weightC 

GI 78,000 
G2 65,000 
M2 22,000 
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action of Triton X 100 and purified from contaminating proteins by 
isoelectric focusing (Schneider and Diringer, 1976). 

Although the rhabdovirus envelope is composed predominantly of 
virus-specific proteins, there is evidence that host cell proteins are 
incorporated at levels too low to be detected by biochemical means. 
Thus the L-cell histocompatibility antigen has been found in VSV 
purified from these cells (Hecht and Summers, 1972). 

3.8.2a. The Spikes 

Rhabdoviruses are covered with closely spaced glycoprotein spikes 
that are approximately 10 nm in length as shown by electron micro
scopic studies. The spikes can be removed by proteases, such as trypsin 
(Cartwright et al., 1970; Schloemer and Wagner, 1974), and in intact 
virions only the spike glycoprotein can be labeled by surface labeling 
agents (Eger et al., 1975). The available evidence indicates that the 
spikes are composed of a single glycoprotein species termed the "G 
protein." With VSV it has a molecular weight of approximately 69,000 
(Table 3). With rabies virus, occasionally two glycoprotein peaks, G 1 
and G2 (Table 3), can be observed on polyacrylamide gels, which, 
however, appear to be modifications of the same species. The propor
tions of Gland G2 varied depending on the virus strain, the virus 
preparation, and storage (Sokol et al., 1971; N eurath et al., 1972). This 
suggests that the lower-molecular-weight component G2 is a degradation 
product of the high-molecular-weight component G 1. 

The glycoproteins of rhabdoviruses are amphipathic like those of 
other enveloped viruses. After protease treatment of VSV a fragment of 
the G protein was demonstrated to be associated with the intact virion 
(Mudd, 1974). More recently Schloemer and Wagner (1975b) have 
isolated a small nonglycosylated portion of the protein from the 
envelope of protease-treated VSV virions. The fragment was found to 
have a molecular weight of 5200, approximately equivalent to 50 amino 
acids. Amino acid analysis showed that there was a preponderence of 
hydrophobic amino acids. The hydrophobic fragment of the G protein 
is long enough to penetrate the lipid bilayer. Conclusive evidence for 
such penetration has not been obtained, but cross-linking experiments 
with glutaraldehyde suggest that interactions may occur between G pro
teins and the internal M proteins (Brown et al., 1974). 

The carbohydrates linked to the G protein of VSV have been 
studied in detail. The glycoprotein is 9-10% carbohydrate by weight 
and has been found to contain mannose, galactose, N-acetylgluco-
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samine, and neuraminic acid as the major sugar components with lesser 
amounts of N-acetylgalactosamine and fucose (McSharry and Wagner, 
1971b). The presence of N-acetylgalactosamine would imply O-glyco
sidic linkages of carbohydrate chains to the polypeptide. However, such 
linkages have not been observed in the G protein, and in recent analyses 
N-acetylgalactosamine could indeed not be detected (Hunt and Sum
mers, 1976b). 

The attachment of the oligosaccharide to the polypeptide is most 
probably via a /3-N-glycosidic linkage between asparagine and N
acetylglucosamine. This conclusion is based on the susceptibility of the 
oligosaccharide to endo-/3-N-acetylglucosaminidase and to strong alkali 
and its resistance to mild alkaline hydrolysis, which would cleave O-gly
cosidic bonds involving serine and threonine (Moyer et al., 1976). 

The carbohydrate side chains of the VSV glycoprotein have been 
characterized in quite some detail. Analysis of the glycopeptides 
obtained by pronase digestion followed by gel chromatography revealed 
that there is only one type of side chain (Moyer et al., 1976). From the 
size of the pronase glycopeptides (MW 3000-3400), the molecular 
weight of the glycoprotein, and the amount of carbohydrate present in 
the glycoprotein, it has been calculated that the G protein contains only 
two carbohydrate side chains (Etchison and Holland, 1974a,b; 
McSharry and Wagner, 1971b). 

Analysis of the tryptic glycopeptides of the G protein of VSV 
showed that the oligosaccharides are attached at two specific sites 
(Robertson et al., 1976). These sites are apparently strongly conserved, 
since tryptic glycopeptides were indistinguishable in wild-type VSV and 
in a mutant which had been chosen by repeated selection for ther
molability and resistance to neutralizing (anti-G) antibody, and 
therefore presumably possessed multiple alterations in its G protein 
(Robertson and Summers, 1977). 

The structure of the oligosaccharide side chain resembles the struc
tures of influenza virus and togavirus glycoproteins in possessing a core 
structure of mannose and N-acetylglucosamine followed by branches 
containing additional residues of N-acetylglucosamine, galactose, and 
terminal fucose and neuraminic acid (Etchison et al., 1977). The oli
gosaccharide is sulfated, but the attachment site of the sulfate is not clear 
(Pinter and Compans, 1975). The presence of neuraminic acid on the 
envelope of VSV has been demonstrated by treating the virus with 
colloidal iron hydroxide, which stains neuraminic acid residues (Klenk et 
al., 1970b). The oligosaccharide side chains lack neuraminic acid when 
VSV is grown in mosquito cells, because these cells lack neuraminosyl
transferase (Schloemer and Wagner, 1975b). Previous studies had also 
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shown that the size and composition of the carbohydrate moieties are 
variable, depending on the cell type in which the virions were grown 
(Burge and Huang, 1970; Etchison and Holland, 1974a). Likewise, the 
sequence of the carbohydrate within the glycosyl side chains may exhibit 
cell dependence (Moyer and Summers, 1974). 

3.8.2b. The Lipid Bilayer 

The lipids of VSV are composed of phospholipids and neutral lipids 
with high ratios of cholesterol to phospholipid and of sphingo
lipids to glycerophospholipids. The lipid composition of the virions 
reflects, but does not exactly mimic, the lipid composition of the host 
cell plasma membrane (McSharry and Wagner, 1971a). In virions 
grown in BHK 21-F cells, relatively large amounts of hematoside are 
observed, which is also the predominant glycolipid of the host cell 
(Klenk and Choppin, 1971). A similar lipid pattern has been found in 
rabies virus (Diringer et al., 1973). 

The lipids are present in the envelope as a bilayer. This has been 
demonstrated with VSV by electron spin resonance studies using spin 
labels (Landsberger and Compans, 1976) and by lac nuclear magnetic 
resonance (Stoffel and Bister, 1975; Stoffel et al., 1976). Neuramini
dase treatment of intact and spikeless particles of VSV grown in BHK 
cells converted gangliosides into neuraminic acid-free glycolipids, 
demonstrating that these were present exclusively on the outer surface 
of the viral bilayer (Stoffel et al., 1975). Treatment of VSV grown in 
BHK cells with a nonpenetrating reagent showed that only 36% of the 
phosphatidylethanolamine was available for reaction and was therefore 
present on the outer surface (Fong et al., 1976). 

The envelope lipids of VSV are derived from the host and reflect 
compositional differences of the host. Such differences are paralleled by 
physical changes of the envelope (Landsberger and Com pans, 1976). 
Envelope rigidity, however, is also dependent on the envelope pro
teins. Landsberger and Com pans (1976) have observed that when the 
glycoproteins of VSV are removed by proteases the envelope becomes 
more fluid, indicating that the viral glycoproteins may contribute to the 
rigidity of the envelope. However, Landsberger and Com pans postu
lated also that the major effect on bilayer fluidity is exerted by the M 
protein, since the fluidity of the lipid bilayer is altered only slightly 
when the G protein is removed by proteases, whereas vesicles prepared 
from extracted viral lipids were much more fluid than lipids in virions. 
Moore et al. (1976) and Barenholz et al. (1976) have shown that the 
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envelope of VSV has a higher microviscosity than the plasma 
membranes from which the virus budded. The increased viscosity was 
attributed in part to the insertion of the hydrophobic regions of the 
glycoproteins into the envelope bilayer. Stoffel and Bister (1975) using 
NMR spectra of l3C-labeled lipids also demonstrated that the envelope 
lipids of VSV are highly rigid, due either to lipid-lipid or to lipid-pro
tein interactions. In general, it may be concluded therefore that the 
glycoprotein does interact with the lipid bilayer and may affect the 
rigidity of the membrane to some extent, but that the M protein may be 
of equal or greater importance in determining membrane rigidity. 

3.8.2c. The M Protein 

Only one type of M protein is found in VSV. Rabies virus has been 
reported to possess two different types of this protein (M 1 and M2), but 
there is no evidence that M 1 is really an envelope protein. The M protein 
is located on the inner side of the lipid bilayer as indicated by its 
resistance to protease treatment of the intact virus particle (Cartwright et 
al., 1970; McSharry et al., 1971; Schloemer and Wagner, 1974) and its 
inaccessibility to surface labeling agents (Eger et al., 1975). The amino 
acid composition of the M protein of VSV has been analyzed, and no 
unusual distributions have been found (Moore et al., 1974). 

The M protein of VSV is antigenic (Cartwright et al., 1970b) and 
monospecific antibodies against purified M protein clearly demon
strated that it is an antigen distinct from the G protein and the 
nucleocapsid protein (Dietzschold et al., 1974). The anti-M serum does 
not neutralize the infectivity of virions but reacts specifically with the 
M protein in either Ouchterlony or complement fixation assays. 

3.8.3. Biogenesis and Assembly of the Envelope 

Maturation of the rhabdovirus envelope is a multistep process 
involving sequential incorporation of viral proteins into preformed 
cellular membranes. In general, the envelope appears to be assembled 
by mechanisms similar to those that have been observed with ortho
and paramyxoviruses (see Sections 3.5.6 and 3.6.3). 

3.8.3a. Biosynthesis of the Glycoprotein 

The G protein of VSV is synthesized on membrane-bound 
ribosomes (Grubman et al., 1974; Morrison and Lodish, 1975; Wirth 
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et ai., 1977), and glycoproteins are always found associated with 
intracellular or plasma membranes but are never free in the cytoplasm 
(Wagner et ai., 1972a; Hunt and Summers, 1976). Pulse-chase experi
ments have shown that during and shortly after biosynthesis the glyco
protein is associated with the rough endoplasmic reticulum. At later 
times it is associated with a smooth cytoplasmic membrane fraction 
and finally, after about 20 min, it appears at the plasma membrane 
(David, 1973; Lafay, 1974; Hunt and Summers, 1976a; Knipe et ai., 
1977a). With ts mutants of complementation group V of VSV the G 
protein is arrested at the nonpermissive temperature at the rough 
endoplasmic reticulum. Budding of virions occurs only when the block 
in migration to smooth membranes is released by a shift to the per
missive temperature. Thus there is a correlation between the migration 
of the G protein and virus assembly (Lafay, 1974; Knipe et ai., 1977b). 

Further insight into the relationship between polypeptide synthesis, 
insertion into membranes, and glycosylation of the G protein is 
obtained from studies analyzing the translation of this protein in a cell
free system. The protein which is synthesized in the presence of 
endoplasmic reticulum membranes appears to be about 2000 daltons 
larger than that prepared in the absence of membranes. This extra 
material probably represents carbohydrate as shown by its suscepti
bility to digestion by endoglycosidases, and by the fact that protein 
synthesized in the presence of membranes binds concanavalin A, while 
that prepared in the absence of membranes does not (Katz et ai., 1977; 
Toneguzzo and Ghosh, 1977, 1978). Further, the glycoprotein produced 
in the presence of membranes is inaccessible to proteolytic digestion, 
except for about 5% of the total protein, which has been found by 
peptide analysis to comprise the C terminus of the polypeptide chain 
(Katz et ai., 1977; Toneguzzo and Ghosh, 1978). Membranes must be 
added before peptide chain synthesis is about 15% complete in order for 
glycosylation and proper insertion to occur (Rothman and Lodish, 
1977; Toneguzzo and Ghosh, 1978). This shows that initiation of 
polypeptide synthesis can precede membrane binding. These observa
tions are in agreement with the "signal hypothesis" according to which 
polypeptide synthesis is initiated by the synthesis of a short amino acid 
sequence at the N terminus that is responsible for attachment of the 
protein to and transport through the membrane (Blobel and Dobber
stein, 1975). 

The available evidence suggests that in the in vitro system the car
bohydrates are attached to the polypeptide as two distinct entities which 
correspond to the cores of the two oligosaccharide side chains of the 
molecule (see above) (Rothman and Lodish, 1977). The inability to 
detect intermediates containing a smaller number of sugar residues sug-
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gests that each core is added in a single step presumably by transfer 
from lipid intermediates. Pulse-chase experiments in infected cells can
not distinguish between the time course of incorporation of amino acids 
and core sugars to the completed glycoprotein, indicating that the cores 
are added in the course of, or promptly on completion of, the 
polypeptide chain. Fucose, galactose, and neuraminic acid are added 
later during processing. The oligosaccharide is completed before the 
protein arrives at the cell surface (Knipe et al., 1977c). Similar conclu
sions on the mechanisms involved in glycosylation have been drawn 
previously from studies with influenza virus (Com pans, 1973b; Klenk et 
al., 1974, 1978). 

Glycosylation of the G protein of VSV can be inhibited by 
tunicamycin, also supporting the concept that lipid intermediates are 
involved in this reaction. Virus particles are not produced under these 
conditions, but the unglycosylated G protein is synthesized and appears 
to be stable in the cell (Leavitt et al., 1977). 

3.8.3b. Biosynthesis of the M Protein 

The M protein is synthesized independently from the G protein 
and by different mechanisms. It is synthesized on soluble ribosomes, 
and is found largely in the cytoplasm without being strictly bound to 
cellular membranes. The M protein is rapidly incorporated into the 
plasma membrane, where it appears in pulse chase experiments already 
after 2 min (Knipe et al., 1977a). The M protein is also more rapidly 
and efficiently incorporated into virions than the G protein (Lafay, 
1974). 

3.8.3c. Envelope Assembly 

The available evidence presented above suggests that, on arrival of 
the G protein at the site of assembly, the M protein and subsequently 
the nucleocapsid associate with this area. Assembly occurs usually by 
budding from cellular membranes. The budding site of VSV is in most 
instances the plasma membrane, but occasionally maturation at 
intracellular membranes has been observed. The New Jersey strain of 
this virus was observed to bud primarily from plasma membranes of L 
or Vero cells, and almost entirely at intracytoplasmic membranes of pig 
kidney cells (Zee et al., 1970). This report indicated that the site of 
maturation of a specific virus type may vary depending on the host cell. 

Several sites of virus assembly have also been observed with rabies 
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virus. In cell cultures, virus budding regularly occurs at the plasma 
membrane and within the cytoplasm from preexisting membranes of 
the endoplasmic reticulum (Hummeler et ai., 1967; Matsumoto and 
Kawai, 1969). Virus assembly at de novo-synthesized membranes in or 
near the matrix as described by Hummeler et ai. (1967) seems to be a 
rarer event which possibly is virus strain dependent (Schneider and Dir
inger, 1976). Budding from the Golgi complex has been observed in 
cultivated mammalian neurons (Matsumoto et ai., 1974). 

3.8.4. Biological Function of the Envelope Glycoprotein 

It is reasonable to assume that rhabdovirus glycoproteins are 
involved in the initiation of infection, like the glycoproteins of other 
enveloped viruses such as myxoviruses. Thus spikeless VSV particles 
which have been produced by treatment with proteolytic enzymes were 
shown to be non infectious. Infectivity was restored, however, when 
these particles were reconstituted with purified G protein isolated from 
the same virus strain or from a different serotype. Antibody directed 
against the homologous G protein used for reconstitution effectively 
neutralized the virus, but antibody directed against the serotype of the 
spikeless particle was ineffective in neutralization if glycoproteins from 
a different serotype were used for reconstitution (Bishop et ai., 1975). 

The G protein may be involved in the adsorption process. This is 
suggested by the observation that VSV (Arstila et ai., 1969; Arstila, 
1972) as well as rabies virus (Halonen et ai., 1968) are able to 
agglutinate goose erythrocytes and that, at least in the case of VSV, the 
G protein has been identified as the hemagglutinin (Arstila, 1973). 

Little is known about how rhabdoviruses penetrate the plasma 
membrane. Evidence has been presented that VSV may penetrate by a 
fusion process (Heine and Schneitman, 1971), and, in appropriate cells, 
this virus may induce cell fusion (Takehara, 1975). However, it is not 
clear whether the G protein plays a direct role in this process. 

Antibody against the G protein will neutralize the infectivity of 
VSV, and vaccination of mice with purified G protein effectively 
protects them against challenge with infective virions (Dietzschold et 
ai., 1974). The antibody to G protein of VSV is type specific and forms 
the basis for division of this virus into serotypes (Kang and Prevec, 
1969). The G protein of rabies virus is also responsible for induction of 
virus neutralizing antibodies (Schneider et ai., 1973; Wiktor et ai., 1973) 
and for conferring immunity to animals against a lethal challenge infec
tion (Atanasiu et ai., 1974). 



356 Chapter 5 

3.9. Retroviruses: C-Type Particles 

The retrovirus group includes viruses found in various avian and 
mammalian species, with the murine and avian C-type viruses being the 
best-studied members. The viruses have a distinctive appearance and are 
unique among RNA viruses in replicating through a DNA intermediate. 
Although most of the viruses are oncogenic, certain nononcogenic 
viruses such as visna and progressive pneumonia viruses of sheep also 
possess the morphological and biochemical characteristics of the group. 
A number of reviews are available which provide more details of tht 
structure and replication process of these viruses (Bolognesi, 1974; 
Bauer, 1974; Bader, 1974; Shapiro and August, 1976; Vogt, 1977; 
Eisenman and Vogt, 1978). 

3.9.1. Envelope Components 

3.9.1a. Surface Proteins and Glycoproteins 

One or two glycoproteins have been recognized as virus-specific 
components on the external surface of the viral envelope. Avian RNA 
tumor viruses, including Rous sarcoma virus (RSV) and avian myelo
blastosis virus (AMV), possess two glycoproteins with apparent 
molecular weights of 85,000 and 37,000, designated "gp85" and 
"gp37," respectively (Hung et al., 1971; Rifkin and Com pans, 1971; 
Bolognesi et al., 1972). Murine leukemia viruses (MuLVs), including 
Rauscher, Moloney, and Friend leukemia viruses, possess a single 
major glycoprotein of molecular weight -70,000, designated "gp70" 
(Moroni, 1972; August et al., 1974). In many preparations, two closely 
adjacent bands designated "gp69" and "gp71" have been observed 
(Strand and August, 1973), whereas in other systems only a single 
component has been identified. However, the two MuLV glycoprotein 
bands cannot be distinguished by peptide mapping (Elder et al., 1977), 
and it is therefore likely that a single functional type of glycoprotein is 
present, with possible minor differences in size or charge due to 
heterogeneity upon secondary modifications. Minor glycoproteins of 
molecular weight 45,000-52,000 have also been identified in murine 
leukemia virus preparations (Moroni, 1972; Moenning et al., 1974; 
Pinter and Com pans, 1975; Marquardt et al., 1977), and their possible 
origin is discussed below. 

Both glycoproteins of avian RNA tumor viruses, as well as gp70 of 
murine leukemia viruses, are located on the external surface of the viral 
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envelope. This has been demonstrated by proteolytic digestion experi
ments, in which the glycoproteins were selectively removed, leaving 
smooth-surfaced particles which still contained the internal car
bohydrate-free viral proteins (Rifkin and Com pans, 1971; Witter et ai., 
1973). In addition, surface labeling procedures resulted in selective 
labeling of the glycoproteins (Robinson et ai., 1971; Witte et ai., 1973; 
McLellan and August, 1976). The glycoproteins can be isolated in the 
form of rosettelike aggregates after detergent treatment, which mor
phologically resemble aggregates of the projections on the viral 
envelope (Bolognesi et ai., 1972). Further, the fact that these isolated 
glycoproteins possess the type-specific antigens of the virus which react 
with neutralizing antibody (Duesberg et ai., 1970; Tozawa et ai., 1970; 
Bolognesi et ai., 1972) indicates their location on the surface of the 
virion. 

Evidence has been obtained that the two glycoproteins of avian 
RNA tumor viruses, gp85 and gp37, are distinct gene products (Mosser 
et ai., 1977) linked by disulfide bonds (Leamnson and Halpern, 1976). 
The resulting complex has an electrophoretic mobility slightly less than 
that of gp85, and it appears to consist of one molecule each of gp85 
and gp37. As discussed below, these two glycoproteins also appear to be 
synthesized as a single large precursor molecule (England et ai., 1977). 
Recently, an additional carbohydrate-free polypeptide has been resolved 
in murine leukemia virus preparations, which also appears to be located 
on the external surface of the viral envelope and is designated p 15(E) 
(Ikeda et ai., 1975; Ihle et ai., 1976; Famulari et ai., 1976; Van Zaane 
et ai., 1976). This protein tends to aggregate in the absence of 
detergents and is found in the void volume using gel filtration in gua
nidine hydrochloride. It can be resolved from an internal virion 
polypeptide of similar electrophoretic mobility by high pH dis
continuous SDS gel electrophoresis (Famulari et ai., 1976). Recent 
studies with Moloney murine leukemia virus (Leamnson et ai., 1977) 
indicate that gp70 and p 15(E) are also linked by disulfide bonds. While 
it is uncertain whether this is the case in all murine leukemia viruses, it 
is likely that p 15(E) is associated with gp70, and it may playa role in 
binding of the spike structure to the viral envelope. The association of 
gp70 and p 15(E) is also suggested by recent observations that they are 
synthesized in the form of a common precursor polypeptide (Famulari 
et ai., 1976; Witte and Weismann, 1976; Van Zaane et ai., 1976). 

The exact size of the spike structure of RNA tumor viruses and the 
number of polypeptide chains which compose the spikes have not been 
determined. Bolognesi et ai. (1972) have suggested that gp37 of AMV 
forms the spike and gp85 is located as peripheral knob in the spike 
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structure. Sedimentation of RSV glycoproteins in sucrose gradients in 
the presence of Tween 20 resolved peaks at 9 Sand 12 S, and it was 
suggested that these consisted of two or three disulfide-linked com
plexes of gp85 plus gp37 (Leamnson and Halpern, 1976). However, it is 
uncertain whether either of these corresponds to the native spike struc
ture. The major glycoproteins of Friend leukemia virus, after release 
from virions by osmotic shock, sedimented as a single peak at 4.05 S, 
corresponding to a molecular weight of 58,000 (Moennig et al., 1974). 
Thus, under these conditions, MuLV glycoproteins appear to be 
released from virions as individual glycoprotein molecules. 

It is apparent that the glycoproteins of RNA tumor viruses can be 
dissociated easily from the viral envelope by a variety of conditions, 
which are not generally feasible for isolation of glycoproteins of other 
virus groups. This is particularly true for murine leukemia viruses, in 
which release of glycoproteins has been demonstrated using osmotic 
shock, freeze-thawing, ultrasonication, and the use of chaotropic agents 
(Moenning et al., 1974; Strand and August, 1976; Marquardt et al., 
1977). The glycoprotein (gp70) preparations obtained appeared free of 
detectable levels of p 15(E), suggesting that no covalent linkage existed 
between these envelope proteins. These observations indicate that the 
nature of the interactions which bind RNA tumor virus glycoproteins 
to the viral membrane may differ from those observed with other 
enveloped viruses. There may be a weak interaction between gp70 and 
p 15(E), so that gp70 is readily dissociated from the envelope whereas 
the interaction of p 15(E) with the bilayer may resemble that observed 
with hydrophobic segments of other viral glycoproteins. 

As discussed above, a minor glycoprotein of 45,000-52,000 daltons 
has been observed in many murine leukemia virus preparations. Several 
possibilities have been suggested for the origin of this component. 
Marquardt et al. (1977) have isolated both gp70 and gp45 from 
Rauscher leukemia virus and compared their carbohydrate content. 
Their data suggest that gp70 contains about 32% of carbohydrate by 
weight and that gp45 contains 6-7%; both glycoproteins appeared to 
have polypeptide chains of about 45,000 daltons. On the other hand, it 
has recently been observed that brief trypsin treatment results in 
conversion of gp70 to a glycoprotein of 45,000-52,000 daltons (Krantz 
et al., 1977; Kemp et al., 1978), suggesting that the minor glycoprotein 
is a proteolytic cleavage product of gp70. It has also been suggested 
that the minor glycoprotein may represent host-ceIl-coded H-2 antigen 
(Bubbers and Lilly, 1977). Whether a single mechanism will account for 
the results obtained in various virus-cell systems remains to be 
established. In the case of avian C-type viruses, tryptic peptide analysis 
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has demonstrated that gp37 is not a cleavage product of gp85 (Mosser 
et al., 1977), whereas similar experiments with murine viruses show that 
gp45 and gp70 have common peptide species (Elder et al., 1977). Thus 
it appears that there is no analogy between the minor glycoproteins of 
murine and avian viruses. 

The glycoproteins of avian C-type viruses define the viral host 
range as well as the classification into subgroups based on interference 
and neutralization properties (Vogt and Ishizaki, 1966; Ishizaki and 
Vogt, 1966; Tozawa et al., 1970). The major glycoprotein of murine C
type viruses also is essential for binding to cellular receptors (DeLarco 
and Todaro, 1976). Proteolytic digestion of the surface glycoproteins 
inactivates the infectivity of both avian and murine C-type viruses 
(Rifkin and Com pans, 1971; Witter et al., 1973). A hemagglutination 
assay for mouse leukemia viruses requires the presence of intact glyco
proteins on the viral surface (Witter et al., 1973). 

Comparisons of tryptic peptides of gp70 molecules isolated from a 
large number of murine C-type viruses reveal extensive strain dif
ferences (Kennel, 1976; Elder et al., 1977). Further, gp70 molecules 
isolated from different tissues of the same mouse strains also showed 
differences, suggesting that modifications of a prototype gene may 
occur during differentiation. On the other hand, murine C-type viruses 
with similar host range also showed similarities in gp70 primary 
structure. 

3.9.1h. Lipid Bilayer 

The lipids of RNA tumor viruses are arranged in a bilayer struc
ture, as shown by electron spin resonance spectra of spin-labeled 
fatty acid derivatives incorporated into Rauscher leukemia virus 
(Landsberger et al., 1972). Lipids were shown to compose about 20% of 
the mass of Rous sarcoma virions (Quigley et al., 1971). The lipid com
position of the virus was shown to be similar to that of the cellular 
plasma membrane, and enveloped viruses of several major groups were 
all found to have very similar lipids when grown in the same host cell 
(Rao et al., 1966; Quigley et al., 1971). However, the content of 
phosphatidylcholine in the virion was lower, and that of sphingomyelin 
and phosphatidylethanolamine was higher, than in the plasma mem
brane, and the ratio of cholesterol to phospholipid was also significantly 
higher in the virion than in the plasma membrane (Quigley et al., 1972). 
It was suggested that these compositional differences might result from 
preferential budding of virus particles at sites which differ in composi
tion from the average composition of the overall isolated membrane. 
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3.9.1c. Internal Membrane Proteins 

At least four or five carbohydrate-free polypeptides are present as 
internal components of C-type viruses, and it is uncertain whether one 
or more of these is closely associated with the viral envelope. The core 
structure appears to be an icosahedral capsid (Nermut et al., 1972) 
which contains the viral RNA as well as two major proteins (Bolognesi 
et al., 1973). One or more additional internal proteins (10,000 and 
19,000 daltons in the case of avian and 12,000 daltons in murine 
viruses) are not found in isolated core structures, and it has been sug
gested that these polypeptides are associated with the envelope or 
located between the core and the viral membrane (Bolognesi et al., 
1973; Stromberg et al., 1974). Both the p10 polypeptide of AMV and 
p12 of MuLV are selectively labeled with dansyl chloride, which sug
gests that they are exposed on or near the surface of the virion 
(Bolognesi et al., 1973). Further information is needed to determine the 
exact location of the various internal polypeptide components of C-type 
vIruses. 

3.9.1d. Carbohydrate Components 

The oligosaccharides of glycoproteins of various RSV strains have 
been characterized by gel filtration after extensive pronase digestion 
(Lai and Duesberg, 1972). A single broad peak, with an estimated 
molecular weight of 3900-5100, was observed. The glycopeptides in 
viruses obtained from transformed cells were consistently larger than 
those obtained from nontransformed cells; such differences were 
observed in viruses of various RSV subgroups. The structure of the oli
gosaccharide groups has been partially characterized, and they have 
been shown to contain glucosamine, mannose, galactose, and sialic acid 
(Krantz et al., 1976). 

Host cell derived mucopolysaccharide components also appear to 
be present in avian and murine RNA tumor viruses (Lai and Duesberg, 
1972; Pinter and Com pans, 1975). The polysaccharide components as 
well as the major and minor glycoproteins of murine C-type viruses are 
sulfated; the ratio of sulfate to glucosamine appears to be 3 times 
higher in the minor glycoprotein (gp52) than in gp70 (Pinter and Com
pans, 1975). The possible significance of this glycoprotein sulfation, as 
well as the presence of host-ceIl-derived mucopolysaccharides in virions, 
remains to be investigated. 

Evidence has been presented which indicates that the carbohydrate 
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components are not required for several biological activ~ties of RNA 
tumor virus glycoproteins, including their antigenic determinants, 
interference properties, or ability to adsorb neutralizing antibodies, as 
shown by retention of these properties after removal of about 70% of 
the carbohydrate with a mixture of glycosidases (Bolognesi et al., 1975; 
Schafer et al., 1977). However, indirect hemagglutination activity by 
the glycoprotein was inactivated by the glycosidase treatment. 

3.9.2. Synthesis and Assembly of Envelope Components 

3.9.2a. Identification of Viral Proteins in Infected Cells 

Unlike many cytocidal viruses, productive infection by RNA 
tumor viruses occurs without marked effects on cellular biosynthesis, 
and virus-specific proteins compose a minor fraction of the proteins 
being synthesized in infected cells. Immunoprecipitation and gel elec
trophoresis have therefore been employed to detect newly synthesized 
radiolabeled viral proteins. In initial studies, it was demonstrated that 
the internal virion proteins are synthesized as a single precursor 
molecule which is subsequently cleaved to yield the virion structural 
proteins (Vogt and Eisenmann, 1973; Vogt et al., 1975; Naso et al., 
1975; Van Zaane et al., 1975). More recently, it has been demonstrated 
that the envelope proteins are also synthesized in the form of a 
precursor molecule. In the murine leukemia viruses, the major external 
proteins gp70 and p 15(E) are found as a precursor of about 85,000 
daltons (Famulari et al., 1976; Naso et al., 1976; Witte et al., 1977). 
Antiserum to either gp70 or p 15(E) could precipitate the precursor pro
tein, and it was converted to the two virion proteins in pulse chase 
experiments. In cells infected with avian C-type particles, a 90,000-
dalton precursor has been identified using antiserum to the virion glyco
protein gp85 (England et al., 1977). In pulse-chase experiments, this 
precur:;or appears to be cleaved to yield both gp85 and gp37. It has also 
been reported that a 70,000-dalton precursor, thought to represent 
incompletely glycosylated gp85, could be identified in infected cells 
(Halpern et al., 1974; Moelling and Hayami, 1977) but this species was 
not observed in other studies (England et al., 1977). 

Some information on the intracellular location of MuL V glycopro
teins and their precursors has been obtained by Witte et al. (1977). The 
precursor glycoprotein was predominant in a high-density cytoplasmic 
membrane fraction, whereas fractions of lower density contained 
increasing amounts of gp70 and a component believed to be p15(E). 
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None of the precursor molecules appeared accessible to reagents which 
label the external surface of the cell, indicating that cleavage to yield 
gp70 occurred prior to or simultaneously with the appearance of the 
glycoproteins on the cell surface. The precursor glycoproteins also 
appear to lack an appreciable amount of sialic acid, which is added 
prior to arrival of glycoprotein on the cell surface. Studies of the 
kinetics of appearance of newly synthesized viral proteins into mature 
virions (Fleissner et ai., 1975; Witte and Weissman, 1976) have indi
cated that core proteins are incorporated rapidly into virions, whereas 
there is a significant delay before envelope glycoproteins are incor
porated. This may reflect intracellular events involved in secondary 
modification and transport of the glycoproteins to the cell surface. 
Further, the results indicate that a large intracellular pool of glycopro
teins is available for continued incorporation into virions over a long 
time period. 

3.9.2b. Assembly and Maturation of Virions 

Formation of progeny virions occurs by budding at the cell 
membrane. In contrast to most other virus groups, preformed 
nucleocapsid or core structures are not generally observed in the cyto
plasm; rather, formation of the nucleocapsid occurs by a process of 
progressive enlargement as the budding particle emerges. Crescent
shaped core structures are observed during the process of budding. No 
information is available on the precise molecular interactions which 
occur during budding. A structural alteration in C-type viruses also 
occurs after their release from the infected cell, which involves 
condensation of the core structure and has been termed the "matura
tion process." Comparison of the RNA and polypeptide profiles of 
rapidly harvested virions with those obtained after longer intervals indi
cates differences in both the RNA and proteins (Canaani et ai., 1973; 
Cheung et ai., 1972). The mechanism and significance of this 
phenomenon is not understood; however, newly formed virions possess 
higher infectivity (Smith, 1974), indicating that the "maturation" 
process may not be beneficial for the virions. 

3.9.2c. Assembly of Spikeless Particles 

Both morphological and biochemical evidence has been obtained 
which demonstrates that spikeless particles lacking viral glycoproteins 
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can be produced by cells infected with avian C-type virus mutants. defi
cient in the gene coding for envelope protein (Scheele and Hanafusa, 
1971; DeGiuli et al., 1975; Halpern et al., 1976). These observations 
indicate that glycoproteins are not required for assembly and release of 
progeny virus particles. It is, however, uncertain whether some portion of 
the spike is present in these particles. The particles thus obtained are 
noninfectious (Weiss, 1969; Hanafusa et al., 1976) and appear similar to 
particles from which glycoproteins have been removed by proteolytic 
digestion. Formation of particles lacking glycoproteins has not been 
generally observed with other groups of enveloped viruses. 

3.9.2d. Effects of Inhibitors 

The effects of several inhibitors of glycosylation on assembly and 
release of RNA tumor viruses have been described. Three inhibitors, 
glucosamine, 2-deoxY-D-glucose, and tunicamycin, have been employed; 
based on results with other viruses it is likely that only the last is com
pletely effective in preventing glycosylation of virion glycoproteins. 
Glucosamine was observed to inhibit the release of infectious Rous sar
coma virus as well as physical particles as measured by [3H]uridine 
incorporation (Hunter et al., 1974). The effects of 2-deoxyglucose on 
Kirsten murine leukemia sarcoma virus also included inhibition of the 
formation of infectious progeny virions; however, release of physical 
particles did not appear to be impaired (Prochownik et al., 1975). The 
protein components of such particles appeared to be markedly different 
from those of normal virions. Tunicamycin did not prevent the release 
of physical particles of Rous sarcoma virus and the resulting particles 
appeared to completely lack glycoproteins (Schwarz et al., 1976), thus 
resembling the noninfectious spikeless particles produced by defective 
deletion mutants of RSV. These results support earlier observations 
indicating that glycoproteins are not required for the assembly process 
of C-type virus particles. 

3.9.2e. Aberrant Particles Produced by Virus Mutants 

A temperature-sensitive mutant of RSV designated LA334 
possesses a defect in replication which leads to the production of aber
rant virus particles (Hunter and Vogt, 1976; Hunter et al., 1976; Friis et 
al., 1976; Rohrschneider et al., 1976). The particles bud atypically and 
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are more heterogeneous in size and density than wild-type virions. Evi
dence has been obtained that the defect in this mutant leads to aberrant 
cleavage of the precursor to the internal proteins of the virion (Hunter 
et at., 1976; Rohrschneider et at., 1976). However, immunoferritin 
staining of viral glycoproteins was also markedly reduced on the 
external surface of budding particles, suggesting that the alteration in 
internal proteins may affect the incorporation of glycoproteins into the 
viral membrane. 

A number of physiologically distinct temperature-sensitive mutants 
of MuLV have been examined by electron microscopy (Yeger et at., 
1976), and the results indicate that the maturation process can be 
blocked at several discrete stages. These include mutants blocked at the 
stage of formation of a slight outfolding of the plasma membrane, with 
an underlying crescent of core material, and other mutants blocked at a 
point near the termination of the budding process in which an almost 
completely formed core can be seen. Other mutants produce complete 
virus particles of aberrant morphology. The precise definition of the 
biochemical lesions in these mutants should provide new insight into the 
events in C-type virus assembly. 

3.10. Togaviruses 

3.10.1. Classification, Morphology, Composition 

The togaviridae family comprises four genera: alphavirus (pre
viously known as arboviruses of group A), flavivirus (previously known 
as arboviruses of group B), rubivirus, and pestivirus. All alphaviruses 
and probably all flaviviruses multiply in arthropods as well as 
vertebrates. 

Virions are spherical, with a diameter of 40-70 nm. They contain an 
icosahedral nucleocapsid that is surrounded by an envelope with spikes 
about 7 nm in length. Alphaviruses are composed of about 6% RNA, 
60% protein, 6% carbohydrate, and 30% lipid (Pfefferkorn and Hunter, 
1963a; Strauss et at., 1970; Laine et at., 1973). 

Of the many members of the togavirus family, Semliki forest virus 
(SFV) and Sindbis virus have been studied in most detail as far as 
structure and replication are concerned. We will therefore concentrate 
here on these two viruses which are both alphaviruses. In addition, 
some data will be reported on flaviviruses. 
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3.10.2. Fine Structure and Arrangement of Envelope Components 

The envelope of alphaviruses consists of a lipid layer studded with 
spikes that are composed of glycoproteins. There is a high degree of 
organization as shown by surface analysis of negatively stained Sindbis 
virus. Evidence has been obtained that the glycoproteins are organized 
as 240 trimers clustering in a T = 4 icosahedral surface lattice (von 
Bonsdorff and Harrison, 1975). Alphaviruses do not possess a car
bohydrate-free membrane (M) protein at the inner side of the lipid 
bilayer as do other enveloped viruses, such as rhabdoviruses and 
myxoviruses. It is reasonable to assume that, with the alphaviruses, the 
function of the M protein is exerted by the core protein. Flavivirus, 
however, appears to contain a nonglycosylated envelope protein 
(MW ~7000-9000) that might be comparable to the M protein (Table 
4). 

The toga virus envelope can be disintegrated by detergents, and 
the action of Triton X 100, sodium dodecylsulfate, and sodium 
deoxycholate on SFV has been studied extensively. The solubilization 
process begins with binding of detergents to the virus, then it proceeds 
with increasing detergent concentration to lysis of the membrane, 
solubilization into lipid-protein-detergent complexes, and finally com
plete delipidization of the proteins (Helenius and Soderlund, 1973; 
Becker et ai., 1975; Helenius et ai., 1976). Thus the envelope proteins of 
SFV and Sindbis virus have been purified by chromatography on 
hydroxylapatite in the presence of SDS (Garoff et ai., 1974) or on 

TABLE 4 

Envelope Proteins of Togaviruses 

Alphaviruses 

Designation" Molecular weight· 

EI 
E2 
E3e 

" Baltimore et al. (1976). 

-50,000 
-50,000 

10,000 

Flaviviruses 

Designationc Molecular weight" 

E 53,000-58,000 

M 7000 

• Schlesinger et al. (1972), Garoff et al. (1974), Ivanic (1974), Pedersen et al. (1974). 
c Trent (1977). 
" Shapiro et al. (1971), Stollar (1969), Trent and Qureshi (1971), Westaway (1975), 

Westaway and Reedman (1969). 
e Occurs only in SFV. 
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D EAE-cellulose in the presence of Triton X 100 (Burke and Keegstra, 
1976). Other isolation procedures employed preparative isoelectric 
focusing in the presence of Triton X 100 (Dalrymple et al., 1976) and suc
rose gradient centrifugation in the presence of sodium deoxycholate 
(Helenius et al., 1976). 

3.10.2a. The Spikes 

The spikes of togaviruses are composed of glycoproteins. Whereas 
flaviviruses contain only one glycoprotein, three species (E1, E2, E3) 
have been observed in alphaviruses (Table 4). El and E2, which both 
have molecular weights around 50,000, appear to be regularly present 
in the virion and have been observed with Eastern equine encephalitis, 
Semliki forest, Sindbis, Venezuelan equine encephalitis, and Western 
equine encephalitis viruses (Schlesinger et al., 1972; Garoff et al., 1974; 
Ivanic, 1974; Pedersen et al., 1974). The smallest glycoprotein, E3 
(MW ~ 10,000), which is highly glycosylated, has been observed only in 
SFV, not in other alphaviruses. Using cross-linking agents and 
immunoprecipitation with specific antisera, evidence has been obtained 
that the spike structure of SFV is a trimer containing one each of El, 
E2, and E3 (Garoff, 1974). 

That the glycoproteins form the spikes at the virus surface can be 
demonstrated by surface labeling techniques (Gahmberg et al., 1972a; 
Sefton et al., 1973), by treatment with proteolytic enzymes, which 
results in the formation of spikeless particles from which the glycopro
teins have been removed (Calberg-Bacq and Osterrieth, 1966; Com
pans, 1971), and by the agglutinability of the virus with concanavalin A 
(Oram et al., 1971; Birdwell and Strauss, 1973). 

The envelope glycoproteins are amphipathic molecules. Whereas 
amino acid analysis of the whole glycoprotein does not show a signifi
cantly higher proportion of hydrophobic amino acids (Garoff et al., 
1974; Burke and Keegstra, 1976), evidence has been obtained for small 
hydrophobic regions. After proteolytic treatment of virions, these 
regions remain as fragments of the glycoproteins in the bilayer 
(Gahmberg et al., 1972b). Both Eland E2 contain such peptides, which 
are rich in hydrophobic amino acids (Utermann and Simons, 1974). 
Through these hydrophobic segments the isolated membrane glycopro
teins are able to aggregate into star-shaped oligomers or rosettes 
(Mussgay and Rott, 1964; Simons et al., 1973; Helenius and von Bons
dorff, 1976) and to bind detergents such as Triton XI00 and 
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deoxycholate (Helenius and Simons, 1972, 1975; Utermann and 
Simons, 1974; Becker et al., 1975). 

Through the hydrophobic segments, the spikes are anchored in the 
lipid bilayer. The fact that the SFV glycoproteins can be cross-linked to 
the nucleocapsid by dimethyl suberimidate suggests that at least one of 
the glycoproteins spans the bilayer (Garoff and Simons, 1974). Treat
ment of Sindbis virus with formaldehyde results in cross-linking of 
envelope proteins to the nucleocapsid, suggesting that with this virus the 
glycoproteins span the lipid layer, too (Brown et aI., 1974). 

The carbohydrate moieties of the SFV and Sindbis virus glycopro
teins have been isolated after pronase digestion and their sugar com
position has been determined (Burge and Huang, 1970; Burge and 
Strauss, 1970; Strauss et al., 1970; Sefton and Keegstra, 1974; Keegstra 
et al., 1975; Burke and Keegstra, 1976; Mattila et al., 1976). Side 
chains of type A (nomenclature of Johnson and Clamp, 1971), contain
ing glucosamine, mannose, galactose, fucose and neuraminic acid, and 
side chains of type B, containing only glucosamine and mannose, have 
been found. El and E2 of Sindbis virus contain one A-type and one B
type side chain while SFV contains one or two A-type side chains in E 1 
and E3, and one A- and two or three B-type chains in E2. 

Sequential degradation of the oligosaccharide side chains with exo
and endoglycosidases has been carried out, and the structures for the A 
chains of SFV which appear to be heterogenous have been deduced 
(Pesonen and Renkonen, 1976; Renkonen et al., 1976). The largest A 
chains are present on E3 and appear to be to be the most exposed ones 
on the intact virus, because they react most readily with neuraminidase 
and galactose oxidase (Luukkonen et al., 1977a). With Sindbis virus, 
the A-type oligosaccharide of E2 appears to be the most exposed one, 
because it is the only side chain which can be removed by glycosidase 
treatment of intact virions (McCarthy and Harrison, 1977). 

Virions which lack neuraminic acid in their envelope proteins, 
either after enzymatic removal or when grown in mosquito cells, retain 
their infectivity and hemagglutinating activity (Kennedy, 1974; Stollar 
et al., 1976). Even the subterminal glucosamine and galactose residues 
may be lacking without decreased biological activity, suggesting that 
the glucosamine-mannose core of the A-type oligosaccharide is suffi
cient for these activities (Schlesinger et al., 1976). 

The available evidence indicates that the primary polypeptide 
structure of the envelope proteins determines the number and type of 
the oligosaccharide chains, which are added, however, by cellular 
enzymes (Burge and Huang, 1970; Grimes and Bruge, 1971; Sefton, 
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1976). Thus there are host-dependent variations in the oligosaccharides 
(Keegstra et al., 1975; Schlesinger et al., 1976; Stollar et al., 1976). 

3.10.2h. The Lipid Bilayer 

Thirty-seven percent of the alphavirus envelope consists of lipids 
(Laine et al., 1973). The main components are phospholipid and choles
terol. The lipids are derived from the host cell (Pfefferkorn and Hunter, 
1963b), and the composition resembles that of the plasma membrane of 
the host (Renkonen et al., 1971, 1972a,b). This is true also for the fatty 
acid composition within the different phospholipid classes (Laine et al., 
1972) and for the glycolipids (Renkonen et al., 1971; Hirshberg and 
Robbins, 1974). The host-dependent lipid variation is particularly strik
ing when virions grown in mammalian and mosquito cells are com
pared. There was nearly 50% change in phospholipid head group com
position, and an even larger overall change if the nature of the linkage 
between the hydrocarbon chain and the glycerol moieties was also 
taken into account (Luukkonen et al., 1976). Further, cholesterol is 
present in 5-6 times higher amounts in SFV from BHK than from mos
quito cells, although the ratio of phospholipid to protein is similar in 
particles from both sources (Luukkonen et al., 1977 b). The stability of 
the virion may depend to some extent on the lipid composition (Sly et 
al., 1976). 

The lipids in the alphavirus envelope form a bilayer as demon
strated by X-ray diffraction studies on Sindbis virus (Harrison et al., 
1971). Electron spin resonance studies also indicated a bilayer structure 
(Sefton and Gaffney, 1974). The bilayer appears to be asymmetrical. 
Treatment of SFV from mosquito cells with a nonpenetrating reagent 
suggested that the outer layer possessed relatively more ceramide 
phosphoethanolamine and less phosphatidylethanolamine than the 
inner layer (Luukkonen et al., 1976). Furthermore, neuraminidase 
treatment of intact and spikeless particles of Sindbis virus completely 
removed neuraminic acid from gangliosides, demonstrating that these 
were present exclusively on the outer surface of the viral bilayer (Stoffel 
and Sorgo, 1976). 

Less than 10% of the bilayer is occupied by the penetrating seg
ment of the envelope glycoproteins (Harrison et al., 1971). N everthe
less, the envelope proteins appear to stabilize the organization of the 
lipids in the bilayer, since the microviscosity is higher in the presence of 
the envelope proteins or hydrophobic fragments than in liposomes 
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made of viral lipids or in cell membranes (Sefton and Gaffney, 1974; 
Hughes and Pedersen, 1975; Moore et al., 1976). 

3.10.3. Biogenesis and Assembly of the Envelope 

The structural proteins of alphavirus are translated from 26 S 
mRNA (Cancedda et al., 1974b; Clegg and Kennedy, 1974b, 1975a,b,c; 
Simmons and Strauss, 1974b; Wengler et al., 1974; Glanville et al., 
1976a). The 26 S RNA polysomes are membrane bound (Kennedy, 
1972; Wirth et al., 1977), as is the synthesis of structural proteins 
(Friedman, 1968a). The structural proteins appear to be translated as a 
polyprotein with a molecular weight of 130,000-140,000 (Schlesinger 
and Schlesinger, 1973; Keranen' and Kaariainen, 1975; Lachmi et al., 
1975; Kaluza, 1976; Kaluza et al., 1976). Evidence has been obtained 
with SFV by sequential labeling that the core protein is translated first 
followed by the envelope proteins in the order E3, E2, and El (Clegg, 
1975; Clegg and Kennedy, 1975b,c; Lachmi and Kaariainen, 1976). 

The capsid protein is cleaved from the nascent polyprotein in vivo 
(Burke, 1975; Strauss and Strauss, 1976) and in vitro (Cancedda et al., 
1974a,b; Clegg and Kennedy, 1974b; Wengler et al., 1974; Glanville 
and Ulmanen, 1976), probably immediately after the ribosome has 
finished the translation of the sequences coding for capsid protein 
(Clegg, 1975; Soderlund, 1976). The cleavage enzyme might be virus 
specific, as suggested by mixed infection experiments with Sindbis ts 
mutants (Scupman et al., 1977). The cleavage between the envelope 
proteins takes place at a time when most of the polyprotein has been 
translated (Soderlund, 1976). The products of this cleavage are the 
envelope protein Eland a common precursor to E2 and E3 (MW 
62,000-68,000) designated "p62," "NSP68," "NVP68," or "PE2" 

. (Schlesinger and Schlesinger, 1973; Simons et al., 1973b; Garoff et al., 
1974; Lachmi et al., 1975). 

The envelope proteins are transferred from the endoplasmic 
reticulum to the plasma membrane and finally into released virus 
(Richardson and Vance, 1976). In the plasma membrane the envelope 
proteins of Sindbis virus can be demonstrated as early as 2 hr after 
infection (Birdwell and Strauss, 1974). Studies with ts mutants of 
Sindbis virus suggest that both Eland PE2 are incorporated into the 
plasma membrane, where subsequently cleavage of PE2 takes place. In 
wild-type virus, cleavage of PE2 can be prevented by antiserum against 
E 1, suggesting that both glycoproteins are closely associated with each 
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other at the outside of the plasma membrane (Bracha and Schlesinger, 
1976b; Smith and Brown, 1977). 

Valuable information on glycosylation mechanisms has been 
obtained from studies in which this reaction has been blocked. In the 
presence of specific inhibitors such as 2-deoxY-D-glucose (Kaluza et al., 
1973; Scholtissek et al., 1975; Schmidt et al., 1976), D-glucosamine 
(Duda and Schlesinger, 1975), 2-fluorohexoses (Schmidt et al., 1976), 
and tunicamycin (Schwarz et al., 1976; Leavitt et al., 1977; Ogura et al., 
1977) and in glucose-free medium (Kaluza, 1975), the envelope glycopro
teins and their immediate precursors are synthesized in an 
unglycosylated form. Studies on Sindbis virus have shown that, after 
release of the block, carbohydrate is not attached to these unglycosylated 
polypeptides. Furthermore, under normal conditions unglycosylated 
Sindbis virus glycoproteins are not found in the infected cell. From these 
and other observations it has been concluded that glycosylation is 
initiated on the nascent polypeptide chain before release from the 
polysomes (Sefton, 1977). However, glycosylation appears to take place 
after cleavage of El and PE2, since the common precursor of both pro
teins (MW ~ 100,000) (Strauss et al., 1969; Schlesinger and Schlesinger, 
1973) has been reported to be carbohydrate free (Sefton and Burge, 
1973). This first step of glycosylation probably involves the transfer of 
the cores of the oligo saccharides consisting of glucosamine and mannose 
(MW ~ 1800) (Sefton, 1977) from a lipid intermediate to the polypeptide 
as suggested by glycosylation studies in a cell-free system (Krag and 
Robbins, 1977). Similar results have also been obtained by in vitro 
glycosylation of SFV proteins (Schwarz et al., 1978b). 

The addition of the distal sugars such as glucosamine, galactose, 
and neuraminic acid takes place later after about 20 min (Sefton, 1977). 
At this stage part of the the mannose residues are probably removed 
from the "core" before addition of the distal sugars (Sefton and Burge, 
1973). 

The unglycosylated form of the precursor p62 is metabolically sta
ble. A possible explanation for this observation is that cleavage requires 
proper glycosylation (Kaluza, 1975, 1976). Antibodies specified against 
the envelope glycoproteins react readily with the glycosylated precursor 
p62, but only poorly with its unglycosylated form. Thus glycosylation 
appears to be necessary for the proper antigenic configuration of the 
glycoprotein (Kaluza, 1976). 

Little is known about the biosynthesis of the envelope proteins of 
flaviviruses. Tentative evidence for posttranslational processing has 
been presented in the case of the glycoprotein of Kunjin virus, but the 
nature of this processing is unclear (Westaway and Shaw, 1977). 
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3.10.4. Morphogenesis ofthe Envelope 

In mammalian cells alphaviruses mature usually by budding from 
the plasma membrane (Acheson and Tamm, 1967; Erlandsonet al., 
1967; Bykovsky et al., 1969; Waite et al., 1972). Prior to budding the 
nucleocapsid aligns under the plasma membrane. It has been proposed 
that because of transmembrane interaction between the glycoproteins 
and the core protein the spikes are arrested in patches, whereas host 
proteins are excluded from these areas by lateral movement, and that 
this mechanism initiates budding (Garoff and Simons, 1974). The 
interaction between spikes and nucleocapsid cannot be highly specific, 
since phenotypic mixing occurs with alphaviruses (Burge and Pfeffer
korn, 1966; Lagwinska et al., 1975). 

In mosquito cells alphaviruses mature at intracellular membranes 
by budding into vacuoles, which release the virus particles into the 
medium by fusing with the cell membrane (Whitfield et al., 1971; 
Gliedman et al., 1975). 

Flavivirus are usually found in association with internal mem
branes of the infected cells. However, there is conclusive evidence 
neither that this is the site of assembly nor that assembly takes place by 
budding (for references, see Schlesinger, 1977). 

3.10.5. Biological Activities of the Envelope 

Alphaviruses and flaviviruses have hemagglutinating capacity 
(Clarke and Casals, 1958). Titrations are usually carried out on goose 
erythrocytes. It is reasonable to assume that the spikes are responsible 
for this activity. This has been demonstrated with Sindbis virus and SFV, 
where hemagglutinating activity was found to be associated specifically 
with glycoprotein E 1 (Dalrymple et al., 1976; Helenius et al., 1976). Also 
in Venezuelan equine encephalitis virus the hemagglutinin seems to be 
only one of the envelope proteins (Pederson and Eddy, 1974). 

Flaviviruses, particularly primary isolates of dengue virus, induce 
significant fusion and syncytium formation in cultures of Aedes 
albopictus cells (Paul et al., 1969). This effect occurs several days after 
infection and therefore represents fusion from within. Thus fusion 
appears to depend on membrane alterations occurring late in infection 
and might be associated with incorporation of viral glycoproteins into 
the cell membrane. Similar observations have been made in another 
toga virus which appears to be neither an alpha- nor a flavivirus (Iga
rashi et al., 1976). 
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4. CONCLUSIONS 

4.1. Viral Membrane Structure 

Recent models of membrane structure include the fluid lipid 
bilayer-globular protein mosaic in which membrane proteins are free to 
migrate in the plane of the membrane, as well as models in which 
extensive lateral interaction between protein subunits fixes the location 
of these proteins in the membrane. The general features of the fluid 
mosaic model have been supported by morphological, biochemical, and 
biophysical observations on various membrane systems. Knowledge 
concerning the composition and arrangement of membrane components 
of lipid-containing viruses has emerged in parallel with similar studies 
on cellular membranes. Aspects of both a fluid mosaic model and pro
tein subunit model apply to some features of viral envelope structures. 
Viral envelopes possess a lipid membrane with glycoproteins and 
glycolipids exposed on the external surface and carbohydrate-free pro
teins in the interior. Cell surface membranes are similar in asymmetry 
with respect to localization of all carbohydrate constituents on the 
external surfaces. Viral glycoproteins appear to be amphipathic 
globular proteins, as have been proposed in the fluid mosaic model for 
cellular membrane glycoproteins. Recently evidence has been obtained 
for asymmetrical distribution of various phospholipid classes between 
the internal and external sides of the bilayer in both cellular and viral 
membranes. Amine-containing phospholipids are preferentially located 
on the internal surface and phosphatidylcholine and sphingomyelin on 
the external surface. The origin of this asymmetry is an interesting 
problem for future investigation. 

A variety of biophysical methods, including X-ray diffraction, 
electron spin resonance, nuclear magnetic resonance, differential calori
metry, and fluorescence polarization spectroscopy have been applied to 
analyze the structure of the lipid phase of viral and cellular membranes. 
The results have indicated that a lipid bilayer structure is universally 
present as the fundamental matrix of all biological membranes. The 
fluidity of viral lipids, as indicated by spin label probes, appears to be 
significantly less than that of corresponding host cell membranes or 
vesicles prepared from extracted viral lipids. These observations, along 
with data indicating that viral membrane fluidity is affected only 
slightly by variation in glycoprotein content or by proteolytic digestion 
of the surface glycoproteins, have suggested that internal membrane 
proteins (M proteins) are primary determinants of viral membrane 
rigidity in myxoviruses, paramyxoviruses, and rhabdoviruses. The M 
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proteins of these viruses are major proteins that appear to form a 
continuous layer of protein subunits on the internal surface of the lipid 
bilayer. Interactions between M proteins and viral nUcleocapsids (and 
probably viral glycoproteins as well) are undoubtedly important fea
tures in the specificity of viral membrane assembly. 

An important distinction is made in the fluid mosaic model 
between "peripheral" and "integral" membrane proteins, which differ 
with respect to their modes of interaction with the lipid bilayer. Integral 
proteins are those considered to be at least partially embedded in the 
lipid phase and to be associated with membranes by strong hydrophobic 
interactions. Generally they are not dissociated from membranes unless 
drastic conditions such as detergent treatment are used. Peripheral pro
teins appear to be associated with the surface of the membrane, 
possibly by electrostatic interactions, and are dissociated by conditions 
such as changes in ionic strength or use of chelating agents. Viral glyco
proteins generally appear to be integral membrane proteins with a 
strong hydrophobic association with the bilayer. Evidence for partial 
penetration of the bilayer by a hydrophobic segment of the glycoprotein 
has been obtained for certain viruses, in which residual hydrophobic 
peptides remain associated with the lipid phase after extensive 
proteolytic digestion. Individual virus groups may differ in this respect, 
however. The major glycoprotein of C-type retroviruses appears 
more loosely associated with the bilayer, being released by procedures 
such as osmotic shock or freezing and thawing. The precise nature of the 
interaction of internal viral membrane (M) proteins with the bilayer has 
not been investigated. These proteins may resemble cellular proteins 
which associate with the cytoplasmic surfaces of the membranes, such 
as the protein termed "spectrin" on the inner surface of the erythrocyte 
which has properties of a peripheral membrane protein. Spectrin forms 
fibrous aggregates, and similar structures are seen with isolated viral M 
proteins. Such proteins may be involved in transmembrane interactions 
with surface glycoproteins, and phenomena such as antibody- or lectin
mediated patching or capping of surface glycoproteins are therefore 
influenced by such internal membrane proteins. 

It is evident from the above comments that viral envelopes and 
cellular membranes are similar with respect to important features of the 
arrangement and properties of molecular components. Certain aspects 
of viral membrane structure may differ from the fluid mosaic model of 
cellular plasma membrane organization, however. The ability of certain 
cell surface proteins to undergo lateral diffusion in the plane of the 
membrane is a well-established and important finding in support of the 
fluid mosaic model. Whether viral membrane proteins are able to 
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undergo such lateral diffusion is uncertain in the case of surface glyco
proteins, and unlikely in the case of M proteins because of their loca
tion in a tightly packed layer, probably with extensive lateral interac
tion. Whether virion glycoproteins may be restricted in lateral mobility 
because of transmembrane interactions with internal proteins has not 
been firmly established for most virus groups. 

It is likely that extensive lateral protein-protein interactions may 
also occur in specialized regions of cellular membranes, such as junc
tional complexes. Such interactions could occur at three levels: 
extracellularly, on the internal side of the bilayer, or in the hydrocarbon 
phase. No evidence has been obtained for the latter type of interaction 
between viral membrane proteins, and the available data from 
proteolytic digestion of glycoproteins and freeze fracture electron 
microscopy suggest that it is unlikely that enough protein is present in 
the hydrocarbon phase for such interaction. Lateral interactions 
between envelope proteins may occur predominantly on the external 
surface of the virion for viruses in which glycoproteins comprise a 
large percentage of the total structural protein (e.g., toga viruses, 
bunyaviruses), whereas with other groups such as the myxo- and 
paramyxoviruses such interactions may occur at the level of the M pro
tein on the internal surface of the bilayer. 

4.2. Biogenesis and Assembly of the Envelope 

The envelopes of many viruses are assembled on preformed 
cellular membranes. In most instances assembly takes place by budding 
from the plasma membrane, although occasionally other cellular 
membranes serve as budding sites. Envelope maturation is a multistep 
process involving sequential incorporation of viral proteins into cellular 
membranes. 

Viral glycoproteins are always bound to cellular membranes; they 
do not appear free in the cytoplasm. Translation takes place on the 
rough endoplasmic reticulum, and there is some evidence suggesting 
that a "signal sequence" at the N terminus of the nascent polypeptide 
chain directs attachment of the polyribosome to specific structures in 
the endoplasmic reticulum, which in turn facilitate transmembrane 
passage of the polypeptide into the lumen of the canaliculi. Sub
sequently the glycoproteins migrate via smooth endoplasmic reticulum 
and Golgi complex to the plasma membrane, where budding takes 
place. In the course of migration the polypeptides undergo posttransla
tional modifications, such as glycosylation and proteolytic cleavage. 
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The biosynthesis of the carbohydrate side chains of the glycopro
teins occurs in a stepwise manner, with different saccharide residues 
added in distinct cellular compartments. Glycosylation is initiated at 
the rough endoplasmic reticulum on the nascent polypeptide chain as 
has' been observed first with influenza virus and subsequently with toga 
and rhabdoviruses. The available evidence indicates that, at this stage, 
oligosaccharides containing glucosamine and mannose are transferred 
en bloc from a polyisoprenol derivative to the polypeptide. Fucose, 
galactose, and neuraminic acid appear to be attached later after migra
tion of the glycoprotein to the smooth endoplasmic reticulum and the 
Golgi apparatus. The process of glycosylation does not appear to play 
an important role in determining the intracellular migration of viral 
glycoproteins. Although this has been suggested as a possible function 
for carbohydrate components of glycoproteins, the available data using 
inhibitors of glycosylation suggest that, at least with myxo- and oncor
naviruses, it is possible to inhibit the glycosylation process without pre
venting the migration of the glycoproteins to the cell surface. The 
glycosylation site and the type of the carbohydrate side chains appear 
to be determined by the primary structure of the polypeptide. On the 
other hand, the side chain may exhibit host-dependent variations. Host
specific carbohydrate sequences may in turn be modified by virus
specific enzymes, such as the myxovirus neuraminidase. Thus the car
bohydrate moiety of viral glycoproteins is the result of a complex 
interaction of virus- and host-specific factors. 

Formation of precursors that are subsequently cleaved by pro
teolysis appears to be a fairly common event in the biogenesis of the 
envelope glycoproteins. Cleavage is involved in the processing of the 
influenza hemagglutinin, of both paramyxovirus glycoproteins, of the 
envelope glycoproteins of togaviruses, and of the envelope proteins of 
oncornaviruses. It is particularly interesting that cleavage was always 
found to be paralleled by induction of biological activity, if it was possi
ble to obtain the precursor relatively free of its cleavage products. This 
has been observed with both glycoproteins of paramyxoviruses and with 
the hemagglutinin of influenza virus. With myxoviruses it could be 
demonstrated that strain-specific differences exist in the susceptibility 
of the glycoproteins to proteolytic enzymes. Furthermore, circum
stantial evidence has been obtained that these enzymes are host-specific 
proteases and that a given protease may be present in some host cells 
but not in others. Thus proteolytic cleavage depends on the structure of 
the viral glycoprotein as determined by the viral genome as well as on 
the disposition of the appropriate enzyme by the host. It has also been 
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shown that activation by proteolytic cleavage may be an important fac
tor in determining host range and pathogenicity of a virus. 

One of the final steps in envelope assembly appears to be the inser
tion of a carbohydrate-free protein such as the M protein of myxo- and 
rhabdoviruses or the core protein of alphaviruses. The M protein was 
found to be incorporated immediately after its synthesis into regions of 
the plasma membrane which already contain viral glycoproteins. The 
mechanism by which M recognizes such areas might be interaction with 
the glycoproteins that penetrate the membrane. However, so far only 
with some viruses reasonable evidence has been obtained that the glyco
proteins span the membrane. Also, the interaction between the proteins 
cannot be very specific, since phenotypic mixing occurs between the 
envelope proteins of viruses belonging to a large variety of groups. An 
important feature of the assembly of the virus is that during the bud
ding process the membrane of the viral envelope is continuous with and 
morphologically similar to the plasma membrane of the host cell. This 
suggests that the lipids in the unaltered plasma membrane area easily 
exchangeable by lateral diffusion with those in the budding virus 
particle. It is therefore not surprising that the lipids in the envelopes 
closely resemble those of the host cell membrane. There is thus good 
evidence that the viral envelope is derived from a patch of plasma 
membrane modified by the incorporation of virus-specific proteins. Lit
tle is known about the mechanism by which host proteins are excluded 
from this area. The budding process itself is not fully understood, 
either. However, the observation that budding does not occur under 
conditions where all envelope components are synthesized except the M 
protein suggests that this protein plays an important role. 
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