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Many enveloped viruses are important human and animal pathogens, and their envelope 
constituents exhibit functions and immunologic properties that are of high importance 
for the biologic behavior of these viruses and for their interaction with the host. Another 
aspect which stimulated research in this field was that viral envelopes share many proper
ties with other biologic membranes, and that they represent, because of their structural 
simplicity, very suitable models for membrane research. 

Although significant differences in number and arrangement of envelope constitu
ents occur among lipid-containing viruses, there are several features of membrane struc
ture shared by all of these viruses. These include the presence of a lipid bilayer, glycosy
lated proteins exposed on the external surface of the bilayer, and internal nonglycosy
lated proteins. The available evidence indicates that the viral genome codes for the pro
tein components of viral membranes, whereas the lipids are derived from the host cell 
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membrane. Carbohydrates, which are present in the form of glycoproteins, glycolipids, 
and mucopolysaccharides, are also probably specified by cellular enzymes, although 
some virus-specific modifications of carbohydrates have been identified. 

With most enveloped viruses, the glycoproteins are present at the cell surface in the 
form of spikes about 7 to 10 nm in length. The glycoproteins are amphipathic molecules. 
They consist of an external hydrophilic part, which includes the amino terminus of the 
polypeptide, and of a hydrophobic segment at the carboxy terminus, by which the spikes 
are strongly associated with the lipid bilayer. This has been shown for the influenza 
hemagglutinin (Skehel and WateifieldI975), the glycoprotein of vesicular stomatitis virus 
(VSV) (Katz et al.I977), both glycoproteins ofparamyxoviruses (Scheid et al. 1978) and 
glycoproteins El and E2 of Semliki Forest Virus (Garoff and Soderlund 1978). Evidence 
for partial penetration of the lipid bilayer by this hydrophobic segment has been obtained 
for certain viruses, in which residual hydrophobic peptides remain associated with the 
lipid phase after extensive proteolytic digestion. The available evidence indicates that 
usually several glycoprotein molecules constitute one spike. These molecules may be 
either identical copies of the same glycoprotein species, or they may be fragments that 
arise by proteolytic cleavage from a common precursor. Some viruses, such as rhabdo
and alphaviruses, possess only one type of spike. With other viruses, such as the 
myxoviruses, two spike types can be discriminated, each one formed by a different gly
coprotein species. 

It is generally accepted that virus spikes play important roles in the interaction 
between viral envelopes and cellular membranes and that their primary biologic function 
is the initiation of infection at the cellular level. The fIrst steps in the infection process are 
adsorption and penetration. Analysis of both events is greatly facilitated, when model 
reactions exist with the same underlying molecular mechanism. A model reaction for 
adsorption is hemagglutination, and model reactions for penetration are hemolysis and 
cell fusion. These activities are found in various combinations with the myxoviruses. 
Thus, function of the spikes is studied in most detail with these viruses. With ortho- and 
paramyxoviruses, adsorption involves the binding of spikes to neuraminic acid contain
ing components at the cell surface. Penetration is understood best with paramyxoviruses, 
where it is brought about by a fusion process between the viral envelope and the plasma 
membrane of the cell. 

Considerably less is known on the biologic function of the surface projections of 
other viruses. However, lack of the spikes as observed, for instance, after protease treat
ment is generally accompanied by a loss of infectivity and of the capacity of the virus to 
adsorb to cells. Adsorption of a given virus often requires interaction with a specific re
ceptor. Thus, virus spikes may play an important role in host range, as is the case with the 
oncoviruses (for review see Bolognesi 1974). 

Spikes induce and react with neutralizing antibodies. When spikes are composed of 
different glycoprotein species, the antigenic sites are located on the glycoproteins that 
form the distal part ofthe spike, such as the HAl subunit ofthe influenza virus hemagglu
tinin (Eckert 1973) or the gp85 and gp71 glycoproteins of avian and mammalian C-type tu
mor viruses, respectively. Electron microscopic studies have also shown that neutraliz
ing antibodies bind to the tip of the hemagglutinin spike of influenza virus (Wrigley and 
Laver 1978). 

Most viral envelopes are assembled on preformed cellular membranes. In most in
stances assembly takes place by budding from the plasma membrane, although 
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occasionally other cellular membranes serve as budding sites. Envelope assembly is a 
multistep process involving sequential incorporation of viral proteins into cellular mem
branes. 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 
here these polypeptides are also inserted into membranes. Subsequently they migrate via 
smooth endoplasmic reticulum and Golgi complex to the plasma membrane. In the 
course of insertion into and migration on cellular membranes, the glycoproteins undergo 
modifications which are the main topic of this article. One of the fmal steps in envelope 
assembly appear!; ~o be the insertion of a carbohydrate-free protein such as the M protein 
of myxo- and rhabdoviruses or the core protein of alphaviruses. These proteins are syn
thesized independently from the glycoproteins and are transported to the plasma mem
brane by different pathways. 

2 Membrane Insertion and Intracellular Transport of Glycoproteins 
Insertion ofviralglycoproteins into the membrane of the rough endoplasmic reticulum is 
tightly coupled to protein translation. This has been suggested by the common 
observation that glycoproteins can be detected first in the rough endoplasmic reticulum 
(Compans 1973a; Klenk et al. 1974; Nagai et al. 1976b; Grubman et al. 1974; Morrison and 
Lodish 1975). 

The concept has been further substantiated recently in a series of studies analyzing 
the translation of the G protein ofVSV in cell-free systems. These studies also provided 
evidence that insertion is coupled with glycosylation. The G protein that is synthesized in 
the presence of endoplasmic reticulum membranes had an apparent molecular weight of 
about 2,000 daltons greater than that prepared in the absence of membranes. This extra 
material probablY represents carbohydrate, as shown by its susceptibility to digestion by 
endoglycosidases, and by the fact that protein synthesized in the presence of mem
branes binds concanavalin A, while that prepared in the absence of membranes does not 
(Katz et al. 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 (Katzetal.1977; Toneguzzoand 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). 
These oberservations are in agreement with the "singal hypothesis" according to which 
polypeptide synthesis is initiated by the synthesis of a short amino acid sequence at the 
amino terminus. This is responsible for attachment of the polyribosome to specific struc
tures in the endoplasmic reticulum, which in turn facilitate passage of the polypeptide 
from the cytoplasmic to the cisternal side of the membrane (Blobel and Dobberstein 
1975). 

A recent study demonstrated that the signal sequence ofthe G protein ofVSV is Met
Lys-Lys-Leu-Leu-Tyr-Leu-Ala-Phe-Leu-Phe-Ile-(His-Val-Asn)-Lys and, thus, contains 
a high amount of hydrophobic amino acids. It was also found in this study that the nas
cent G protein competed with nascent prolactin, a secretory protein, for membrane sites 
involved in the early biosynthetic event of transfer across membranes. These data sug
gest that the initial step in the biogenesis of the G protein, i.e., an integral membrane pro
tein, are similar to these of a secretory protein (Lingappa et at 1978). 
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Insertion of togavirus glycoproteins appears also to be promoted by a signal se
quence. As will be described below, with these viruses, the core protein would be 
removed by proteolytic cleavage from a common precursor in order to expose the hy
pothetical signal sequence (Wirth et al. 1977; Garoffet al. 1978; Bonatti et al. 1979). 

It has long been known that envelope glycoproteins have to migrate considerable dis
tances from one cell compartment to another in order to get from the site of their syn
thesis to the site of envelope assembly. Breitenfeld and Schiifer(1957) showed that in cells 
infected with influenza virus the hemagglutinin was frrst visible with fluorescent anti
bodies thrOt'!IDout the cytoplasm, but was located in a higher concentration in ajuxtanu
clear locus. Later, the hemagglutinin accumulated in the peripheral region of the cell and 
could also be demonstrated in fme fIlaments protruding from the cell margin. 

The concept that envelope components migrate from the interior of the cell to the 
surface is also supported by cell fractionation studies that have been carried out with in
fluenza viruses (Compans 1973a; Stanley et al. 1973; Klenk et al. 1974; Hay 1974), 
paramyxoviruses (Nagai et al. 1976b; Lamb and Choppin 1977), and rhabdoviruses (DaVid 
1973; Hunt and Summers 1976; Knipeetal.1977a). These studies showed that the glycopro
tein can be chased from the rough endoplasmic reticulum to smooth intracellular mem
branes. Pulse-chase experiments also revealed a delayed incorporation into plasma 
membranes and into virions. 

Little is known about the molecular mechanisms promoting migration of the gly
coproteins to the side of budding. Insight into this problem might come from studies of 
temperature-sensitive (ts) mutants in which the glycoproteins are arrested at the nonper
missive temperature at the rough endoplasmic reticulum. With a mutant of vesicular 
stomatitis virus, which had such a defect, budding of virions occurred only when the 
block in migration to smooth membranes was released by a shift to the permissive tem
perature. Thus, there was a correlation between the migration of the glycoprotein and 
virus assembly (Lafay 1974; Knipe et al. 1977b). With a ts mutant of influenza viruses 
(Scholtissek and Bowles 1975) migration of the hemagglutinin was found to be blocked 
(Lohmeyer and Klenk 1979). The data obtained in the latter study implied that mere inser
tion of the glycoprotein into the membrane of the rough endoplasmic reticulum is not 
sufficient for migration. The hemagglutinin must possess a structural feature that, after 
insertion of the molecule into the membrane, promotes active transport to the cell sur
face. The nature of this transport factor and its possible interactions with cellular com
ponents is unknown. However, involvement of glycosylation and proteolytic cleavage of 
HA into HAl and HA2 can be ruled out, since neither of these events is requiredformi
gration as will be discussed below. Evidence has also been obtained with influenza virus 
that transport and processing of the hemagglutinin does not depend on the synthesis of 
the M protein (Lohmeyer et al., 1979). 

3 Proteolytic Cleavage 

3.1 Cotranslational Cleavage 

As has been pointed out above, evidence has been obtained that a signal sequence at the 
amino terminus promotes insertion of nascent viral glycoproteins into the membrane of 
the rough endoplasmic reticulum. It has also been pointed out that the amino acid se
quence of the signal of the G protein of vesicular stomatitis virus has been determined by 
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comparative analysis of various forms of this glycoprotein synthesized in cell-free sys
tems. In the same study (Lingappa et al. 1978) it has been demonstrated that the signal 
sequence is proteolytically cleaved during the process of insertion into microsomal 
membranes prior to chain completion. After cleavage the amino terminus is located 
within the lumen of the microsomal vesicles and is identical to that of the authentic 
glycoprotein from virions. 

A sequence of several co translational cleavage reactions appears to be involved in 
the biosynthesis of alphavirus glycoproteins. The structural proteins of these viruses are 
translated from 26S mRNA (Cancedda etal.1974; Clegg and Kennedy 1975a,b,c; Simmons 
and Strauss 1974; Wengler et al. 1974; Glanville et al. 1976). The 26S RNA polysomes are 
membrane-bound (Kennedy 1972; Wirth et al. 1977), as is the synthesis of structural pro
teins (Friedman 1968). The structural proteins appear to be translated as a polyprotein 
with a molecular weight of 130,000 to 140,000 daltons (Schlesinger and Schlesinger 1973; 
Keriinen and Kiiiiriiiinen 1975; Lachmi et al.1975; Kaluza 1976; Kaluza et al. 1976). 

However, there is also evidence that the nascent polyprotein is cleaved to yield first 
the core protein, second a membrane glycoprotein designated PE2 with Sindbis virus and 
p62 with Semliki Forest virus, and third the membrane glycoprotein E] (Clegg 1975; Clegg 
and Kennedy 1975b,c; Lachmi and Kiiiiriiiinen 1976). The p62 glycoprotein of Semliki 
Forest virus undergoes subsequently posttranslational cleavage to yield the virion gly
coproteins E2 and E3 (Simons et al.1973; Garoffet al.1974). The precursor PE2 of Sin db is 
virus is also cleaved, but only the larger fragmentE2 is present in the virus (Schlesinger and 
Schlesingerl973). With alphaviruses the first cotranslational reaction is, thus, cleavage of 
the core protein from the nascent chain. There is evidence that the cleavage enzyme is 
virus-specific (Scupman et al. 1977) and that the activity resides on the core protein itself 
(Aliperti and Schlesinger 1978). 

For the further processing ofthe envelope proteins, the following sequence of events 
has been suggested. Removal of the core protein from the nascent chain would expose a 
new amino terminal sequence that serves as a signal (Martire et al.1977; Wirth et al. 1977; 
Garoffet al. 1978; Bonatti et al.1979). This sequence would establish a ribosome-mem
brane junction and thereby initiate cotranslational transfer of nascent p62/PE2 through 
the membrane of the endoplasmic reticulum. The next proteolytic event would be 
cleavage between p62/PE2 and E] that was found to be coupled to membrane insertion 
(Garoffet al.1978; Bonatti et al.1979). It is not known, however, on which side of the mi
crosomal membrane this cleavage takes place. Wirth et al. (1977) have proposed that in 
infected cells the cleavage takes place on the cytoplasmic side ofthe endoplasmic reticu
lum membrane. This cleavage would expose the amino terminus of Ej, which might 
function as a signal for new attachment. Another possibility is that the carboxy terminus 
of p62/PE2 not only spans the bilayer but that the chain loops back again into the mem
brane bringing its carboxy terminal end to the cisternal side of the endoplasmic reticu
lum, where the cleavage would occur as soon as the loop has been inserted. No new 
signal would be required in this case, as the amino terminus ofE] would already be insert
ed into the membrane and its extrusion could continue as chain elongation proceeds. 
Thus, in this case two integral membrane proteins would be inserted by a mechanism in 
which a common precursor with a single signal sequence would loop back and forth 
through the membrane (Garoff et al. 1978; Bonatti et al. 1979). 

It has already been pointed out that signal sequences playa role not only in mem
brane biogenesis but also in secretion. In both processes, correct topological biogenesis 



24 Hans-Dieter Klenk and Rudolf Rott 

involves exclusively the nascentform of the polypeptide and, in both processes, the infor
mation for transfer usually resides in a cleavable hydrophobic amino terminal sequence. 
However, evidence has also been obtained that a signal sequence need be neither 
cleavable nor highly hydrophobic (Palmiteret al.1978) in order to function in the transfer 
of proteins across membranes in cell-free systems (Lingappa et al. 1978). 

3.2 Posttranslational Cleavage 

3.2.1 Param." -xoviruses 

Paramyxoviruses possess two different glycoprotein species (Klenk et al. 1970a; Content 
and Duesberg 1970; Mountcastle et al. 1971). 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). 

In contrast to influenza virus, which has hemagglutinin and neuraminidase on dis
tinct glycoprotein molecules, with paramyxoviruses both of these activities are asso
ciated with one glycoprotein species, the HN glycoprotein (Scheid et al. 1972; Scheid and 
Choppin 1973; Seto et al.1973; Tozawa et al.1973; Shimizu et al.1974). HN ofSendai virus, 
SV5, and NDV has a molecular weight in the range of 65,000-74,000 daltons as deter
mined by polyacrylamide gel electrophoresis in the presence of SDS and reducing 
agents. Under nonreducing conditions a dimer is observed, suggesting that the hemag
glutinin-neuraminidase spike is composed of two disulfide-linked HN glycopeptides 
(Scheid et al. 1978). Chymotrypsin treatment of this spike yields a water-soluble protein 
with neuraminidase activity and hemagglutinin antigenicity (D rzeniek and R ott 1963) that 
contains the larger polypeptide fragment (HN-cl) as a disulfide-linked dimer. The other 
cleavage produo.t(s) are lipophilic and contain that part ofHN which anchors the spike in 
the virus membrane (Scheid et al. 1978). Failure to detect an N-terminal amino acid on 
HN or HN-cl suggests that the hydrophobic tail ofHN contains the carboxy-terminus. 

In some strains ofNDV, a 82,000 dalton precursor to the HN glycoprotein designated 
HNo is incorporated into virions (Nagai et al.I976a; Nagai and KlenkI977). Such particles 
have reduced hemagglutinin and neuraminidase acivities as will be described in detail 
below. 

The fusion spike is composed of glycoprotein F which consists of two disulfide
linked fragments, FI (mol. wt. 48,000-56,000) and F2 (mol. wt. 10,000-16,000). Under 
nonreducing conditions the two fragments are not separated from each other and mi
grate on polyacrylamide gels as a complex cl mol. wt. 54,000-58,000) that has been 
designated FI,2. The fragments are derived by proteolytic cleavage from a common pre
cursor Fo (mol. wt. circa 65,000) that under certain conditions is incorporated into NDV 
and Sendai virus particles (see below). Since only the cleavage product, but not the 
uncleaved precursor is biologically active, it could be clearly demonstrated that glycopro
tein F is responsible for hemolysis and cell fusion (Homma and Ohuchi 1973; Scheid and 
Choppin 1974a; Shimizu et al. 1974; Nagai et al. 1976a). Similar conclusions have been 
drawn from a study using mono specific antibodies (Seto et al.1974). Of the two cleavage 
fragments only the larger one (PI) was frrst identified, and was then designated F (Scheid 
and Choppin 1974a). Subsequently evidence has been obtained that a smaller cleavage 
fragment F 2 is also present on the spike (Shimizu et al.1974; H omma et al. 1975; Nagai et al. 
1976b), and recently this fragment has been isolated and characterized in some detail 
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(Scheid and Choppin 1977). With Sendai virus, SV5, and NDV, FI as well as F2 are glycosy
lated, but F2 contains relatively more carbohydrates than Fl. No free N-terminus was 
detected on F ° or F 2 of Sendai virus, whereas N -terminal phenylalanine was found on Fl. 
This suggests that the order ofthe F ° polypeptide is X -NH -F rphe-FI-COOH. Analysis of 
the N-terminal sequence of the FJ polypeptide revealed a high degree of hydrophobicity 
and of homology among all three paramyxoviruses (Scheid et al. 1978; Gething et al. 
1978b). 

Cleavage is involved in the biosynthesis of both paramyxovirus glycoproteins. As 
described above the FJ and F2 subunits of glycoprotein F are derived from a common 
precursor Fo. This precursor has been identified with Sendai virus (Homma and Ohuchi 
1973; Scheid and Choppin 1974a), SV5 (Peluso etal.1977), measles virus (Scheid etal.1978), 
and a whole series of different strains of NDV (Samson and Fox 1973; Hightower et al. 
1975; Nagai et al.1976a,b). Cleavage ofFo is a posttranslational event and takes place on 
smooth internal membranes and on the plasma membrane (Nagai et al.1976b). With two 
strains ofNDV, a precursor RNo has been observed that is converted, again by proteoly
tic cleavage, into glycoprotein HN (Nagai et al.1976a; Nagai and Klenk 1977). Evidence 
has been obtained by in vitro translation studies that HNo might be snythesized also by 
other NDV strains in which the precursor cannot be detected if analyzed under in vivo 
conditions (Clinkscales et al. 1977; Thomas et al. 1978). Thus, synthesis ofHN ° might be a 
general phenomenon occurring with all paramyxoviruses. It is not clear whether 
cleavage ofHNo is a cotranslational or a posttranslational event. It is, in fact, conceivable 
that HNo, incorporated into virions, contains the uncleaved signal sequence at the N-ter
minus. 

Cleavage is not required for virus assembly, but it is necessary for the expression of 
the biologic activities of each glycoprotein, i.e., hemolysis and cell fusion in the case ofF 
(Homma and Ohuchi 1973; Scheid and Choppin 1974a; Nagai et al. 1976a) and hemagglu
tinating and neuraminidase activity in the case ofHN (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 pre
cursors have reduced infectivity. 

Whether cleavage occurs depends on the virus strain and on the host cell. Sendai 
virus (Homma and Ohuchi 1973; Scheid and Choppin 1974a) and certain strains ofNDV 
(Nagai et al. 1976a) produce in appropriate host cells virus particles with one or both gly
coproteins 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, that are present in a given cell type and absent in 
another, are responsible for cleavage. On the other hand, in a given host cell the glycopro
teins of one NDV strain may be cleaved, whereas those of another are not cleaved, and 
evidence has been presented that these variations in cleavage are based on structural dif
ferences of the glycoproteins (Nagai et al. 1976a). 

Virus particles with uncleaved glycoproteins, which are obtained with Sendai virus 
and certain NDV 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 susceptible to trypsin but are 
activated by other enzymes such as chymotrypsin or elastase (Scheid and Choppin 1976). 
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In contrast to glycoprotein Fo, which requires a specific protease, glycoprotein HNo was 
cleaved and activated by a series of enzymes of different specificities (Nagai and Klenk 
1977). Thus, there is a striking difference in the susceptibility of both glycoproteins to pro
teolytic 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 in vivo 
only with two NOV strains, whereas Fo has been observed with almost all 
paramyxoviruses analyzed. 

The glycoproteins of paramyxoviruses play essential roles in the initiation of infec
tion. 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 and 2. Virus particles with biologically 
inactive precursors are available that can be activated by in vitro treatment with specific 
proteases, e.g., with strain Ulster of NOV, HNo can be activated by chymotrypsin and Fo 
by trypsin. Thus, the activity of each individual glycoprotein can be analyzed indepen
dently. 

The ability of paramyxoviruses to interact and agglutinate a wide spectrum of 
erythrocytes has been 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 NOV particles with the nonhemagglutinating precursor HNo have a reduced infec
tivity (Nagai et al. 1976a; Nagai and Klenk 1977). This concept is also supported by the 
observation that a mutant of Sendai virus forms virions that lack the HN glycoprotein as 
well as infectivity (Portner et al. 1975). Both of these fmdings demonstrate that HN is 
essential for infection. The observation thatHN -specific antisera inhibit fusion (Seto et al. 
1974) indicates that adsorption of the virus is a precondition for fusion, and thus 
penetration, to occur. 

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 information has been accumulated on the receptor (for reviews 
see Biichi et al. 1977). There appears to be little specificity concerning the structure to 
which neuraminic acid is linked, because a whole series of different neuraminic acid con
taining 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 glycoprotein is responsible 
for hemagglutinating and neuraminidase activities. This is suggested by binding studies 
of a neuraminic acid analog (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 Or
lich 1972). As will be pointed out below, carbohydrates in the virus particles are deter
mined largely by the host. The neuraminidase appears to be responsible for a distinct 
virus-specific modification, i.e., the absence of neuraminic acid in glycoproteins and gly
colipids (Klenk and Choppin 1970; Klenk et al. 1970a,b). 

There is now wide consent that the common principle underlying cell fusion and 
hemolysis is insertion of the viral envelope into the cell membrane by fusion. Ex
perimental evidence for insertion and subsequent dispersion of envelope antigens in the 
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plasma membrane has been obtained from electron microscopic studies (Howe and Mor
gan 1969; Apostolov and Almeida 1972; Bachi et al. 1977). The concept of envelope inser
tion is also supported by studies on the action of stimulated cytotoxic T -cells on corre
sponding target cells that had been exposed to virus. Lysis occurs only when the cells are 
exposed to virus containing cleaved glycoproteins, but virus replication in the target cell 
is not required (Gething et al. 1978a). Hemolysis appears to require insertion of a highly 
permeable envelope in order to allow leakage of ions, swelling of the cells, and fmally 
egress of hemoglobin (Shimizu et al. 1976; Homma et al. 1976). Cell fusion occurs if the 
envelope incorp'lrated into the plasma membrane fuse with another cell. Hemolysis as 
well as cell fusion require 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. 
Hosaka and Shimizu (1972a) have shown that envelope glycoproteins are essential for the 
hemolytic activity of reassembled particles although lipids are required as an activator for 
the formation of the hemolytic particles. Phosphatidylethanolamine is the most effective 
activator while phosphatidylcholine and sphingomyelin are effective only at high con
centrations, and phosphatidylserine is ineffective (Hosaka and Shimizu 1972b). The HN 
glycoprotein and lipids form particles that possess only hemagglutinating and 
neuraminidase activities, again suggesting that the F glycoprotein is required for hemoly
tic and cell-fusion activities (Hosaka and Shimizu 1972a; Hosaka et al. 1974). Recent 
studies gave evidence that in addition to active F protein, neuraminidase is also necessary 
for membrane fusion (Huang et al. 1980b). 

Cell fusion and hemolysis have found wide application as model systems to study 
envelope-membrane fusion (for 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 oflipids between the viral envelope and the cell membrane. 
Evidence for lipid exchange has been obtained fIrst by Drzenieket al. (1966), who showed 
that glycolipid antigens were transferred from paramyxovirions into erythrocytes upon 
exposure of cells to viruses. Recently lipid exchange mediated by NDV 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 etal.1975, 1977). These studies sug
gest that fIrst the envelope bilayer of the Sendai virion and the membrane of the erythro
cyte 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 ofF 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 NDV that also showed that the virus alters the bilayer 
structure of the target cell membrane and that this perturbation depends on cleavage ofF 
(Klenk et al. 1977b; Nicolau et al.1978). 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 
(Diringer and Rott 1976). As has been pointed out above, the F protein has a highly hy
drophobic region at the N-terminus of the F} segment, and itis tempting to speculate that 
this region might be responsible for the interaction with the target cell membrane. 

It has been pointed out above that proteolytic cleavage of the viral glycoproteins is 
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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 strain, Sendai 
virus (Scheid and Choppin 1976) and NDV (Nagai et al.1976a) form either infectious par
ticles with cleaved glycoproteins or particles with reduced infectivity and uncleaved gly
coproteins. Thus, there are differences in host range, and these differences proved to be 
of high importance for the pathogenicity ofNDV. 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 3.now 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 (for review see Rott 1979). 

3.2.2 Influenza Viruses 

Influenza viruses possess two glycoproteins, hemagglutinin and neuraminidase, each of 
which constitutes a different type of spike. Proteolytic cleavage has so far been observed 
only with the hemagglutinin. 

The hemagglutinin spike may be composed of a 75,000 dalton glycoprotein species, 
designated HA, or alternatively two cleavage products that are designated HAl and HA2 
(50,000 and 25,000 daltons, respectively). The extent of cleavage ofHA into HAl and 
HA2 varies with the virus strain and cell type, and the presence or absence of serum pro
teases (Lazarowitz et al. 1971, 1973a,b; Rifkin et al. 1972; SkeheI1972; Stanley et al. 1973; 
Klenk et al. 1975). 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. 1977 a). No cleavage ofHA is 
necessary for virus assembly or receptor-binding activity, but it is a prerequisite for full 
infectivity of virions (Klenk et al. 1975, 1977a; Lazarowitz and Choppin, 1975). It was 
observed that cleavage ofHA into polypeptides of sizes similar to HAl and HA2 could be 
accomplished by a variety of proteases; however, only cleavage by trypsin-like enzymes 
resulted in the formation of highly infectious virus (Lazarowitzand Choppin 1975; Klenk 
et al. 1977a). Activation of infectivity thus requires cleavage of a specific peptide bond 
with arginine or lysine in the carboxyl linkage (Klenk et al. 1977a). However, sequence 
analysis has revealed that neither of these amino acids constitutes the carboxyl terminus 
ofHA I (W ateifield et al.1979; Ward and Dopheide 1979). These observations suggest that, 
in addition to a trypsin-like enzyme, a protease of different specificity may be involved 
and that a peptide fragment may be eliminated in the cleavage reaction. 

The recent elucidation of the complete amino acid sequence of the hemagglutinin 
gives further insight into the structure of the cleavage site. Comparison of the sequence 
of the uncleaved precursor HA (Porter et al. 1979; Gething et al. 1980; Min lou et al. 
1980; Sleigh et al. 1980) with the sequence at the carboxy terminus of HAl and the 
amino terminus of HA2 (Wateifield et al. 1979; Ward and Dopheide 1979; W. Garten 
unpublished results) demonstrates that with the hemagglutinin of fowl plague virus, a 
pathogenic avian influenza virus, a basic peptide containing several arginine and lysine 
residues is eliminated, whereas with other strains a single arginine is eliminated. It is 
conceivable that such differences in the structure of the cleavage site account for the 



Cotranslational and Posttranslational Processing of Viral Glycoproteins 29 

differences in the susceptibility of the vanous hemagglutinins to proteolytic activation 
(see below). 

The site of cleavage of HA into HAl and HA2 within the cell varies with the virus 
strain. With the WSN strain, cleavage occurs at the plasma membrane (Lazarowitz et al. 
1971), whereas with fowl plague virus, cleavage occurs intracellularly in membranes of 
the endoplasmic reticulum (Klenk et a1.1974). Cleavage ofHA is inhibited if the virus is 
grown in the presence of protease inhibitors or at reduced temperatures (Klenk and Rott 
1973). 

As has been 1)ointed out above, proteolytic cleavage ofHA 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 function in the infection 
process, and it has been suggested that it may be involved in penetration (Klenk et al. 
1975; Lazarowitz and Choppin 1975). 

The results of a comparison of the nuclear magnetic resonance spectra of chicken fi
broblasts exposed to influenza virus indicate that viruses containing the cleaved HA 
induce - similarly to the glycoprotein F of paramyxoviruses - an alteration of the lipid 
bilayer of cellular membranes. This alteration is not seen when cells were infected with 
virus particles containing uncleaved HA (Nicolau et al.1978). Furthermore, virus-specifi
cally primed cytotoxic T -lymphocytes can lyse the respective target cells only when they 
are infected with influenza viruses containing cleaved HA. Mere adsorption of virus par
ticles to the cellular membrane, which is performed by virus with uncleaved HA, is insuf
ficient for target cell formation (Ku"le et al.1979). These data allow us to conclude that as 
.with paramyxoviruses, penetration of influenza viruses takes place by a fusion process of 
the viral envelope with the cellular membrane. This fusion is triggered by the 
cleaved HA glycoprotein. This concept is supported by the 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 of 
paramyxoviruses) that exhibits almost complete homology with the N-terminal end of 
HA2 (Skehel and Wateif;eld 1975). Thus both glycoproteins might have similar func
tions. Direct evidence that penetration of influenza virus takes place by a fusion process 
was obtained by studies using glycoprotein-coated liposomes. It could be shown that 
besides cleaved hemagglutinin neuraminidase activity was also required for fusion 
(Huang et al. 1980a, b). 

A comparative analysis of21 avian influenza A strains has demonstrated that the sus
ceptibility of the hemagglutinin to proteolytic cleavage correlated with host range and 
with pathogenicity of these viruses for the chicken (Bosch et al. 1979). Thus, the hemag
glutinin appears to be an important factor for the pathogenicity of influenza virus as are 
HN and F proteins for the pathogenicity of paramyxoviruses. These fmdings do not con
tradict the results obtained with recombinants of influenza A viruses produced in vitro. 
In an analysis of a large number of such recombinant viruses, it became evident that 
pathogenicity of influenza viruses depends not only on the hemagglutinin but also on an 
optimal gene constellation that varies and is determined by the parental strains used for 
reassortment (for review see Rott 1979). One has to keep in mind that the recombinants 
obtained in vitro can be looked at as artificially constructed viruses. It appears that in the 
avian organism only viruses with an optimal gene constellation survive. If in addition to 
_this 'optimal gene composition the viruses possess hemagglutinin, which is cleaved in 
many different host cells, they are pathogenic. 
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3.2.3 RNA-Tumor Viruses 

Evidence has been obtained that the two glycoproteins of avian RNA tumor viruses, 
gp85 and gp37, are distinct gene products (Mosser et al. 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 al. 1977; Klemenz and Diggelmann 1979). 

The major envelope glycoprotein of murine leukemia viruses is gp70. Recently, an 
additional carbohydrate-free polypeptide, which has been resolved in these viruses, also 
appears to be located on the external surface of the viral envelope and is designated pl5 
(E) (Ikeda etal.1975; Ihleetal.l976; Famularietal.l976; Van Zaaneetal.I976). This pro
tein tends to aggregate in the absence of detergents, and is found in the void volume using 
gel fIltration in guanidine hydrochloride. It can be resolved from an internal virion poly
peptide of similar electrophoretic mobility by high pH discontinuous SDS gel elec
trophoresis (Famulari et al. 1976). Recent studies with Moloney murine leukemia virus 
(Leamnson et al. 1977) indicate that gp70 and pI5(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 
pI5(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 p15 (E) is also suggested by recent 
observations that they are synthesized in the form of a common precursor polypeptide 
(Famulari et al. 1976; Witte and Weissman 1976; Van Zaane et al. 1976). 

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 gly
coproteins 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), suggesting that the 
minor glycoprotein is a proteolytic cleavage product of gp70. It has also been suggested 
that the minor glycoprotein may represent host cell-coded H -2 antigen (Rubbers and Lilly 
1977). Whether a single mechanism will acount for the results obtained in various virus
cell systems remains to be established. In the case of avian C-type viruses, tryptic peptide 
analysis has demonstrated that gp37 is not a cleavage product of gp85 (Mosseret 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 envelope proteins are synthesized in the form of a precursor molecule. In the 
murine leukemia viruses, the major external proteins gp70 and p15 (E) are found as a pre
cursor of about 85,000 daltons (Famulari et al. 1976; Naso et al. 1976; Witte et al. 1977). 
Antiserum to either gp70 or p15 (E) could precipitate the precursor protein, 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 glycoprotein gp85 (England et al. 1977). In pulse-chase experiments, this pre
cursor 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 
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identified in cells (H alpem et al. 1974; Moiling and H ayamil977), butthis species was not 
observed in other studies (England et al. 1977). Pulse-labeling experiments with mouse 
mammary tumor virus-infected cells show that the fIrst envelope-related polypeptide 
that can be detected after labeling migrates with an apparent molecular weight of 70,000 
daltons (Dickson et al. 1975). This polypeptide, gp Pr70, turns over concomitant with the 
appearance of gp34 and gp56. Thus, gp Pr70 most likely is analogous to the gp Pr90 seen 
as an envelope precursor for the C-type viruses. 

Some information on the intracellular location of murine leukemia virus glycopro
teins and their precursor has been obtained by Witteetal. (1977). The precursor glycopro
tein was predominant in a high density cytoplasmic membrane fraction, whereas frac
tions of lower density contained increasing amounts of gp70 and a component believed 
to be p15 (E). None of the precursor molecules appeared accessible to reagents that 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. 

Fractionation studies carried out on cells infected with avian sarcoma viruses 
revealed that the uncleaved precursor was associated with the rough endoplasmic reticu
lum, indicating that it was synthesized on membrane-bound polysomes. Pulse-chase ex
periments demonstrated that the precursor was cleaved within the membrane fraction 
and further fractionation indicated that this cleavage took place within the endoplasmic 
reticulum of the cell. The cleavage products gp85 and gp37 were then transported to the 
plasma membrane of the cell for incorporation into budding virus (Hayman 1978). 
However, these conclusions are at variance with more recent data that indicated that the 
precursor glycoprotein of avian sarcoma virus undergoes extracellular cleavage 
(Klemenz and Diggelmann 1979). Here it could be shown in pulse-chase experiments that 
little or no intracellular cleavage of the precursor took place during the time in which the 
majority of newly synthesized viral glycoprotein was exported from the cells. Under 
steady state conditions the precursor was shown to be the predominant form of intracel
lular viral glycoprotein. Virus, which was harvested every 2 min from infected cells, con
tained mostly uncleaved and only a little mature glycoprotein. By incubation ofthis fresh
ly released virus in serum-free buffer, the majority of the glycoprotein precursor could be 
cleaved into mature gp85 and gp36. 

3.2.4 Alphaviruses 

Glycoproteins E2 (52,000 daltons and E3 (10,000 daltons) of Semliki Forest virus are 
derived by posttranslational cleavage of a precursor p62 (Simons et al.1973). Similarly, E2 
of Sin db is virus is derived from a precursor PE2, but the smaller cleavage fragment is not 
incorporated into the spike (Sch lesinger and Schlesinger 1973). The precursors are probab
ly cleaved after completion of their intracellular pathway at the plasma membrane 
(Strauss and Strauss 1977). Since virions with uncleaved precursors have not been detec
ted so far, it appears that cleavage is a precondition for virus maturation. 

3.2.5 Other Viruses 

Among the enveloped viruses studied in great detail rhabdoviruses are the only ones 
where no clear evidence for the involvement of posttranslational cleavage in glycopro
tein biosynthesis has been obtained. With rabies virus two glycoprotein peaks, G 1 and 
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G 2, can be observed occasionally on polyacrylamide gels that appear to be modifications 
of the same species. The proportions of Gland G 2 varied depending on the virus strains, 
the virus preparation, and on storage (Sokol et al. 1971; Neurath et al. 1972). This suggests 
that the lower molecular weight component G2 differs from the high molecular weight 
component G 1 in the completeness of either its carbohydrate or protein moiety. 

There is some evidence for proteolytic cleavage of coronavirus glycoproteins. On the 
surface of the murine coronavirus A59, a number of glycoproteins are detected, but these 
do not all contain distinct amino acid sequences. A 23,000 dalton glycoprotein designat
ed EJ and a large glycoprotein designated E2 appear to be two distinct envelope glycopro
teins. 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 compo
nent appears to be a precursor of the 90,000 dalton component, or possibly of two cleav
age products of similar electrophoretic mobility. Cleavage of the 180,000 dalton glyco
protein had little effect on viral infectivity (Sturman and Holmes 1977). 

In cells infected with Tacaribe virus, which belongs to the arenavirus group, a non
structural virus-specific glycoprotein (mol. wt. 68,000) has been detected and appears to 
be a precursor to the glycoprotein found in virions (mol. wt. 44,000) (Saleh etal. 1979). A 
nonstructural glycoprotein is also found with lymphocytic choriomeningitis virus, but it 
remains to be established whether this is a precursor to the two virion glycoproteins 
(Buchmeier et al. 1978). 

4 Glycosylation 
4.1 Structure of the Carbohydrate Side Chains 

The available evidence indicates that the carbohydrate side chains ofviralglycoproteins 
are generally asparagine-linked oligosaccharides similar in structure to those found in 
serum glycoproteins. The side chains are usually isolated in the form of glycopeptides 
obtained after Pronase digestion of the glycoproteins. Two major types of glycopeptides 
can be discriminated: a mannose-rich type (mol. wt. circa 2,000) consisting of mannose 
and N-acetylglucosamine and a complex type (mol. wt. 2,500-3,500). The structure of the 
complex type has been elucidated to some detail with vesicular stomatitis virus (Etchison 
et al. 1977), alphaviruses (Pesonen and Renkonen 1976; Burke and Keegstra 1979), and 
influenza viruses (Schwarz et al. 1978a; Nakamura and Compans 1978b; Collins and 
Knight 1978). It possesses a core of mannose and N-acetylglucosamine followed by bran
ches containing additional residues of N-acetylglucosamine, galactose, and terminal fu
cose and neuraminic acid. With myxoviruses containing neuraminidase, neuraminic 
acid is absent (Klenket al. 1970b). Sulfate has been found in the glycoproteins of a variety 
of viruses (Compans and Pinter 1975; Pinter and Com pans 1975; Klenket al. 1977a), and 
with influenza virus it was found predominantly in glycopeptides of the complex type 
(Nakamura and Compans 1978b). Complex as well as mannose-rich oligosaccharides 
usually exhibit heterogeneity, which may be due to different amounts of neuraminic acid 
on the complex chains (Burke and Keegstra 1976; Etchison et al. 1977), or to differences in 
the core structures (Hunt et al. 1979), or to other unknown factors. 

The carbohydrate content of different viral glycoproteins varies over a wide range. 
The glycoprotein of vesicular stomatitis virus contains two side chains (Etchison and Hol-
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land 1974a, b) that are both of the complex type (M oyeret al.1976) and that are attached at 
two specific sites of the polypeptide (Robertson et al.1976). The glycoproteins of alphavi
ruses contain both types of side chains (Burke and Keegstra 1976; Keegstra et al. 1975), and 
evidence has been presented that glycoproteins EI and E2 of Sindbis virus contain one 
complex and one mannose-rich side chain (SEfton and Keegstra 1974), while Semliki For
est virus appears to contain one to two complex chains on EI and E3, and one complex 
and two to three mannose-rich chains on E2(Mattiia et al.1976). The major glycoprotein 
of avian oncoviruses, gp85, contains both types of oligo saccharides (Krantz et al. 1976), 
but heterogeneity prevents an exact estimate of the number of side chains in the glyco
protein (Hunt et al. 1979). Both types of oligosaccharides are also found on the glycopro
teins of influenza viruses. The hemagglutinin contains about five to six side chains, most 
of which are located on the HAl subunit (Schwarz et al.1977; Nakamura and Compans 
1978b; Collins and Knight 1978). The hemagglutinin-neuraminidase (HN) glycoprotein 
of Sendai virus, a paramyxovirus, contains both types of side chains, whereas the fusion 
(F) glycoprotein contains only the complex type (Kohama et al. 1978). 

The carbohydrate complement of viral glycoproteins is specified by both the virus 
and the host cell. An important viral factor appears to be the primary structure of the poly
peptide. This is indicated by the individual oligosaccharide patterns of different viral gly
coproteins as described above. Further support for this concept comes from the observa
tion with influenza virus that the distribution ofthe different oligosaccharide types on the 
HA j and HA2 subunits of the hemagglutinin depends on the virus strain. Schwarz et al. 
(1977) showed that HAl of an avian influenza virus possessed only complex glycopepti
des, whereas both types were present on HA2. However, Nakamura and Compans 
(1978b) using the WSN strain of influenza showed that HAl possessed both types where
as HA2 contained only the complex type. Comparative analysis of a total of more than 20 
different influenza A strains revealed a wide variety in the distribution of the oligosac
charide types on the hemagglutinin (Klenk et al. 1978b; Nakamura and Compans 1979b; 
Schwarz and Klenk, to be published). These results suggest that specific amino acid se
quences determine whether a complex or a mannose-rich oligosaccharide is added at a 
particular site on the glycoprotein. On the other hand, it is generally accepted that the side 
chains are attached to the polypeptide by cellular enzymes. Thus, size and composition 
of the oligosaccharide depend also on the host cell, as has been observed with vesicular 
stomatitis virus (Burge and Huang 1970; Etchison and Holland 1974a; Schloemerand Wag
nerI975), alphaviruses (Keegstra etal.1975; Schlesingeretal.1976: Stollaretal.1976),and 
influenza viruses (Schwarz et al. 1977; Nakamura and Compans 1978b). 

It is worth noting that the glycoprotein of vaccinia virus differs remarkably in its 
carbohydrate composition from the glycoproteins of most of the other enveloped 
viruses, since glucosamine has been found here to be the only constituent sugar. Gly
copeptides obtained after Pronase digestion of virions grown in avian and mammalian 
cell lines were indistinguishable, and a similar glycopeptide was not detected in uninfect
ed cells (Garon and Moss 1971). 

4.2 Lipid-Mediated Glycosyiation 

Glycosylation ofglycoproteins containing asparagine-linked oligosaccharides appears to 
be initiated by en bloc transfer of preformed oligosaccharide chains from an oligosaccha
ride pyrophosphoryldolichol intermediate to an asparagine residue in the newly synthe-
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sized polypeptide chain. The lipid precursor isolated from a number of in vitro systems 
has been shown to have the general structure of(ManMG leN AcB1,4G 1cNAc)-P-P-doli
chol, and the number of mannose residues is usually five or more (Waechterand Lennarz 
1976). 

Evidence for en bloc transfer has been obtained with influenza virus (Schwarz et aI. 
1977; Klenk et aI. 1978a) and the molecular weight of the oligosaccharide transferred in 
BHK cells was estimated to be 1600-2200 (Nakamura and Compans 1979a). 

It had long been recognized that the transfer must be extremely rapid, possibly 
occurring on nascent chains (Klenk 1974), since it is not possible to detect unglycosylated 
forms of the hemagglutinin by short labeling (Klenk et aI. 1974). 

This concept has been further substantiated by studies with alpha- and rhabdoviru
ses, where it has been shown that membrane insertion and glycosylation of the protein 
are synchronous (see above) and that the oligosaccharide transferred to the protein has 
the same sugar composition as the precursor lipid intermediate. Thus, Sefton (1977) de
monstrated with Sindbis virus-infected chick cells that an 1,800 molecular weight oligo
saccharide is transferred from an oligosaccharide lipid to polysome-bound viral polypep
tide chains. Robbins et aI., using a cell-free enzyme preparation from Sindbis virus-infect
ed chicks cells, have demonstrated that a lipid-linked oligosaccharide containing five to 
six mannose and one to two glucose residues can be transferred to viral polypeptide 
acceptors (Krag and Robbins 1977; Robbins et aI.1977). Similar results have been obtain
ed with Semliki Forest virus (Schwarz et aI. 1978b). Finally, with VSV also a high mole
cular weight mannose-rich oligosaccharide has been found that was bound to the lipid 
intermediate and the early-labeled viral glycoprotein (Tabas et aI. 1978). 

4.3 Trimming of the Core Sugars 

The lipid-linked oligosaccharide intermediates are very similar in structure to the man
nose-rich oligo saccharides found in mature glycoproteins and thus would seem appro
priate donors for the synthesis of this type of side chains. However, if the same lipid inter
mediates are the donors for the complex side chains, one must postulate that there is a 
mechanism for the removal of excess mannose and possibly glucose residues before the 
sequential addition of the outer chain sugars. 

The first evidence for removal of mannose from a viral glycoprotein came from stud
ies on Sindbis virus (Sefton and Burge 1973). Recent analysis performed on Sindbis virus 
(Robbins et aI. 1977) and vesicular stomatitis virus (Hunt et aI. 1978; Tabas et aI. 1978) al
lowed preciser estimates on the number of residues removed in the trimming process 
and on the kinetics of the reaction. Thus, the major lipid-linked oligosaccharide syn
thesized in VSV -infected Chinese hamster ovary cells contains two N-acetylglucosamine 
and approximately ten additional monosaccharide residues, of which a minimum of six 
are mannose residues. Within 3 to 5 min, after transfer of the oligosaccharide to the pro
tein, processing of the oligosaccharide begins and by 30 min three monosaccharide 
residues have been excited. This is followed by the rapid removal of four more 
monosaccharides that results in a core with the composition (Man)lG 1cNAc)2Asn (Ta
bas et aI. 1978). A trimming process has also been observed with influenza virus 
(Nakamura and Compans 1979a; Lohmeyer and Klenk 1979). In the latter study, trimming 
was not observed, when the hemagglutinin of a temperature-sensitive mutant was arres-
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ted at the nonpermissive temperature at the rough endoplasmic reticulum. This 
observation suggests that the trimming process takes place at the smooth endoplasmic 
reticulum. 

The concept of the trimming process as outlined here implies that both types of side 
chains in viral glycoproteins have a common precursor oligosaccharide. Removal of 
mannose residues decides as to whether a complex or a mannose-rich side chain is pres
ent in the mature glycoprotein. 

4.4 Attachment of Peripheral Sugars 

Those side chains which were trimmed are completed and converted into complex 
chains by the attachment of the peripheral sugars, i. e., fucose, galactose, and, with the ex
ception of myxoviruses, neuraminic acid. This last step in the glycosylation sequence 
takes place on the membrane of the smooth endoplasmic reticulum and the Golgi 
apparatus. Evidence for a stepwise addition of sugars has been obtained with the hemag
glutinin of influenza virus, which was labeled on the rough endoplasmic reticulum 
primarily with glucosamine and mannose, whereas galactose and fucose were attached 
after migration to the smooth endoplasmic reticulum (Com pans 1973b; Klenk et al. 
1978a). By a different approach it could be shown that incorporation of glucosamine into 
the hemagglutinin ceased immediately after inhibition of protein synthesis by puromy
cin, while fucose continued to be incorporated as long as 10 to 15 min after inhibition 
(Stanley et al. 1973). The concept of sequential addition of sugars is supported by studies 
on vesicular stomatitis virus (Knipe et al. 1977c), oncornaviruses (Witte et al. 1977; Eng
land et al. 1977), and alphaviruses (Slifton 1977). 

4.5 Inhibition of Glycosylation 

In recent years a variety of substances have been discovered which interfere with the bio
synthesis of enveloped viruses. These include D-glucosamine and 2-deoxy-D-glucose 
(DOG) (Kilbourne 1959; Kaluza et al. 1972; Gandhi et al. 1972), 2-deoxy-2-fluoro-D-glu
cose and 2-deoxy-2-fluoro-D-mannose (Schmidt et al. 1976), and tunicamycin (Takatsuki 
and Tamura 1971). The fIrst virus to demonstrate that these substances speciftcally inter
fere with glycosylation was influenza virus, where in the presence of inhibitors the ungly
cosylated form of the viral hemagglutinin could be identifted (Klenket al.1972; Schwarz 
and Klenk 1974). Inhibitors of glycosylation became therefore valuable tools in studying 
the role of the carbohydrate moiety in the biosynthesis and function of viral glycopro
teins. The available evidence indicates that all of these inhibitors interfere with lipid
mediated, i. e., cotranslational, glycosylation. Whereas tunicamycin prevents the transfer 
of N-acetylglucosamine-l-phosphate from uridin-diphosphate-N-acetylglucosamine to 
dolichol-monophosphate, other inhibitors, such as 2-deoxy-glucose, interfere with the 
elongation of the lipid-bound oligosaccharide. Incomplete side chains are not transferred 
to the polypeptide (Schwarz et al. 1977). Thus, under conditions where glycosylation is 
inhibited only partially, the reduction of carbohydrate in a viral glycoprotein is due to the 
lack of entire side chains and not to the incorporation of incomplete ones. In this respect 
all iDhibitors have the same effect, regardless as to whether they act at the level of side 
chain initiation or elongation. 
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For a more detailed review on the mechanism of inhibition the reader is referred to a 
recent review by Schwarz and Datema (1980). 

4.6 The Role of Glycosylation in Virus Assembly 

Our knowledge on the role of glycosylation in virus assembly stems largely from studies 
employing glycosylation inhibitors. Inhibition of glycosylation affects different steps in 
the assembly process, and the effects show wide variations depending on the virus, the 
host cell, and the inhibitor used. 

Glycosylation of the viral glycoproteins may have an influence on their sensitivity to 
proteolytic cleavage. Thus, the unglycosylated hemagglutinin HAo of influenza virus is 
cleaved into more heterogeneous products resembling HAl and HA2 (Klenket al.1974; 
Schwarz and Klenk 1974; Nakamura and Compans 1978a), and in fowl plague virus-infect
ed cells treated with tunicamycin, the unglycosylated hemagglutinin polypeptide appears 
to be completely degraded (Schwarz et al. 1976). Similar results have been obtained with 
Rous sarcoma virus (Schwarz et al. 1976). With another strain of influenza virus 
(A/chick/Germany/49[Hav2Neql]) the hemagglutinin did not show increased lability 
whenglycosylation was inhibited (H. D. Klenk, unpublished results). The unglycosylated 
glycoproteins ofSemlikiForestvirus (Kaluza 1975,1976), Sindbis virus, and vesicular sto
matitis virus (Leavitt et al. 1977) also appeared to be stable in the cell. 

It seems quite clear that cotranslational glycosylation is not required for membrane 
insertion of the glycoproteins. This is indicated by the observation that in the presence of 
glycosylation inhibitors, the influenza virus hemagglutinin is incorporated into the rough 
endoplasmic reticulum and notfound in the cytoplasm or on free ribosomes (Klenk et al. 
1974; Nakamura and Compans 1978a). Recent studies in an in vitro system have also 
shown that the glycoproteins of Semliki Forest virus can be incorporated into mem
branes in the presence of tunicamycin (Garoff and Schwarz 1978). 

The unglycosylated influenza virus hemagglutinin migrates from rough to smooth 
cytoplasmic membranes in the same manner as the glycosylated compound (Klenketal. 
1974; Nakamura and Com pans 1978a). In the same virus-cell system the maturation proc
ess occurs, although at a reduced level, in the presence of the inhibitors to yield virions 
containing aberrantglycoproteins (Com pans et al. 1974; Klenketal. 1978a; Nakamura and 
Compans 1978a). 

With VSV it was observed that tunicamycin is a potent inhibitor of the assembly of 
strains San Juan and Orsay and that the nonglycosylated G, synthesized in the presence 
of the inhibitor, failed to undergo the normal migration to the cell surface. However, 
when the growth temperature was reduced from 37 to 30°C the San Juan strain produced 
small amounts of virus containing nonglycosylated G protein. Under the same con
ditions significantly higher particle yields were obtained from strain Orsay (Gibson et al. 
1979). 

These observations taken together indicate that the carbohydrates mayor may not 
enhance the metabolic stability of a glycoprotein and that they mayor may not be involv
ed in its transport form the rough endoplasmic reticulum to the plasma membrane. Fur
thermore, the data suggest that it depends on the amino acid sequence of the glycopro
tein whether or not glycosylation is required. Finally, it should be pointed out that virus 
particles may be formed that completely lack glycoproteins. Such particles have been 
observed with a natural deletion mutant of Rous sarcoma virus (Scheele and Hanafusa 
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1971; Ogura and Friis 1975; Halpern et al. 1976) and with a temperature-sensitive mutant of 
VSV (Schnitzer and Lodish 1979). 

4.7 The Role of Glycosyiation in Antigenicity 

Our knowledge on the role in antigenicity played by the carbohydrates of viral glycopro
teins is quite fragmentary. His conceivable that the side chains themselves act as antigen
ic sites, but it is ~')re commonly assumed that they have an indirect effect on antigenicity 
by their influence on the conformation of the whole glycoprotein molecule. 

As has been pointed out above the structure of viral glycoproteins is determined, at 
least in part, by the host. These host-specific carbohydrate sequences may be the struc
tural basis for host antigens that for a long time have been known to be present in 
enveloped viruses (for review see Lindenmann 1977). 

As already mentioned.in Semliki Forest virus infected cells a glycoprotein p62 can be 
detected, which is the precursor for the envelope glycoproteins E2 and E3• Using specific 
antibodies directed against glycosylated and unglycosylated glycoprotein p62 for im
mune precipitation, it becomes evident that this precursor protein occurs in two different 
antigenic forms. One of them is antigenically related to the unglycosylated p62 produced 
in infected cells after inhibition of glycosylation by DOG or tunicamycin. The other one 
shows antigenic cross-reaction with the viral envelope glycoproteins. Pulse-chase experi
ments revealed that the ftrst form, the "premature" one, of p62 is converted into the sec
ond one, the "mature" p62. Since both antigenic forms are glycosylated and have identi
cal peptide compositions, ~t is suggested that the conversion might be due to the change 
in the composition of the carbohydrate chains as occurring in the trimming process 
(Kaluza et al. 1980). 

The high molecular weight surface glycoprotein gp85 (Bolognesi 1974) of ava.in onco
viruses specifies the host range, interference, and neutralizing pattern of the virus parti
cles (Vogt and Ishizaki 1965, 1966; Ishizaki and Vogt 1966). Serologic characterization of 
gp85 from different virus strains revealed different antigenic specificities (Tozawa et at. 
1970; Duesberg et at. 1970; Rohrschneider et al. 1975; Halpern et al. 1975). Evidence has 
been presented that a group-specific antigen is expressed on the polypeptide part of the 
molecule while type-specific antigenicity is dependent at least in part upon an intact car
bohydrate moiety. The latter conclusion is suggested by the observation that treatment of 
AMV-gp85 with glycosidases abolished its antigenic reactivity in the homologous ra
dioimmunoassay (van Eldik et al. 1978). Digestion of AMV-gp85 with ~-galactosidase 
produced an ll-fold loss of antigenic reactivity that was even enlarged upon addition of 
neuraminidase to ~-galactosidase or to ~-galactosidase plus ~-N-acetyl-glucosaminidase. 
We should, however, have in mind that the sera used for this study were produced in rab
bits, i. e., not in the natural host of these viruses, and were prepared using antigens de
natured after purification with guanidine hydrochloride. 

Determinants cross-reacting with AMV -gp85 have been detected on uninfected 
avain cells using anti-AMV-gp85 sera (Halpern et al.1975; Bosch et at. 1978; Collins et al. 
1978). It is, however, still controversial whether the cross-reacting determinants are due 
to' carbohydrates. The carbohydrate moiety of the envelope glycoprotein gp71 of Friend 
murine leukemia virus seems not to be involved in determining viral antigenicity (Bolo
gnesi et al. 1975; Collins et al. 1977; Schafer et al. 1977). 
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4.8 The Significance of the Carbohydrate for the Biologic 
Function of Viral Glycoproteins 

In the presence of glycosylation inhibitors hemagglutinating and neuraminidase activi
ties are drastically reduced in infected cells (Kaluza et al.1972), even though unglycosy
lated glycoproteins are made (Klenk et al. 1972). Influenza virions produced under 
similar conditions have low specific infectivity (Nakamura and Compans 1978a). These 
results indicate that glycosylation is probably essential for normal biologic activity of in
fluenza virus glycoproteins. Different results, however, have been obtained with vesicu
lar stomatitis virus. Particles containing unglycosylated G, that are produced in the 
presence of tunicamycin, had a specific infectivity similar to that of normal particles ( Gib
son et al. 1978). Thus, in this instance the lack of carbohydrates appears to have little 
effect on the biologic activity of the glycoprotein. 

5 Conclusions 

Synthesis of viral envelope glycoproteins involves translation at membrane-bound 
ribosomes, insertion into the membrane of the rough endoplasmic reticulum, and trans
port to the site of virus assembly, which is usually the plasma membrane. The molecular 
mechanisms, by which glycoproteins are inserted into membranes, are fairly well under
stood with vesicular stomatitis virus and with alphaviruses. Insertion appears to be 
initiated by the attachment of an aminoterminal signal sequence to specific structures in 
the membrane followed by the passage of the nascent polypeptide from the cytoplasmic 
to the luminal side of the rough endoplasmic reticulum. Considerably less is known 
about the mode, by which the glycoproteins are transported from the rough endoplasmic 
reticulum to the specific sites of envelope assembly. Virus mutants with a temperature
sensitive defect in glycoprotein transport should be valuable tools for throwing light on 
this problem. It is evident from the data reviewed in this article that processing of viral gly
coproteins occurs at the cotranslational and the posttranslationallevel and that it involves 
proteolytic cleavage and glycosylation. In addition to proteolytic cleavage and glycosy
lation there may be other modifications, such as the covalent attachment of fatty acids, 
which recently has been observed with a variety of viral glycoproteins (Schmidt et al. 
1979; Schmidt and Schlesinger 1979). 

Formation of precursors that are subsequently cleaved by proteolysis appears to be a 
fairly common event in the biosynthesis of the envelope glycoproteins. At the cotransla
tionallevel, proteolytic cleavage removes the signal sequence required for membrane 
insertion, as demonstrated by the example of vesicular stomatitis virus. If envelope gly
coproteins are translated together with other viral proteins in the form of a large polypro
tein, as is the case with the alphaviruses, a whole series of cotranslational cleavage reac
tions is required for proper processing. 

Posttranslational cleavage is involved in the processing of the influenza hemaggluti
nin, of both paramyxovirus glycoproteins, of the envelope glycoproteins of toga viruses, 
and of the envelope proteins of oncoviruses. It is particularly interesting that cleavage was 
always found to be paralleled by induction of biologic activity, if it was possible 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 
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myxoviruses it could be demonstrated that strain-specific differences exist in the suscep
tibility of the glycoproteins to proteolytic enzymes. Furthermore, circumstantial evi
dence 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 shown 
that activation by proteolytic cleavage is an important factor in determining host range 
and pathogenicity of a virus. 

The biosyntil~sis of the carbohydrate side chains of the glycoproteins occurs in a 
stepwise manner, with different saccharide residues added in distinct cellular compart
ments. G lycosylation is initiated at the rough endoplasmic reticulum on the nascent poly
peptide chain, as has been observed fIrst with influenza virus and subsequently also with 
toga- and rhabdoviruses. The available evidence indicates that, at this stage, oligosaccha
rides containing glucosamine and mannose are transferred en bloc from a polyisoprenol 
derivative to the polypeptide. Fucose, galactose, and neuraminic acid appear to be attach
ed later after migration of the glycoprotein to the smooth endoplasmic reticulum and the 
Golgi apparatus. The glycosylation site and the type of the carbohydrate side chains 
attached to a particular site appears to be determined by the primary structure of the po
lypeptide. On the other hand, the side chain may exhibit host-dependent variations. 
Host-specific carbohydrate sequences may in turn be modified by virus-specific en
zymes, such as the myxovirus neuraminidase. Thus, the carbohydrate moiety ofviralgly
coproteins is the result of a complex interaction of virus- and host-specific factors. 

The process of glycosylation has been thought to play an important role in various 
aspects of structure, biosynthesis, and function of viral glycoproteins. With one virus or 
another experimental evidence has been obtained that glycosylation is necessary for the 
resistance ofthe glycoprotein to proteolytic degradation, transport to the cell surface, for
mation of virus particles, and infectivity of virions. However, there are always other vi
ruses where glycosylation appears to be oflittle impact. These observations suggest that it 
depends on the primary structure of the polypeptide whether or not glycosylation is re
quired for the expression of the structural and functional properties of the glycoprotein. 
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