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THE USE OF VIRAL MEMBRANE PROTEINS AS TOOLS TO FOLLOW 
BIOSYNTHETIC MEMBRANE TRAFFIC 

Our current understanding of the processes involved in the biosynthetic 
route of membrane proteins, from their site of synthesis, the rough ER 
to the plasma membrane owes a great deal to the use of model viral 
membrane proteins as tools. The three most popular proteins in this 
respect have been the G protein of vesicular stomatitis virus (VSV), the 
haemagglutinin (HA) of influenza virus and the spike proteins of Semliki 
Forest virus (SFV) (see Simons and Warren, 1984). 

There are three reasons why these viral membrane proteins have been 
so successful for molecular, biochemical as well as morphological 
studies of membrane traffic in general. 

1. Within a few hours of the initial infection all protein synthesis of 
the host cell is effectively switched off. Radioactive amino acids 
will thus only be incorporated into a relatively small number of 
viral proteins (into one or two spanning membrane glycoproteins in 
the case of the three viruses mentioned above). 

2. The infected cell produces extremely high levels of each of the 

viral proteins. In a baby hamster kidney cell (BHK) infected with 
SFV we calculated that a cell makes on average 
"" 1.2 x 105 molecules of each protein per minute (Quinn et aI., 
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1984}. This high level of expression obviously facilitates 
detection by both biochemical and morphological means. 

3. The viruses are simple structures consisting of 1 RNA molecule and 
multiple copies of the nucleocapsid protein(s} and the 1-2 spanning 
membrane glycoproteins. In the case of the membrane proteins, for 
example, the virus is totally dependent on the host's machinery for 
the synthesis, glycosylation and targeting to their final cellular 
destination. 

Two other points need to be emphasized before we go to the more 
complex situation with vaccinia virus. First, the budding event is due 
to an interaction between a cytoplasmically synthesized nucleocapsid 
and the cytoplasmic tail of one of the viral spanning membrane 
glycoproteins (Fuller, 1987; Vaux et aI., 1990). Second, some 
information contained within the structure of that spanning membrane 
protein determines the final destination of that protein within the cell 
and consequently, the site where viral budding occurs. In the case of 
VSV, SFV and influenza the proteins have information that allows them 
to go out to the plasma membrane, where budding occurs. Other viruses 
may bud into intracellular sites. Corona virus, for example, buds 
predominantly into the intermediate compartment between the ER and 
Golgi (Tooze et al. 1984; 1988). Recent transfection experiments have 
shown that the E 1 membrane glycoprotein, which is believed to 
determine the site of budding of this virus, by itself has the 
information which retains it specifically in the intermediate 
compartment (Machamer et aI., 1990). Similarly, the Bunya viruses 
such as Punta Tora virus bud into the Golgi complex. Again, a complex 
of the two glycoproteins of this virus by itself has the information for 
retention in the Golgi complex during intracellular transport (Matsuoka 
et al. 1988; Chen et al. 1991 a, 1991 b). 

The second point to consider is that a threshold of concentration of the 
viral membrane protein appears to be required for the budding event. In 
the case of SFV, which buds at the plasma membrane, the requirement 
for a concentration threshold prevents the capsids from interacting 
with the cytoplasmic tail of the spike proteins in the ER and in the 
Golgi complex. When, however, transport of these spikes through the 
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Golgi is blocked with monensin these proteins accumulated in one 
(medial) compartment of this organelle to such an extent that aberrant 
budding into this compartment can now be observed (Griffiths et aI., 
1984; Quinn et aI., 1984). 

THE BIOGENESIS OF VACCINIA VIRUS: ROLE OF THE INTERMEDIATE 
COMPARTMENT BETWEEN THE ROUGH ENDOPLASMIC RETICULUM AND THE 
GOLGI COMPLEX 

Vaccinia is among the most complex of animal viruses with a genome 
size of 191 x 106 bp that codes for about 263 potential genes (Goebel et 
aI., 1990). The virus is surrounded by up to four different membranes 
which are sequentially acquired during the process of morphogenesis. 
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Schematic model of the four morphologically different vaccinia forms. 

(1) IV = spherical Immature Virus with 2 membranes. The cytoplasmic 
site of the inner membrane can be labelled with anti-62kDa. Note 
that we are unable to label the INV and later forms with this 
antibody. We assume this is due to technical reasons, such as 
steric hindrance. 
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(2) INV == brick-shaped Intracellular Naked Virus with 2 me"mbranes. 
The outer membrane can be labelled with anti-14kDa. 

(3) lEV = Intracellular Enveloped Virus with 4 membranes. The two 
outermost membranes can be labelled with both, anti-37kDa and 
anti-HA. 

(4) E E V == Extracellular Enveloped V irus with 3 membranes. The 
outermost membrane can be labelled with both anti-37kDa and 
anti-HA. 

Closely related to the causative agent of smallpox, vaccinia is of great 
interest for a number of reasons. First, since it is a DNA virus that 
replicates in the cytoplasm, it has become a powerful model to study 
DNA replication and transcription (Moss, 1990a, b, 1991). Second, 
because of the ease with which foreign genes can be inserted into the 
viral genome and, via infection, expressed in several different tissue 
culture cells, it has become a popular expression system. Despite the 
enormous amount of literature on vaccinia virus, very little is known 
about the cytoplasmic events leading to its assembly and release by 
infected cells. In fact, a surprising dogma has developed with respect 
to the acquisition of the first of the viral membranes, namely that it 
originates from new membrane synthesis by virally-encoded enzymes 
(Dales and Pogo, 1981). This model is problematic for two reasons. 
First, if true, it would be the first example of de novo synthesis of 
membrane rather than the more commonly accepted idea that 
membranes are always synthesized on pre-existing membrane 
templates (Palade, 1983). Second, upon critical examination the actual 
published evidence in support of de novo synthesis rests solely on weak 
electron microscopic data from the early 1970's. 

By analogy to the budding of other membrane viruses such as Semliki 
Forest virus (SFV) and vesicular stomatitis virus (VSV), we started the 
vaccinia virus project with the working hypothesis that the virus 
acquires its membranes from the bilayers of a pre-existing host cell 
compartment(s). The hypothesis further postulates that the cell 
compartment(s) would acquire a key, newly synthesized viral membrane 
protein(s). Thus, as for other animal membrane viruses, these 
hypothetical proteins would determine the site of viral budding. We 
have now followed vaccinia virus infection in a variety of tissue 
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culture cells, primarily BHK, Hela and RK13. Subsequently, a whole 
range of established markers for cellular compartments of the exocytic 
and endocytic pathway were matched by immunocytochemistry at the 
light- and electron microscopic levels with a spectrum of antibodies 
against characterized viral proteins that were kindly provided by many 
groups. The antibodies included one against a 62 kDa cytoplasmic 
protein (from Drs. B. Moss and R. Doms, NIH, Bethesda) that is 
presumably involved in the interaction of the capsid with the first 
budding membrane and appears to interact with the antibiotic 
rifampicin, which selectively and reversibly blocks the first "budding" 
event (Moss, 1969). This protein was localized to the cytoplasmic site 
of the first viral membrane (Fig. 2C). Another antibody, against a 14 
kDa peripheral membrane protein (from Dr. M. Esteban, SUNY, New York), 
was localized to the second viral membrane (Fig. 20), while an antibody 
against the 85 kDa vaccinia virus haemagglutinin (from Dr. H. Shida, 
Kyoto University) localized to the third and fourth membranes (the so
called envelope) (see Fig. 1 for a summary of these localizations). 

Overall, our data suggest that the first two membranes of vaccinia 
originate from the intermediate compartment that is isolated between 
the rough endoplasmic reticulum and the Golgi complex (also referred to 
as "salvage" compartment) (see Pelham, 1989). The main evidence for 
this model rests on co-localization of the viral DNA and 62 kDa protein 
with three different markers of the intermediate compartment. First, 
the 53 kDa protein of Schweizer et aI., 1988 (in collaboration with Dr. 
Hans-Peter Hauri, Biocenter, Basel). Second, the corona virus E1 
expressed using the vaccinia virus (in collaboration with Dr. Carolyn 
Machamer, John Hopkins University, Baltimore) and third, the recently 
characterized small GTP-binding protein rab2 that had been previously 
localized to the intermediate compartment (antibodies provided by 
Dr. M. Zerial, EMBL, Heidelberg; Chavrier et ai, 1990) (see Figs. 2A and 
2B). 

Our current model for the biogenesis of the vaCCinia is that the 
nucleocapsid becomes engulfed by a cisternal (two membraned) 
structure that originates from, and is continuous with, the 
intermediate compartment. Following this envelopment or "budding" the 
14 kDa protein binds peripherally to some, as yet unidentified, vaccinia 
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Figure 2: 

(A) Double fluorescence labelling of BHK cells 9 h post infection with 
vaccinia virus. The upper panel shows the localization of rab2 
protein and the lower panel shows the corresponding DNA 
localization using the Hoechst dye which labells both the nuclei (N) 
and the viral "factory" (asterisk). After vaccinia infection rab2 
localizes almost exclusively with the viral factories. 

(B) Cryosection of a BHK cell infected with vaccinia virus for 8h in the 
presence of rifampicin. Subsequently, the drug was chased out for 
20 mins in order to enrich for immature virions. The section was 
labelled with rabbit an it-peptide antibodies against rab2 followed 
by protein A gold. The label (small arrowheads) is associated with 
membranes which are close to viral budding structures (asterisks) 
as well as close to the Golgi apparatus (G). 

(C) Cryosection of a Hela cell 8h post infection with vaCCinia virus. 
The section was immunolabelled with antibodies against the 62kDa 
rifampicin-sensitive vaccinia protein. The labelling is found in the 
cytosolic regions corresponding to the viral factories (small 
arrowhead) and at the cytoplasmic site of the first viral budding 
membranes (large arrowhead). The peripheral regions of fully 
budded, so-called immature virions are also labelled (asterisks). 

(D) Cryosection of a Hela cell grown in suspension, 19h post infection 
with vaccinia. The section was labelled with rabbit anti-peptide 
antibodies against the 14kDa vaccinia protein. The label is 
associated only with the outer membrane of the intracellular 
mature virions. Immature virions were never labelled. 

membrane protein. Using a recombinant vaccinia virus which 
expressesthe 14 kDa under an inducible promotor it has recently been 
shown that the 14 kDa is not necessary for the formation of infectious 
intracellular virions but for the acquisition of the third and fourth 
enveloping membranes (Rodriguez and Smith, 1990). The precise 
intracellular origin of these membranes is not yet clear. 

We have now used a large number of markers for the intermediate 
compartment. In addition to the 53 kDa, the corona E1 and rab2 similar 
results have been obtained for example with antibodies against mouse 
ypt-1 another GTP-binding protein (in collaboration with 
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Dr. D. Gallwitz, Gottingen). Our current working model is summarized in 
Fig. 3. 

C Galgi? ~ 

~ 
Figure 3: 

Schematic model of the exocytic pathway. This model proposes that the 
intermediate compartment (IC) is continuous with the rough ER 
(proximally) and with a cisternal structure on the cis side of the Golgi 
complex (distally). An important point of dispute is whether the RER 
and IC are really continuous (this model) or discontinuous (?). In the 
latter case an additional vesicular transport step would be required. 
The idea we favour is that the RERIIC have different functional domains 
that are in direct continuity. The Golgi complex is shown as a single 
compartment; the ? indicates that the precise number of compartments 
is still open. The available evidence in the literature now argues that 
the TGN is structurally and functionally distinct from the more 
proximal Golgi compartments. 

Collectively, these data argue that the intermediate compartment is in 
direct continuity between the rough ER and the first Golgi cisterna. 
This is essentially a structural model put forward by others, in 
particular Lindsey and Ellisman (1985a, b) and differs from the more 
commonly accepted idea of a "salvage" compartment that is 



373 

discontinuous from both the rough ER and the Golgi complex· (Pelham, 
1989; Klausner, 1989). We emphasize, however, that the organization 
of the intermediate compartment is extremely complex and further data 
are required to define its precise boundaries and to unequivocally 
distinguish between these two models. 

REFERENCES: 

Chavrier P, Parton RG, Hauri HP, Simons K and Zerial M (1990) 
Localization of low molecular weight GTP-binding proteins to 
exocytic and endocytic compartments. Cell 62: 317-329 

Chen SY, Matsuoka Y, Compans RW (1991a) Assembly and polarized 
release of Punta Toro virus and effects of brefeldin A. J Vir 
65:1427-1439 

Chen SY, Matsuoka Y, Compans RW (1991 b) Golgi complex localization of 
the Punta Toro virus G2 protein requires its association with the 
G1 protein. Vir 183: 351-365 

Dales S and Pogo BGT (1981) Biology of poxviruses. In: Kingsbury OW and 
Hausen HZ (eds) Virology Monographs. Springer-Verlag, Vienna New 
York 

Fuller SO (1987) The T -4 envelope of Sindbis virus is organized by 
interaction with a complementary T-3 capsid. Cell 48: 923-934 

Goebel SJ, Johnson GP, Perkus ME, Davis SW, Winslow JP and Paoletti E 
(1990) The complete DNA sequence of vaccinia virus. Vir 179: 247-
266 

Griffiths G, Quinn P, Matthieu-Costello 0 and Hoppeler H (1984) Density 
of newly synthesized plasma membrane proteins in intracellular 
membranes. I. Stereological studies. J Cell Bioi 96: 835-850 

Klausner RD (1989) Sorting and traffic in the central vacuolar system. 
Cell 57: 703-706 

Lindsey JD, Ellisman MH (1985a) The neuronal endomembrane system I. 
Direct links between rough endoplasmic reticulum and the cis 
element of the Golgi apparatus. J Neurosci 5: 3111-3123 

Lindsey JD, Ellisman MH (1985b) The neuronal endomembrane system II. 
the multiple forms of the Golgi apparatus cis element. J Neurosci 5: 
3124-3134 

Machamer CE, Mentone SA, Rose JK and Farquhar MG (1990) The E1 
glycoprotein of an avian coronavirus is targeted to the cis Golgi 
complex. Proc Natl Acad Sci USA 87: 6944-6948 

Matsuoka Y, Ihara T, Bishop DHL, Com pans RW (1988) Intracellular 
accumulation of Punta Toro virus glycoproteins expressed from 
cloned cDNA. Vir 167, 251-260 

Moss B (1990a) Poxviridae and their replication. In: Fields BN and Knipe 
OM (eds) Virology. Raven Press Ltd, New York 



374 

Moss B (1990b) Replication of poxviruses. In: Fields BN and Knipe OM 
(eds) Virology. Raven Press Ltd, New York, p 2079-2111 

Moss B (1991) Vaccinia virus: A tool for research and vaccine 
development. Science 252: 1662-1667 

Palade GE (1983) Membrane biogenesis: An overview. Meth in 
Enzymology 96: XXIX-LV 

Pelham HRB (1989) Control of protein exit from the endoplasmic 
reticulum. Ann Rev Cell Bioi 5: 1-23 

Quinn P, Griffiths G and Warren G (1984) Density of newly synthesized 
plasma membrane proteins in intracellular membranes. J Cell Bioi 
98: 2142-2147 

Schweizer A, Fransen JAM, Baechi T, Ginsel Land Hauri HP (1988) 
Identification, by a monoclonal antibody, of a 53-kD protein 
associated with a tubulo-vesicular compartment at the cis-side of 
the Golgi apparatus. J Cell BioI. 107: 1643-1653 

Simons K and Warren G (1984) Semliki Forest virus: A probe for 
membrane traffic in the animal cell. Advances in Protein Chemistry 
36: 79-125 

Tooze J, Tooze S and Warren G (1984) Replication of coronavirus MHV
A59 in sac(-) cells: determination of the first budding of progeny 
virions. Eur J Cell Bioi 33: 281-293 

Tooze SA, Tooze J and Warren G (1988) Site of addition of N-acetyl
galactosamine to the E1 glycoprotein of mouse hepatitis virus A59. 
J Cell Bioi 106: 1475-1487 

Vaux 0, Tooze J and Fuller S (1990) Identification by anti-idiotype 
antibodies of an intracellular membrane protein that recognizes a 
mammalian endoplasmic retention signal. Nat 345: 495-502 


