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Targeting of viral glycoproteins to the 
Golgi complex 

Tom C. Hobman 

T 
he study of enveloped 
viruses has proved to 
be invaluable in illumi- 

nating how eukaryotic cells 
contend with the problem of 
transporting and sorting pro- 
teins within the exocytic path- 
way. Owing to the simplistic 
nature of these viruses, most 
rely entirely on the host cell 
to synthesize, transport and 
sort their protein components 
to the appropriate locations. 
Consequently, viral proteins 
follow the same pathways as 
endogenous host proteins. The 
exterior of the viruses consists 

Certain enveloped viruses are known to 
assemble on membranes of the Golgi 

complex. Intracellular budding is 
facilitated by targeting of the viral 

glycoproteins to this organeUe. It is likely 
that these viral glycoproteins are retained 

in the Golgi by the same means as are 
endogenous Golgi proteins. Consequently, 

the study of Golgi-specific viral proteins 
has provided important clues to the nature 

of Golgi retention signals. 
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of a host-derived lipid envelope containing one or 
more membrane-spanning glycoproteins. The interior 
of the virion contains RNA or DNA, usually com- 
plexed with capsid proteins to form a nucleocapsid. 
Viral glycoproteins are synthesized on the endo- 
plasmic reticulum (ER) and are then transported 
vectorially through the Golgi to the cell surface. 
Most enveloped viruses assemble at the plasma 
membrane; however, a limited number of viruses 
are known to bud into intracellular membranes of 
the ER, intermediate compartment, Golgi and inner 
nuclear envelope (for detailed reviews, see Refs 1, 2). 
This review focuses on viruses that bud into Golgi 
and Golgi-associated membranes. 

Exactly why some viruses have evolved to assemble 
on membranes other than the plasma membrane is 
unclear. Perhaps by limiting the amount of viral 
antigen on the cell surface, the virus reduces the 
chances of complement-mediated lysis of the host 
cell. For viruses that replicate or assemble relatively 
slowly this would be advantageous. All the simple 
RNA viruses that are known to bud into the Golgi 
are capable of establishing persistent infections. In 
vivo, establishing and maintaining a persistent infec- 
tion would certainly be facilitated by limiting the 
amount of viral protein exposed to the host immune 
system. 

The Golgi complex 
In mammalian cells, the Golgi complex is located in 
the perinuclear region and consists of a variable num- 
ber of flattened cisternae with dilated rims, arranged 
parallel to each other. Current models of the Golgi 
invoke three main compartments, each with different 
biochemical functions and distinct morphology (for 

recent reviews on the Golgi 
complex, see Refs 3-5). Proxi- 
mal to the ER is the cis-Golgi 
network (CGN), followed by 
the medial Golgi stacks and 
then the trans-Golgi network 
(TGN). The CGN has been 
proposed to include the vacuo- 
lar elements of the inter- 
mediate or salvage compart- 
ment as well as the osmophilic 
fenestrated cisternae of the cis- 
Golgi. This region is thought 
to function mainly as the entry 
site of the Golgi and in recy- 
cling of proteins and lipids 
between the ER and Golgi (for 

a recent review, see Ref. 6). During transport to the 
cell surface, the density of viral glycoproteins in Golgi 
membranes is approximately eightfold greater than in 
membranes of the ER 7 and it is likely that the concen- 
tration step occurs during transport from the ER to 
the Golgi 8. 

Although it remains to be determined exactly where 
within the Golgi complex the trimming of mannose 
residues from asparagine-linked (N-linked) glycans 
first occurs (i.e. by the action of ~-mannosidase I), it 
is now widely believed that most processing of N- 
linked carbohydrates occurs in the medial Golgi stacks. 
Accordingly, enzymes such as cx-mannosidase II, 
N-acetylglucosaminyltransferases and fucosyltrans- 
ferase reside within the central Golgi stacks. The 
action of these enzymes is highly sequential and 
substrate-specific, and it is probably not necessary 
that each enzyme be vectorially confined to a specific 
cisterna. In support of this notion, cisternal overlap of 
previously termed medial and trans-Golgi enzymes 
has recently been documented 9. 

Terminal glycosylation (addition of galactose and 
sialic acid) and, for some glycoproteins, sulfation 
and/or site-specific endoproteolytic cleavages occur 
in the trans-Golgi and/or TGN. The TGN is also the 
exit site of the Golgi, where proteins destined for 
endocytic compartments (and secretory granules in 
cells involved in regulated secretion) are sorted into 
clathrin-coated vesicles, while those destined for the 
plasma membrane exit the Golgi in non-clathrin- 
coated transport vesicles. 

Virus assembly on Golgi membranes 
Budding results from interactions between the cyto- 
plasmic domains of viral membrane glycoproteins 
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and the nucleoprotein complexes that form the core 
of the virion. The latter consist of the viral genomic 
RNA or DNA complexed with capsid proteins. In the 
case of negative-stranded RNA viruses, a transcrip- 
tase or replicase is a minor component of the viral core. 
The budding mechanisms are poorly understood, but 
the process ultimately results in envelopment of the 
viral core by a host-derived membrane studded with 
viral membrane proteins. Newly formed virions are 
released into the extracellular space or into the lumen 
of an intracellular compartment. In the latter case, 
virions must then traverse the exocytic pathway 
and be extruded from the cell much like a secretory 
protein. 

Assembly on Golgi membranes is presumably 
mediated by the targeting of one or more of the 
structural proteins to this organelle (Fig. 1). How- 
ever, the capability of a virus to bud into Golgi 
membranes is not necessarily dependent on the 
intrinsic targeting information contained within its 
structural proteins. Rather, the residency time and 
consequently concentration of viral membrane pro- 
teins within a particular intracellular membrane is 
likely to be a key determinant. For example, Semliki 
Forest virus (SFV), which normally buds at the cell 
surface, can be induced to assemble on Golgi mem- 
branes when infected cells are treated with mon- 
ensin 1°. Monensin is a carboxylic ionophore that 
causes the pH of the Golgi to increase, which often 
results in a block irt protein transport through this 
organelle. Consequently, SFV spike glycoproteins 
build up to a sufficient concentration in the Golgi of 
monensin-treated cells to drive the budding reaction. 
In contrast, monensin inhibits budding of bunya- 
viruses (which normally assemble on these mem- 
branes) into Golgi cisternae but does not interfere 
with binding of nucleocapsids to membraneslL How- 
ever, blocking transport of bunyavirus glycoproteins 
to the Golgi with brefeldin A allows virion assembly 
in the ER 12. Finally, inhibiting transport of vesicular 
stomatitis virus (VSV) G protein from the TGN by 
incubating infected cells at 20°C does not result in 
intracellular virus assembly, nor are nucleocapsid 
structures present in the Golgi region ~3. These studies 
suggest that viral assembly depends not only on a 
critical concentration of spike proteins in a particular 
membrane but on other as yet undefined factors 
as well 1. 

Of the limited number of viruses that assemble 
on Golgi and Golgi-associated membranes, the best 
studied by far are the coronaviruses and bunya- 
viruses. Rubella virus, although not as widely 
studied, has also been observed to bud into Golgi 
membranes in certain cell types. All these viruses 
are enveloped RNA viruses, and although they 
mature on or near Golgi membranes, they have 
different genome structures, replication strategies 
and structural protein expression patterns. Pox- 
viruses have also been suggested to acquire their 
envelopes from Golgi or associated membranes, 
but they will not be discussed in this review (see 
Refs 1, 2). 

Coronaviruses 
Coronaviruses are positive-stranded RNA viruses 
whose genomes consist of a single (positive polarity) 
RNA molecule (approximately 27 kb), which associ- 
ates in the cytoplasm with N protein (a phosphopro- 
tein) to form a helical nucleocapsid. Virus assembly 
takes place on smooth membrane pre-Golgi elements 
variously referred to as the intermediate compartment 
or CGN 2,14,1s. However, depending on the particular 
virus, cell type and time post-infection, virions are 
also seen to bud into Golgi cisternae and rough ER. 
Virion size is relatively uniform for murine corona- 
viruses (90 nm) but the avian types vary considerably 
(70-120 nm). Viral proteins are encoded by a set 
of nested subgenomic mRNAs that share a common 
3' end while differing in their 5' ends. 

The viral membrane contains two species of 
protein: E1 or M (membrane) protein, and E2 or S 
(spike) protein. S protein (180 kDa) is the larger of 
the two, and is a type I membrane glycoprotein 
consisting of a large luminal amino-terminal domain 
(preceded by a cleavable signal sequence), followed 
by a single membrane-spanning region and a small 
carboxy-terminal cytoplasmic domain. S forms a 
homotrimer x6 and is transported to the plasma mem- 
brane 17. Its functions include cell attachment and 
fusion activity; however, it is not required for virion 
formation. 

M protein (25 kDa) spans the membrane three times 
and contains a short glycosylated amino-terminal 
domain that is luminally disposed, while the larger 
carboxy-terminal region is exposed to the cytoplasm 
and is thought to bind to nucleocapsids. In M protein 
from the prototypical murine hepatitis virus strain 
A59 (MHV A59), each membrane-spanning domain 
functions independently as an orientation-specific 
signal or anchor domain TM. Unlike S, the distribution 
of M protein is restricted to intracellular membranes 
and was therefore previously thought to dictate the 
site of virus assembly. Expression of M protein from 
cDNA clones indicates that in the absence of other 
viral glycoproteins it is targeted distal to the virus 
budding site, i.e. the Golgi complex 19,2°. M protein 
from avian infectious bronchitis virus (IBV) is re- 
tained in the cis-Golgi  21 and remains predominantly 
sensitive to endo H (which cleaves unprocessed 
asparagine-linked glycans). In contrast, the analogous 
glycoprotein from MHV A59 (which contains only 
O-linked sugars) is transported as far as the TGN 22,23. 

Retention of the avian and murine M glycoproteins 
in the Golgi appears to involve different domains 
and possibly different mechanisms. Machamer and 
colleagues have demonstrated that the Golgi reten- 
tion signal of IBV M is contained within the first 
membrane-spanning domain of the protein ~9,21. This 
was the first demonstration that Golgi targeting in- 
formation resides within a transmembrane domain. 
In contrast, deletion of the various transmembrane 
domains from the MHV A59 M glycoproteins results 
in retention in the ER (domains 2 and 3) or transport 
to lysosomes (domains 1 and 2) 24. Deletion of the 
carboxy-terminal 18 amino acids from MHV A59 M 
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Fig, 1. Possible mechanisms by which different viruses target glycoprotein heterodimers to the budding site on Golgi or pre-Golgi membranes. 
In each case, the viral glycoprotein spike consists of two membrane glycoproteins represented by black and white bars. Synthesis of the viral 
glycoproteins takes place on membranes of the ER. (a) In the absence of heterodimer formation, most unassembled glycoprotein subunits 
accumulate in the ER whereas properly assembled subunits are transported to and retained in the Golgi complex where viral assembly 
occurs. The Golgi retention domain could be located on one or both subunits in this case. This scenario is analogous to those of HTV and RV. 
In the latter case, however, unassembled E1 subunits accumulate in a smooth membrane compartment distinct from, but connected to, the 
rough ER. (b) Here, the Golgi retention signal is located on the white subunit since unassembled black subunits are transported to the 
plasma membrane. Monomeric white subunits are retained in the ER until they complex with black subunits. The heterodimer is retained at 
the budding site by the retention signal in the white subunit. (©) Monomeric black subunits are transported to the plasma membrane, where- 
as white subunits are transported only as far as the Golgi complex. Heterodimers are also retained in the Golgi complex, because the Golgi 
retention signal is in the white subunit. This situation is analogous to PTV, where G2 (which is transported to the plasma membrane in the 
absence of G1) is thought to be retained at the budding site via its interaction with GI.  (d) Unassembled black subunits do not leave the ER 
whereas white subunits are transported to the Golgi complex. Again, the signal for Golgi retention is only on one subunit (white). Black sub- 
units are transported out of the ER to the budding site by complexing with white subunits. This situation may be analogous to UUK and poss- 
ibly PTV. (e) This pathway may be used by coronaviruses. Unassembled M subunits (white) are transported to the Golgi (TGN for MHV A59 or 
cis-Golgi for IBV); black subunits (S) are slowly transported to the plasma membrane in the absence of heterodimer formation. Heterodimer 
accumulation in the CGN or intermediate compartment may be facilitated by the slow rate of transport of the larger black subunits. 

protein results in its transport to the cell surface; 
however, this peptide region is not sufficient to retain 
the cell surface protein Thy-1 in the Golgi region 2s. 
After fusion of Thy-1 to the entire M protein mol- 
ecule, the chimeric protein appears to be retained 
in the Golgi 2s. The apparent discrepancies between 

the mechanisms of Golgi retention of the avian and 
murine coronavirus M glycoproteins remains to be 
resolved. 

To date, endogenous membrane proteins that 
have been localized to the Golgi stacks are type II 
membrane proteins (i.e. mannosidases and various 
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glycosyltransferases) and the information for Golgi 
retention is invariably contained within the trans- 
membrane domain and in some cases the flanking 
cytoplasmic and luminal domains (see Ref. 26). 
Studies using brefeldin A suggest that the TGN may 
be a distinct and separate entity from the rest of the 
Golgi 27-29. These experiments indicate that, unlike 
resident proteins of the Golgi stacks, proteins in the 
TGN do not seem to redistribute back to the ER 
during brefeldin A treatment. It is therefore quite 
possible that proteins may be retained in the TGN 
via a different mechanism. Accordingly, IBV and 
MHV A59 M proteins may be retained in the Golgi 
by different means. 

Assembly of coronaviruses in the CGN would 
presumably require targeting of M protein to this 
region, since it is required for budding. This would 
necessitate preventing the bulk of M protein from 
being transported to the Golgi, since this is distal 
to the budding site. Two ways in which this could 
be achieved are: (1) binding of M protein to other 
viral proteins, to prevent or delay its entry into the 
Golgi (Fig. le), or (2) retrieval of M protein from the 
Golgi stacks to the budding site. The two possible 
mechanisms need not be mutually exclusive; how- 
ever, the former seems more likely in light of recent 
work by Rottier and colleagues. This group now has 
evidence that heteroligomerization between M and 
S proteins occurs in infected cells 2. Although S is 
transported to the plasma "membrane, the rate of 
transport is extremely slow. The rate-limiting step in 
transport appears to be transfer of the glycoprotein 
from the ER to the Golgi (tl/2 for acquisition of endo 
H resistance is 60 min in infected cells and 180 min 
when S protein is expressed via cDNAI7). From this 
study it has been proposed that the prolonged trans- 
port of S from the ER to the Golgi may be instru- 
mental in virus budding in this region. It is also 
possible that binding of nucleocapsids to the cyto- 
plasmic domain of M protein may modulate its intra- 
cellular transport. 

Bunyaviruses 
The Bunyaviridae is a family of negative-stranded 
RNA viruses containing upwards of 300 members 
(for extensive reviews on bunyaviruses, see Refs 30, 
31). Virions are spherical (90-100 nm) and contain 
three major protein species (G1, G2 and N), and a 
minor protein component (L), which is an RNA- 
dependent RNA polymerase. N protein associates 
with the tripartite negative-strand genome to form 
helical nucleocapsids. Assembly on Golgi membranes 
is directed by the targeting of the two envelope glyco- 
proteins G1 (70-120 kDa) and G2 (30-63 kDa) to 
this organelle. G1 and G2 are both type I membrane 
glycoproteins that are derived via proteolytic cleavages 
from a common polyprotein precursor encoded by 
the M RNA segment. The amino termini of G1 and 
G2 are preceded by hydrophobic sequences that can 
function independently as cleavable signal sequences 
to direct translocation into the ER. Signal peptidase 
may be the only endoprotease required for generation 

of G1 and G2 from the precursor. In infected cells, or 
in cells expressing G1 and G2 together from cDNA, 
the glycoproteins are localized almost exclusively to 
the Golgi; very little antigen is detectable on the cell 
surface. The proteins form a heterodimer in the ER 
and are presumably retained as such in the Golgi. 
Evidence is now increasing that for at least Uukuniemi 
(UUK) and Punta Toro viruses (PTV), G2 is main- 
tained in the Golgi via its interaction with G1. 

Although G1 and G2 can be targeted independently 
to the ER, the ability of the unassembled subunits to 
exit the ER varies between viruses. For example, with 
PTV (Fig. lc) G2 is transported to the cell surface in 
the absence of G1, while G1 expressed alone accumu- 
lates in the Golgi region of the cell 32. This situation 
is different from that of the UUK virus (Fig. ld) 
where in the absence of G1, G2 is retained in the ER, 
whereas G1 accumulates in Golgi-like structures 33. 
Recently, two conflicting studies regarding the fate of 
individually expressed Hantaan virus (HTV) glyco- 
proteins have been published. Pensiero and Hay con- 
cluded that G1 was transported to the Golgi in the 
absence of G2, while the latter was retained in the 
ER when expressed alone 34. In contrast, Ruusala e t  

al.  3s found that both G1 and G2 were retained in 
the rough ER when expressed alone from cDNA 
(Fig. la). The opposing results are difficult to rec- 
oncile since the same HTV cDNAs were used in both 
studies, although different cell lines and expression 
methodologies were used. Ruusala e t  al .  3s based their 
conclusions upon data from indirect immunofluor- 
escence, cell fractionation and biosynthetic labeling 
experiments (together with endo H digestion), while 
Pensiero and Hay 34 provided only indirect immuno- 
fluorescence data. 

Compared to glycoproteins from viruses that as- 
semble at the plasma membrane (e.g. VSV G protein, 
influenza hemagglutinin), transport of bunyavirus 
glycoproteins to the Golgi, as measured by acquisition 
of endo H resistance, is three to four times slower 
(i.e. tl/2 = 45-90 min). By monitoring the oxidation of 
cysteine residues on newly synthesized G1 and G2, it 
has been found that G1 acquires its tertiary structure 
much faster than G2 (10 min versus 60 min) 36. These 
results suggest that the relatively slow transport of the 
G1-G2 heterodimer from the ER to the Golgi may be 
regulated by the slow folding of G2. 

Morphological studies 12,37 and analysis of asparagine- 
linked oligosaccharides 38,39 suggest that transport of 
bunyavirus heterodimers is arrested proximal to the  
TGN (i.e. glycoproteins become partially or com- 
pletely endo H resistant, depending on the virus, but 
for the most part are not sialylated). Accumulation of 
the viral glycoproteins reportedly causes a progressive 
vacuolization of Golgi cisternae even in the absence 
of virus budding 4°,41. The viral assembly process is 
preceded by alignment of nucleocapsids (N protein 
and RNA) along Golgi membranes containing G1 
and G2. Accordingly, N protein has been detected in 
this region by indirect immunofluorescence and by 
immunoelectron microscopy 11,37,4°. Binding of nucleo- 
capsids to Golgi membranes is believed to occur via 
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Fig. 2. Ultrathin cryosections of CHO cells stably transfected with genes encoding RV glyco- 
proteins were incubated with monoclonal antibodies to RV E1 glycoprotein followed by rabbit 
anti-mouse IgG (used as a bridging antibody) and then goat anti-rabbit lgG coupled to 5 nm 
gold particles. Notice how only the Golgi cisternae (Gc) are labeled while the lumen of the 
rough ER (er) is not. Similar results were obtained using a monoclonal to E2. This indicates 
that the RV glycoproteins are efficiently transported to the Golgi. The scale bar represents 
1.0 ~m. Reproduced from Ref. 49, with permission. 

the G1 cytoplasmic tail since G2 has only a short 
cytoplasmic domain of five amino acids. 

Rubella virus 
Rubella virus (RV) is the sole member of the genus 
Rubivirus within the family Togaviridae. Virions are 
spherical and approximately 60 nm in diameter; they 
contain two type I membrane glycoproteins, E2 and 
El, and a cytosolic capsid (C) protein that associates 
with the positive-strand genomic RNA 42. The three 
structural proteins are proteolytically derived from 
a polyprotein precursor encoded by a subgenomic 
RNA that corresponds to the 3' one-third of the 
genomic RNA 43. Both E2 (42-47 kDa) and E1 (57-65 
kDa) contain independently functioning cleavable 

signal peptides at their amino ter- 
mini that direct translocation into 
the ER 44,45. Experimental evidence 
suggests that two signal peptidase 
cleavages may be the only proteo- 
lytic events necessary to generate C, 
E2 and E1 from the polyprotein pre- 
cursor (Refs 46, 47; T.C. Hobman 
and S. Gillam, unpublished). 

Depending on the cell type, RV 
has been reported to bud from both 
cell surface,(Vero cells) and intra- 
cellular membranes (BHK-21 cells) 48. 
Expression of E2 and E1 from 
cDNA (M33 strain) indicates that 
the glycoproteins are targeted to the 
Golgi complex of both these cell 
types and others (Fig. 2), with 
very little antigen found on the cell 
s u r f a c e  49. One potentially important 
factor that could explain the discrep- 
ancy is that different strains of RV 
were used in the two studies. This 
phenomenon of differential budding 
in different cell types is relatively 
unusual and very intriguing, and can 
only be resolved by cloning the genes 
for the structural proteins of the 
'Bat' strain of RV (Ref. 48) and ex- 
pressing the cDNA in various cell 
types. Unfortunately, this work has 
not yet been followed up. 

E2 and E1 form a heterodimer in 
the ER shortly after synthesis and 
are transported to the Golgi as 
such 49. Retention of the heterodimer 
in the Golgi thus directs the process 
of virus budding into this organelle. 
Capsid protein also accumulates in 
the Golgi region by a process that de- 
pends on E2 and E1 (Ref. 50). In the 
absence of E2, E1 is able to exit the 
rough ER and accumulates in a pre- 
Golgi compartment that consists of a 
network of branched tubular mem- 
branes sl. Without El, the majority 
of E2 is not able to exit the rough ER 

although, depending on the level of expression, it can 
be detected in membranes of the Golgi and to a lesser 
extent at the cell surface 45,49,s°. Therefore, both RV 
glycoprotein subunits are necessary for efficient 
transport from the site of synthesis to the budding 
site (Fig. la). 

E2 and E1 become resistant to endo H and are par- 
tially sialylated, suggesting that they are transported 
beyond the medial Golgi 42,49. While E1 appears to 
contain only N-linked carbohydrates, E2 contains 
both N-linked and O-linked sugars s2. Mature E2 
is heterogeneous in size (42-47 kDa) because of the 
differential processing of the carbohydrate structures 
that make up to 35% of its apparent mass 42. E1 ap- 
pears to fold more slowly than E2, and this process 
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may modulate heterodimer formation and subsequent 
transport to the Golgi 49. Accumulation of RV glyco- 
proteins in the Golgi does not prevent transport of 
other viral glycoproteins through this organelle 49. 
Similar results have been reported for UUK virus 
glycoproteins s3. 

Mechanisms of Golgl retention 
At this point, the mechanisms for retention of pro- 
teins in the Golgi are purely speculative. Currently, 
the most favored model 26 suggests that Golgi proteins 
form large oligomeric structures whose size prevents 
them from entering transport vesicles. Work by Swift 
and Machamer 54 is certainly consistent with this model. 
Their study shows that a chimeric protein retained in 
the Golgi region (VSV G protein in which the trans- 
membrane domain is replaced by the first membrane- 
spanning domain from IBV M) forms large aggregates 
shortly after synthesis. However, in transfected COS 
cells the chimeric glycoprotein remains sensitive to 
endo H, and since its Golgi localization has not been 
verified by electron microscopy, it cannot be con- 
cluded unequivocally that this protein is targeted to 
the Golgi. For example, RV E1 glycoprotein accumu- 
lates in pre-Golgi structures located in the Golgi 
region, which by light microscopy are indistinguish- 
able from bona fide Golgi elements in COS cells 5°,sl. 

Assuming that Golgi membrane proteins are as- 
sembled into large oligomeric complexes, formation 
of the aggregates is ,presumably facilitated by inter- 
actions between the transmembrane domains and 
possibly stabilized by flanking luminal and cytoplas- 
mic regions. It has been shown that deletion of the 
transmembrane and cytoplasmic regions of Golgi 
proteins results in secretion of the luminal domain 
into the extracellular space sS. Conceivably, the Golgi 
membrane proteins may form a network or lattice 
structure that consists of more than one protein 
species. This may be particularly true for the carbo- 
hydrate-processing enzymes of the Golgi. In contrast, 
viral membrane glycoproteins would be expected to 
form a homogeneous lattice or patch since cellular 
membrane proteins are excluded from viral envelopes 
during the budding process. Interestingly, VSV G 
protein, which is blocked in the TGN by incubation 
at 20°C, forms regular arrays in  the Golgi mem- 
branes ~3. It is tempting to speculate that such arrays 
or lattices are formed by resident Golgi proteins. 
To test this, antibodies to the cytoplasmic domains 
of Golgi-specific viral glycoproteins (and endogenous 
Golgi proteins) could be used to study the lateral 
mobility of proteins in isolated Golgi preparations. 
If large oligomers are formed, resident Golgi proteins 
would be expected to be less mobile and therefore 
exhibit less lateral diffusion in Golgi membranes than 
proteins in transit through this organelle. 

Retention of membrane proteins in the TGN may 
involve a different mechanism than in the Golgi 
stacks. TGN 38 is a type I membrane protein that 
resides primarily in the TGN 56. Localization of this 
protein to the TGN is mediated by its carboxy-terminal 
cytoplasmic tail, which contains a critical 11 amino 

acid tyrosine-based motif s7. MHV M is at least par- 
tially dependent upon its cytoplasmically exposed 
carboxyl terminus for retention in the TGN; however, 
unlike the analogous segment in TGN 38, this 
domain is not sufficient to retain a reporter protein at 
this location 2s. Recently, it was demonstrated that in 
contrast to the results obtained with membrane pro- 
teins of the Golgi stack, overexpression of TGN 38 
abolishes its intracellular localization and instead re- 
sults in its appearance at the plasma membrane sT. 
These results strongly suggest that TGN 38 and poss- 
ibly other TGN membrane proteins are maintained at 
their locale by a receptor-mediated retrieval process. 

Where next? 
The study of viruses that assemble at the Golgi com- 
plex has greatly furthered our understanding of this 
important organelle. A Golgi retention signal was 
first localized in the transmembrane domain of a 
virus glycoprotein, which in turn expedited the dis- 
covery of other retention signals in and around the 
transmembrane domains of other Golgi proteins. 
Intracellularly retained viral glycoproteins are proving 
to be useful as model Golgi membrane proteins, and 
will undoubtedly shed light onto the mechanism(s) of 
retention of resident proteins in the Golgi. Studies are 
well under way to characterize the Golgi targeting 
signals in the glycoproteins of PTV, UUK and RV by 
the construction of deletion mutants and by transpos- 
ing domains from these viral glycoproteins into cell 
surface proteins to verify that the retention signals 
function in a trans dominant manner. In fact, peptide 
segments that include the carboxy-terminal trans- 
membrane regions of PTV G1 and RV E2 glycopro- 
teins appear to contain Golgi targeting information. 
Fusion of these segments from PTV G1 and RV E2 to 
the ectodomains of glycoproteins that are normally 
transported to the cell surface results in retention of 
the chimeras in the Golgi (S-Y. Chen et  al., submitted; 
T.C. Hobman and M.G. Farquhar, submitted). 
In addition, recent results suggest that UUK G1 
glycoprotein may contain a Golgi retention signal 
(R. Persson et  al., submitted). As yet, no obvious 
consensus sequence within the various Golgi retention 
domains has been identified. 

It will also be important to verify the Golgi local- 
ization of these and other apparently Golgi-retained 
proteins by immunoelectron microscopy, since in 
some cases pre-Golgi compartments cannot be dis- 
tinguished from Golgi at the light microscopic level. 
Because the various viral membrane proteins seem 
to be retained in different regions of the Golgi, they 
will undoubtedly prove useful in addressing the in- 
triguing problem of intra-Golgi localization. Again, 
for these studies immunoelectron microscopy will be 
indispensable. 

Machamer and colleagues are attempting to in- 
vestigate the problem of Golgi retention from a 
genetic angle by screening for conditional mutants of 
yeast that are unable to retain a Golgi reporter pro- 
tein. This approach has been enormously successful 
in identifying genes that encode proteins that operate 
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along the exocytic pathway. More often than not, the 
yeast proteins have homologous counterparts that per- 
form identical functions in mammalian cells (which in 
general are not amenable to the same genetic manipu- 
lations as yeast). 

In addition to determining how viral proteins are 
retained at the budding site, other questions about the 
assembly process remain to be answered. What  drives 
the budding reaction? UUK and RV glycoproteins 
require considerable time in the ER for heterodimer 
formation (and possibly assembly into even higher 
order structures), so do nucleocapsids first bind to the 
endodomains of these glycoproteins before they are 
transported to the Golgi? If yes, then what normally 
prevents virus assembly in the ER? An important clue 
comes from the work of Liu and Brown ss, who sug- 
gest that viral spike complexes can undergo dramatic 
rearrangements between transport from the site of 
assembly on the ER to the budding site at the cell 
surface. They propose that the nucleocapsid-binding 
domain in the carboxyl terminus of Sindbis virus E2 
glycoprotein is sequestered in the ER lumen, whereas 
when the mature E2 glycoprotein (and its partner 
El) reach the cell surface, this domain is now cyto- 
plasmically disposed and presumably able to bind to 
nucleocapsid complexes. It seems unlikely that this 
would be a general mechanism used by all viruses that 
assemble at the Golgi since brefeldin A treatment 
causes PTV to bud into the ER12; this indicates 
that, at least for this particular virus, transport to the 
Golgi is not a prerequisite for nucleocapsid binding. 
Therefore a multitude of other factors, including 
host cell type and time post-infection, are likely to 
influence where a particular virus assembles within 
a cell. Solutions to these and related problems are 
now within our grasp. 
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