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Traffic COPS and 
the formation of 

vesicle coats 

Forward and retrograde trafficking of secretory proteins between the 

endoplasmic reticulum and the Golgi apparatus is driven by two 

biochemically distinct vesicle coats, COPI and COPII. Assembly of 

the coats on their target membranes is thought to provide the driving 

force for membrane deformation and the selective packaging of cargo 

and targeting molecules into nascent transport vesicles. This review 

describes our current knowledge on these issues and discusses how 

the two coats may be diffiientially targeted and assembled to achieve 

protein sorting and transport within the early secretory pathway. 
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The eukaryotic secretory pathway comprises a series 
of discrete membrane-bound organelles that are in- 
volved in the assembly, posttranslational modifi- 
cation and delivery of newly synthesized proteins to 
their appropriate cellular destination. Trafficking be- 
tween compartments of the pathway is mediated by 
small carrier vesicles that bud from a donor com- 
partment and fuse with an acceptor compartment. 
Analysis of the formation of secretory vesicles from the 
endoplasmic reticulum (ER), the Golgi apparatus and 
the plasma membrane has demonstrated that, in each 
case, vesicle budding requires the assembly of a protein 
coat on the cytosolic face of the donor membrane. 

The role of vesicle coat proteins in ER-to-Colgi 
trafficking 

At least two distinct coat protein (COP) complexes, 
known as COP1 and COP11 (see Table l), are required 
for protein trafficking within the early secretory path- 
way. Genetic, biochemical and morphological stud- 
ies in yeast and mammalian cells have converged to 
define the role of COPII-coated vesicles in antero- 
grade trafficking of proteins from the ER to the early 
GolgilJ. By contrast, a clear picture of the role of COP1 

0 1996 Elsevier Science Ltd 
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has yet to emerge. Early studies suggested that COPI- 
coated vesicles shuttled proteins and lipid from the 
ER to the Golgi and through the successive cisternae 
of the Golgi3. However, in recent years, the proposed 
role for COP1 has undergone a dramatic ‘reversal’, with 
COP1 now thought to engage in retrograde trafficking 
from the Golgi back to the ER. Support for this comes 
from two findings. First, coatomer (see Table 1) binds 
directly to the di-lysine retrieval motif (KKXX), a sig- 
nal that is found on the cytosolic tails of some ER- 
resident membrane proteins and is required for their 
retrograde movement from post-ER compartments 
back to the ER (Ref. 4). Second, certain mutant alleles 
of yeast coatomer subunits, such as ret1 -1 and sec21-2, 
display severe defects in the ER-retention of KKXX- 
tagged proteins in vivo without affecting forward traf- 
ficking5, implying that the defect lies in retrograde 
transport. These observations have been used to argue 
that COP11 mediates ER-to-Golgi transport, whereas 
COP1 functions exclusively in the retrograde traffick- 
ing pathway6. According to this view, COP1 functions 
only indirectly in forward trafficking because it medi- 
ates the recycling of a factor(s) essential for continued 
vesicle formation and targeting. However, this model 
has been difficult to test because forward and retro- 
grade trafficking are highly interdependent7. Very 
restrictive coatomer mutants such as sec21-1, in fact, 
display defects in both ER-to-Golgi trafficking and in 
retrieva15. In in vitro assays, both COPII- and COPI- 
coated vesicles can form on the outer membrane of 
isolated yeast nuclei, which serve as a convenient 
source of purified ER (Fig. l), suggesting that COP1 
may have some direct role in forward ER-to-Golgi 
traffickings. If this is the case in vivo, it prompts an 
obvious question: why is it necessary to have more 
than one vesicular transport pathway from the ER to 
the Golgi? We have suggested that forward-moving 
ER-derived COP1 vesicles may transport a select group 
of proteins to the Golgi in order to maintain the ma- 
chinery for retrograde traffickings. Another possibility 
is that COP1 and COP11 extract from the ER different 
classes of lipids that are required for the integrity of 
the Golgi and of other secretory organelles. Further 
characterization of the protein and lipid content of 
the two vesicle types will help to determine whether 
they do both function in anterograde trafficking 
in vivo, and, if so, what their relative functions are. 

The fact that both coats can assemble on the ER 
also raises intriguing questions about the nature of 
COP-coat assembly and vesicle formation itself. 
What factors direct COP11 to bud specifically from 
the ER, whereas COP1 appears to be so much more 
promiscuous? What is the functional basis for this 
distinction? Also, if it transpires that COP1 vesicles 
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do not normally bud from the ER in vivo yet they 
clearly can in vitro, what is the basis of the in vivo re- 
striction? We suggest that the different duties that 
COPI- and COPII-coated vesicles perform in secretory 
trafficking dictate that the assembly of each coat be 
governed by a unique set of parameters and that this 
will determine their site of formation in the cell. 

COP-coat formation: can clathrin assembly 
provide clues? 

Transport vesicles are formed by pinching off select 
pieces of membrane containing cargo and vesicle- 
targeting proteins (V-SNARES). Protein sorting accom- 
panies this event. Soluble and membrane cargo pro- 
teins are sorted away from ER-resident proteins and 
become concentrated at the point of exit from the 
ERgJo. Although it is clear that assembly of the COPS 
is necessary for this process, it remains to be deter- 
mined whether the coats physically induce mem- 
brane budding, help to select vesicle cargo, or both. 
Analysis of the formation of the (non-COP) clathrin 
coat around endocytic vesicles and on trdns Golgi 
network (TGN)-to-endosome vesicles strongly sug- 
gests that this coat executes both functions. Cytosolic 
adaptor proteins specific for either the TGN (AP-1) or 
plasma membrane (AP-2) are thought to interact 
directly with cytosolically exposed signals on trans- 
membrane proteins and subsequently to serve as a 
scaffold onto which the clathrin chains assemblell. 
The recruitment of soluble cargo proteins such as the 
lysosomal hydrolases into AP-l-clathrin-coated ves- 
icles is mediated indirectly by their interaction with 
transmembrane soluble cargo receptors such as the 
mannose 6-phosphate receptor (MPR) in mammalian 
cells or the carboxypeptidase-Y receptor, VpslOp, in 
yeast. Similarly, a family of proteins defined by the 
type-1 integral membrane protein Emp24p may aid 
in the capture of lumenal cargo into both COPI- and 
COPII-coated transport vesicles12,13. 

By analogy to the mechanism of clathrin-mediated 
packaging of transmembrane receptors and the subse- 
quent formation of vesicles from the TGN (Ref. 1 l), 
we propose the following sequence of events for COP- 
coat assembly (see Fig. 2): the small GTP-binding pro- 
teins Arflp (in the case of AP-Uclathrin and COPI), 
or Sarlp (for COPII), serve to position a cytosolic 
adaptor protein in contact with a receptor on the sur- 
face of the target organelle. For the clathrin coat, Arflp 
cooperates with the sorting determinants on trans- 
membrane proteins such as the MPR to form a high- 
affinity binding site on the TGN for the cytosolic 
AP-1 adaptor proteins14. In the case of COPII, the adap- 
tor function is fulfilled probably by the Sec23p-Sec24p 
complex, which binds to membranes in a Sarlp- 
dependent manner in the absence of Secl3p-Sec3lp 
(Ref. 15). The identification of two Sec23p homo- 
logues in mammalian cellsI and additional Sec24p- 
like proteins in yeast and mammalian cells raises the 
possibility that there are multiple Sec23pSec24p 
hetero-oligomeric complexes that could provide ad- 
ditional levels of cargo selectivity for the COP11 coat. 
The Secl3p-Sec3lp complex is recruited to the ER 
only in the presence of Sarlp and Sec23p-Sec24p 
(Ref. 15). We suggest that binding and polymerization 
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TABLE 1 - CYTOSOLIC COMPONENTS OF THE COPS 

Subunits Description 

COPI 
Arfl p 

Coatomer 

20-kDa small GTP-binding protein; N-terminally 
myristoylated 

700-kDa complex comprised of seven subunits: 01, p, p’, y, 
6, E and 5 

RETI, SEC26,SEC27,SEC27, RET2 and RET3 encodethe 
01, p, p’, y, 6 and c subunits, respectively, in 
Saccharomyces cerevisiae (see Ref. 19) 

A subcomplex containing 01, p’ and E binds the peptide 
KKXX in vitro 

p, 6, and 5 show sequence similarity to clathrin adaptorsJ9 

COWI 
Sarl p 24-kDa small GTP-binding protein; sequence similarity to 

ARF-type CTP-binding proteins 
Sec23 complex Complex containing Sec23p and Sec24p. Sec23p is the 

GTPase-activating protein for Sarl p. Sec24p is required 
for binding of Secl3pSec31 p to membrane (see Ref. 15) 

Secl3 complex Complex containing Secl3p and Sec31 p. Both proteins are 
rich in WD repeats 

FIGURE 1 

In vitro assay showing COPI- and COPII-coated vesicle budding 
from the outer nuclear membrane. isolated yeast nuclei were 
incubated with purified Sarl p, Sec23p-Sec24p, Secl3p-Sec31 p, 
Arfl p, Myc-tagged coatomer and CMP-PNP. Samples were 
processed for (a) conventional microscopy or 
(b) for immunolabelling with antibodies against both coat 
components followed by gold-labelled secondary antibodies. 
Coated buds and vesicles are indicated by arrows in (a). 
Note the emergence of COPI- (labelled with 6-nm gold) and 
COP&coated buds (labelled with 15-nm gold) at separate sites 
on the outer membrane. Bars, 0.1 Pm. 

of the Secl3p-Sec3lp complex (for COPII) or of tri- 
skelions (for clathrin) leads to the concentration of 
cargo proteins and sculpts the planar membrane into 
a bud. Secl3p contains a large number of B-transducin- 
type WD sequence repeats, which are thought to be 
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COPI-coat assembly COPII-coat assembly 

FIGURE 2 

Hypothetical models for the stepwise assembly of the (a) COPI- and (b) COPII-coat. The proposed steps are based upon the mechanism of clathrin-coated 

vesicle formation”. (a) Step I: COPI formation on the endoplasmic reticulum (ER) and Colgi is initiated by activation and membrane recruitment of the 

small CTP-binding protein Arfl p (ARF). Activation of Arfl p is catalysed by a putative GDP-GTP exchange factor (GEF) that is attached in a brefeldin A 

(BFA)-sensitive manner to the target organelle through a putative linker protein (GEF-AP). The interaction of Arfl p-GTP with the membrane is enhanced by 

an N-terminal myristate chain. Membrane-bound Arfl p stimulates the local modification of lipids by acting upon phospholipase D (PLD). The negatively 

charged lipids (indicated by the blue circle) and the cytosolic domains of cargo proteins and V-SNARES cooperate to form a high-affinity coatomer-binding 

site. Upon binding, coatomer induces the clustering of these proteins (step II) and creates a curved membrane (step Ill), a process that leads ultimately to the 

release of a coated vesicle. (b) Step I: Sarl p binding to the ER membrane is facilitated by Secl Zp-mediated nucleotide exchange. Genetic studies imply a 

functional link between Sarl p, Sed4p and Secl6p (Ref. 27). Binding of Sarl p to the membrane may be stabilized by an interaction with Sed4p and Secl6p. 

This complex then serves as a docking site for Sec23p-Sec24p and Secl3p-Sec31 p. Sec23pSec24p recognizes sorting motifs on cargo and targeting 

proteins, marking them for inclusion into vesicles. Although there is no direct evidence that the COPII components bind to cargo and V-SNARES, it is likely 

that this step occurs, at least transiently, to facilitate the selective packaging of cargo into vesicles. Step II: polymerization of the Secl3p-Sec31 p complex 

serves to cluster activated cargo and targeting molecules. Interaction between Sed4p, Secl6p and the cytosolic COPII components is likely to be transient 

because Sed4p is not found in ER-derived vesicles 27. GTP hydrolysis may discharge Sarl p (or ARF, in the case of COPI) from activated COP-coat-membrane- 

cargo complexes and promote recycling of the GTP-binding protein. Step Ill: additional binding of Sec23p-Sec24p and Secl3p-Sec31 p induces membrane 

curvature and leads to vesicle release. Abbreviations: GDP, guanosine diphosphate; GTP, guanosine triphosphate; V-SNARE, vesicle-bound soluble NSF 

(N-ethylmaleimide-sensitive factor) attachment protein receptor. 

important for mediating protein-protein interactions. 
Interestingly, Secl3p (but not SeBlp) has dual local- 
ization in that it is also associated with the nuclear 
pore complex (NPC)17, suggesting that Secl3p may 
function as a generic ‘glue’ molecule to hold together 
components of both the COP11 coat and the NPC. 
In contrast to the process of COP11 coat formation, 
the ‘preassembled’ coatomer complex that functions 
in COPI-coated vesicle formation may possess both 
receptor-recognition and clustering functions. In vitro, 
a partial coatomer complex containing a, p’ and E 
subunits interacts directly with the di-lysine (KKXX 
or KXKXX) retrieval motif and can bind to isolated 
Golgi membranes18. A homology of p, 6 and 5 
coatomer subunits to clathrin adaptor proteins has 
also been notedlv, suggesting that these subunits may 
bind to additional sequence or structural motifs. 
Indeed, coatomer has recently been shown to bind 

in a di-lysine signal-independent manner to the cyto- 
solic tails of several Emp24p-related proteins, through 
the interaction of the p, y and 5 coatomer subunits 
with a phenylalanine-containing motif 20. The multi- 
valent nature of coatomer may help to select cargo 
proteins with different packaging signals and to pro- 
mote the assembly of the COP1 coat by establishing 
crossbridges between individual coat subunits. 

Selection of vesicle-targeting molecules 
According to the scheme depicted in Figure 2, bind- 

ing of the COP-coat components to activated trans- 
membrane cargo proteins plays a direct role in the 
assembly of the coat on the target membrane. Pack- 
aging of cargo, however, must somehow be regulated 
coordinately with the inclusion of V-SNARES to ensure 
that every vesicle contains the machinery necessary 
for docking and fusion with its target compartment. 
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This requirement would be fulfilled if V-SNARES are 
essential for stabilizing the interactions between the 
coat components and cargo molecules or if they 
define initiation sites for COP-coat assembly. Indeed, 
the presence of V-SNARES in the target membrane 
may be sufficient to trigger the formation of COP11 
vesicles even in the absence of cargo proteinszl. What, 
then, prevents COPII from initiating bud formation 
at sites on the Golgi apparatus where cargo and 
V-SNARES have been deposited by forward traffick- 
ing? Perhaps coat assembly requires the presence of 
additional factors such as the ER membrane proteins 
Secl2p and SeclGp, thus providing a ‘proofreading’ 
function that restricts COPII-coat formation to its 
proper site (see below). The V-SNARES, Sec22p, Boslp 
and Betlp, are required for docking at the Golgi 
apparatus and are found in both COPI- and COPII- 
coated ER-derived vesicle9, suggesting that these 
proteins contain a common signal recognized by 
both coat types. Upon reaching the Golgi, this 
common signal could then direct packaging of the 
V-SNARES into COPI-coated retrograde vesicles, thereby 
ensuring their retrieval along with any ER proteins 
that had escaped to the Golgi apparatus. 

Vesicle release 
Ultimately, the nascent vesicle is released by mem- 

brane fisslon within the bud neck. In the case of 
plasma membrane clathrin-coated vesicles, this step 
requires dynamin, a GTP-binding protein that encir- 
cles the bud neck and acts as a garrotte to constrict 
the point of membrane fission and release the ves- 
icle22. Scission of COPI-coated vesicles from the Golgi 
also requires an additional factor, palmitoyl-CoA 
(Ref. 23); whereas no additional factors are required 
for the release of COP11 vesicle@. The lipid composition 
of the ER, Golgi and plasma membranes may provide 
a basis for the differential release requirements. In the 
mammalian secretory pathway, a gradient of choles- 
terol content increases the membrane rigidity of 
post-ER compartmentsz4. This difference may explain 
the need for additional peripheral factors in the re- 
lease of vesicles from the plasma membrane and 
Golgi versus the unassisted release of COPII-coated 
ER-derived vesicles. Alternatively, integral proteins or 
lipids within the ER membrane may promote release 
of COPII vesicles. 

COPR-coat formation is restricted to the ER 
Coat assembly and disassembly is regulated by a 

cycle of nucleotide exchange and hydrolysis. Binding 
of Sarlp to the ER requires exchange of bound GDP 
for GTP, which is stimulated by the Sarlp-specific 
GDP-GTP exchange factor (GEF) Secl2p (Ref. 25). 
Secl2p, an integral membrane ER-resident protein, 
cooperates with two other ER proteins, Secl6p and 
Sed4p, in the formation of COPII-coated transport 
vesicles. These membrane-associated factors may lo- 
calize and restrict the assembly of the COP11 coat to 
the ER, particularly in specialized mammalian secre- 
tory cells where the transitional zone of the ER is 
highly active in protein export. Secl6p, a large multi- 
domain peripheral ER-membrane protein, may serve 
as part of a docking complex. The C-terminal domain 

of Secl6p binds directly to Sec23p and Sed4pZ6J7, and 
the N-terminal and central domains of SeclGp may 
serve as docking sites for other components of the 
COP11 coat and for cargo and V-SNARES. A role for 
Sed4p in COP11 vesicle formation is implied by its 
45% amino acid identity with the catalytic domain 
of Secl2p, and by the genetic interaction of SED4 
with SEC1 6 and SARl. Unlike Secl2p, Sed4p is not 
essential for cell viability, and the cytosolic domain 
of Sed4p does not stimulate nucleotide exchange on 
Sarlp, suggesting that Sed4p and Secl2p do not 
perform the same function. Although SED4 is not 
essential, its deletion reduces the rate of ER-to-Golgi 
transport27. Perhaps Sed4p functions downstream of 
Secl2p to stabilize the interaction of Sarlp-GTP with 
a budding site, thereby promoting proper localiz- 
ation of the Sec23p-Sec24p complex. In the absence 
of Sed4p, Sarlp-GTP may prematurely hydrolyse its 
bound nucleotide and leave the membrane without 
recruiting Sec23p-Sec24p to an appropriate target. 
Thus, Sed4p may serve as another part of the proof- 
reading mechanism for COP11 coat assembly and 
cargo selection on the ER. 

How is COPI targeted to multiple secretory 
compartments? 

In contrast to the defined vesicle-bud site selection 
of COPII, targeting and assembly of the COP1 coat is 
less restricted - its role in protein recycling requires 
that COP1 recognize and package renegade proteins 
wherever they are found in the secretory pathway. 
Quantitative immuno-electron microscopic studies 
detect an asymmetric distribution of coatomer across 
the Golgi apparatus 28Jg. The highest concentration 
is associated with the cis face of the Golgi, the station 
most likely to harbour escaped ER proteins. Retrieval 
of errant proteins bearing the KDEL/HDEL ER-reten- 
tion signal extends into the secretory pathway as far 
as the TGN (Ref. 30). The localization of resident Golgi 
enzymes in mammalian and yeast cells also appears 
to be dependent upon retrograde transport from later 
compartments of the G~lgi”~,~~. Evidence supporting 
a role for COP1 in this process comes from the obser- 
vation that a Golgi-resident protein, Emp47p, is mis- 
localized to the vacuole and degraded in a ~~21-1 
coatomer mutant7. In addition, COP1 facilitates the 
vesiculation of the Golgi during mitosis33. The many 
demands for COP1 in the cell may be met by the pres- 
ence of multiple isoforms of coatomer and Arf. Al- 
though sequence analysis of the complete yeast genome 
database indicates that there is only one copy of each 
coatomer subunit per haploid genome (R. Duden, 
pers. commun.), an increased range of target mem- 
brane and substrate specificity may arise from partial 
coatomer subcomplexes (such as the one that binds 
specifically to endosomes34,35) or from differential 
phosphorylation of coatomer subunits36. Alterna- 
tively, Rothman and colleagues have suggested that 
a single species of coatomer could mediate the for- 
mation of both forward- and retrograde-moving ves- 
icles by switching between one of two putative distinct 
conformations (anterograde or retrograde), which 
would exclusively collect cargo proteins bearing either 
forward or retrograde transport signals, respectively, 

trends in CELL BIOLOGY (Vol. 6) December 1996 471 



Acknowledgements 

Special thanks go 
to Susan Lyman, 

Rainer Duden 
(Mr Coatomer), 

Joe Campbell, 
Mike Ziman, 

Jean-Pierre Paccaud 
and Ann Corsi for 

insightful 
discussions and 

improvements 
made to the 
manuscript. 

This work was 
supported by the 

Howard Hughes 
Medical Research 

institute (R. S.) and 
by grants from the 

Swiss National 
Science Foundation 

(L. 0.) and the 
Human Frontier 

Science Program 
(L. 0. and R. S.). 

S. B. was 
generously 

supported by a 
postdoctoral 

fellowship from the 
Damon Runyon- 
Walter Winchell 

Cancer Fund. 

and package them into the appropriate vesicle type 
(see Ref. 20). Other members of the Arf protein fam- 
ily may generate additional levels of complexity. 

Binding of Arf and the subsequent assembly of 
COP1 on early secretory membranes (including the 
ER and Golgi) and clathrin-coat assembly on the TGN 
is blocked by the fungal metabolite brefeldin A 
(BFA)3740, suggesting that there is a common BFA- 
sensitive Arf-GEF on these compartments. Interest- 
ingly, a soluble Arf-specific exchange activity from 
bovine brain has recently been identified41. This ac- 
tivity became insensitive to inhibition by BFA upon 
partial purification, possibly because the target of the 
inhibitor is not the GEF activity itself but an associ- 
ated subunit. Given the broad localization of BFA- 
sensitive targets, perhaps the Arf-GEF associates in a 
drug-sensitive and reversible manner with each target 
membrane through an adaptor protein. Membrane- 
associated Arf would then promote coat assembly by 
activating docking or cargo proteins such as the MPR 
(Ref. 14) and V-SNARES for inclusion into vesicles. 

Interestingly, a recent report showed that Arf is not 
required for coatomer binding and vesicle formation 
from Golgi membranes with high basal levels of phos- 
pholipase D (PLD) 42. This observation may be ex- 
plained by the known affinity of coatomer for nega- 
tively charged phospholipids. Arf stimulates the 
activity of PLD, which converts phosphatidylcholine 
into choline and the negatively charged lipid phos- 
phatidic acid (PtdOH)43. A local increase in PtdOH 
and other negatively charged lipids in the outer leaflet 
of the target membrane lipid bilayer may promote 
budding by increasing membrane curvature and/or by 
binding coatomer and clathrin adaptors. In this regard, 
it is interesting that coatomer binds to inositol poly- 
phosphates and to artificial lipids containing PtdOH 
and phosphatidylinositol (4,5)-bisphosphate42,44. In 
mammalian cells, coatomer is localized to the Golgi 
apparatus and with a specialized domain of the ER, 
called CRER (coatomer-rich ER), which is distinct 
from the transitional face of the ER in mammalian 
ceW. The CRER structure becomes highly exaggerated 
under conditions that reduce ER-to-Golgi trafficking, 
such as brefeldin treatment or low temperature, per- 
haps because of increasing local concentrations of 
negatively charged phospholipids, which would facili- 
tate coatomer recruitment. Binding of COP11 com- 
ponents to ER membranes also appears to have a spe- 
cific but distinct lipid requirement (T. Yeung et al., 
pers. commun.). However, a direct connection between 
COP11 coat assembly and lipid metabolism remains 
to be established. 

Concluding remarks 
Our current view of protein transport envisions the 

COP11 coat as a gatekeeper directing the flow of newly 
made proteins out of the ER. The function of COP1 
appears to be to maintain the appropriate localization 
of the ‘cogs’ of the secretory machinery in the 
ER-Golgi limb of the pathway. The challenge now is 
to extend our understanding of how the coat com- 
ponents specifically recognize and collect the appro- 
priate proteins and lipids in the target membranes to 
drive vesicle budding. 
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