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now aws me smac meatare transpore ot cargo trorn the enQoplasmlc retrculun 
(ER) to the cell surface? A possibility is that cargo-containing vesides derived from thc 
ER fonn early Golgl compartments that then mature by retrieval of processin1 
enzymes from later Golgi compartments. Maturation continues at terminal Go& 
compartments by retrieval of transport components from the endocytic pathway tc 
promote sorting of cargo to muttiple ceUular destinations. Hence, retrograde mow 
ment may integrate exocytic and endocytic pathways in eukaryotr'c cells and coordi 
nate membrane flow and cargo transpoR through the Cdgi stack. 

diates, Golgi compartments (4, 5), and endo- 
cytic compartments (6); retromers involved 
in endosome-to-~olgi ' retrograde transport 
(7); and caveolin (8) and clathrin and their 
adaptor proteins (APs) (I). Caveolin and 
clathrin-AP complexes direct cargo selection 
from the trans face of the Golgi and the cell 
surface. Coat recruitment, cargo selection, and 
vesicle fission are coordinated by guanosine 
triphosphatases (GTPases). These GTPases in- 

T he Golgi exists as a stack of function- 
ally polarized cistemae in mammalian 
cells (Fig. 1). Cargo exported from the 

ER by vesicle carriers first appears in pre- 
Golgi intermediates that move on microtu- 
bule tracks to the cis Golgi region. As cargo 
moves through the stack, it is modified by 
Golgi-associated processing enzymes. Final- 
ly, the trans side of the Golgi stack serves as 
a key sorting station, directing cargo to mul- 
tiple intracellular and extracellular destina- 
tions. The challenge to understanding Golgi 
function has been relating the morphological 
organization of the stack to the function of 
vesicle carriers, whose role in cargo move- 
ment has been controversial. We highlight 
results that suggest that vesicles recycle pro- 
cessing enzymes and post-Golgi sorting de- 
terminants to promote progressive maturation 
of ER-derived intermediates to form func- 
tional Golgi compartments. We illustrate how 
this process, referred to as directed matura- 
tion, uses the primary activity of recycling to 
integrate membrane flow through the exo- 
cytic pathway to achieve normal growth in 
development. 

The Transport Machinery 
Movement of cargo between exocytic and 
endocytic compartments requires transiently 
coated vesicle carriers (I). The term "vesicle" 
encompasses any membrane-enclosed struc- 
lure into which cargo is segregated by a mem- 
brane fission event. Fission establishes a new 
boundary to distinguish one compartment 
from the next. Biosynthetic cargo exiting the 
ER includes newly synthesized proteins and 
lipids that are moved to distinct cellular and 
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extracellular destinations. Other cargo incor- 
porated into vesicles includes proteins that 
are continuously recycled between compart- 
ments. These components encompass the 
transport machinery involved in cargo selec- 
tion, vesicle formation, and targeting and fu- 
sion of vesicles. 

A fundamental principle of membrane 
traffic is that vesicle formation is initiated by 
the selection and concentration of cargo. This 
occurs through interactions between sorting 
determinants on the cargo and cytosolic coat 
components that direct cargo to the forming 
vesicle (2). Soluble cargo (cargo found in the 
lumen of the compartment) will necessarily 
require sorting receptors to couple the protein 
to the cytosolic coat machinery. A variety of 
coat complexes participate in vesicle forma- 
tion. These complexes include COPII (coat 
protein complex 11), involved in export of 
biosynthetic cargo from the ER (3); COPI 
(coat protein complex I), involved in vesicle 
formation on ER-derived pre-Golgi interme- 

clude Sarl, directing COPII function; ARFl 
(ADP-ribosylation factor l), directing COPI 
function; and dynamin, which participates in 
clathrin vesicle formation at the cell surface (1). 

The recruitment of biosynthetic cargo by 
vesicle coats is coupled with the acquisition 
of components that direct the vesicle to its 
destination (targeting determinants). These 
components include members of the SNARE 
(for SNAp-REceptor) family of proteins (9). 
SNARE complexes are required to identify 
the vesicle and its downstream target. Other pro- 
teins that work in conjunction with SNARES, 
including giantin (lo), p115 (I  I), EEAl (12), 
the exocyst protein complex (13), and the 
nSec-1 family (14), mediate the docking and 
fusion of transport vesicles. The targeting and 
fusion machinery is likely to be coordinated 
by the activity of Rab GTPases (15). Taken as 
a whole, coat and targeting components func- 
tion together at different steps of the exocytic 
and endocytic pathways to form vesicle "sort- 
ing machines" that move specific types of 
cargo from one destination to the next. Cargo 
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selection by vesicles emphasizes the need for 
the selective recycling of membrane-anchored 
sorting and targeting determinants that will be 
used in repeated rounds of vesicle formation. 

A Changing View of Sorting in the 
Golgi 
How do vesicle-sorting machines direct trans- 
port through the Golgi? The biochemical fac- 
tors that are required for movement in the stack 
were unknown until the advent of a cell-free 
assay to study intra-Golgi transport. This assay 
uses isolated Golgi membranes to measure the 
sequential processing of cargo molecules by 
Golgi-associated enzymes (1 6). Here, Rothman 
and colleagues (1 7) provided evidence for ves- 
icles, COPI coats, and the ARFl GTPase in 
COPI coat assembly. These studies also identi- 
fied NSF (NEM-sensitive factor) (18), an aden- 
osine triphosphatase that regulates the SNARE 
machinery (19) in vesicle targeting and fusion. 
Moreover, they suggested that sequential pop- 
ulations of vesicles were used to promote trans- 
port between different cisternae (17). These 
observations led to the model that COPI coats 
mediate the movement of biosynthetic cargo 
through sequential Golgi compartments in a 
cis-to-trans (or anterograde) direction. 

The hypothesis that COPI-coated vesicles 

Fig. 2. Directed maturation of cargo-containing 
Golgi compartments. Step 1: An ER-derived cis 
compartment (purple) containing a pulse of 
cargo molecules (gray) changes composition as 
it selectively sheds recycling components (blue) 
and receives vesicles containing processing en- 
zymes (red) from a more mature cisternae 
(step 2) (orange). This compartment undergoes 
a maturation to  form the trans compartment 
(step 3) (green). The primary colors of the 
retrograde vesicles illustrate that they contain 
selected compositions of recycling components 
derived from different levels of the stack. The 
gradient of processing enzymes and targeting 
components across the stack is shown by the 
mixture o f  primary colors defining each com- 
partment. In this way, the Golgi maintains its 
overall morphological structure, while cargo is 
posttranslationally modified as the compartment 
migrates in the cis-to-trans direction (steps 1 
t o  3). 

direct anterograde transport of biosynthetic 
cargo has been repeatedly challenged (4, 5, 
20-22). The first evidence that COPI may 
really direct retrograde transport came with 
the finding that it bound the Lys-Lys-X-X 
motif present in the cytoplasmic tail of sev- 
eral transmembrane proteins (21, 23). This 
motif directs recycling from pre-Golgi and 
Golgi compartments to the ER (24). The 
primary role for COPI in retrograde transport 
has now been verified biochemically, genet- 
ically, and morphologically (4, 5, 25, 26). 

How can the proposed role of COPI coats 
in anterograde cargo transport be reconciled 
with its clear role in retrograde transport? 
One possibility is that COPI-mediated trans- 
port is bidirectional based on the observation 
that the Golgi may contain two classes of 
COPI vesicles in vivo (25). One class con- 
tained recycling components, whereas a sec- 
ond class contained biosynthetic cargo. One 
issue to be resolved with this model is the 
direction of movement of the second class of 
vesicles containing biosynthetic cargo. A sec- 
ond concern is that the concentration of bio- 
synthetic cargo in vesicles is identical to that 
of the stack. This lack of concentration, an 
activity important in COP11 and clathrin func- 
tion, raises the question of how these vesicles 
[or even the recently suggested role of tran- 
sient tubular connections between adjacent 
cistemae of the stack (27)] could contribute 
to vectorial transport through the Golgi stack 
(28). A second possibility is that COPI coats, 
instead of moving biosynthetic cargo for- 
ward, retrieve transport machinery compo- 
nents and processing enzymes to the cargo- 
containing compartment. Indeed, the original 
cell-free Golgi biochemical assay cannot dis- 
tinguish between anterograde cargo move- 
ment and retrograde processing enzyme 
movement. In this model, COPI-mediated 
retrograde, but not anterograde, transport is 
the driving force for Golgi function. 

The potential importance of retrograde 
traffic in Golgi function revived an old idea 
that the Golgi stack is a collection of matur- 
ing compartments. In this "cistemal progres- 
sion" model (29), compartments containing 
newly synthesized cargo derived from the ER 
migrated (in an unknown fashion) in a cis-to- 
trans direction through the stack. This model 
arose from morphological observations that 
large cargo complexes such as procollagen 
precursors were simply too big to be in- 
corporated into the small vesicle carriers 
surrounding the Golgi stack (30, 31). A re- 
cent reexamination of procollagen movement 
through the Golgi stack established that pro- 
collagen does not enter Golgi-associated COPI 
vesicles but remains within the compartment 
formed after its export from the ER (32). 
Moreover, this compartment underwent a 
change in its biochemical composition as it 
occupied different positions in the cis-to- 

trans orientation of the Golgi stack. This is 
consistent with the fact that newly synthe- 
sized proteins entering on the cis face en- 
counter Golgi processing enzymes that are 
organized in the cis-to-trans direction across 
the stack. These processing enzymes are not 
restricted to a single cistema in the stack but 
spill over into adjacent cistemae (33). There- 
fore, although the boundaries of the cistemae 
are distinct morphologically and only rarely, 
if at all, connected (28, 34), the biochemical 
boundaries are less precisely defined, possi- 
bly because of the dynamic movement of 
processing enzymes between sequential lay- 
ers of the stack. The lack of a specific selec- 
tive mechanism for the movement of procol- 
lagen from the cis to the trans side of the 
stack supports observations that biosynthetic 
cargo that is concentrated during exit from 
the ER is not further concentrated in Golgi 
cistemae (35). 

Movement of Golgi Processing 
Enzymes by COP1 
The mobility of processing enzymes within 
the stack supports a role for COPI retrograde 
vesicles in Golgi maturation. By tagging res- 
ident Golgi processing enzymes with green 
fluorescent protein, their movements have 
been followed with fluorescence video mi- 
croscopy. These proteins have diffusion co- 
efficients consistent with their unrestrained 
mobility within a Golgi cistema (36). More- 
over, COPI vesicles have now been shown to 
concentrate Golgi processing enzymes (3 7) 
and to serve as transport intermediates in 
vitro (22). These results are consistent with 
the fact that the recycling of processing en- 
zymes is required for normal Golgi function 
in vivo (38, 39). Use of recycling vesicles 
suggests that retrograde retrieval of a defined 
population of processing enzymes can, in 
principle, catalytically process all cargo pro- 
teins found within a maturing compartment. 

Just how the Golgi maintains its organi- 
zation of processing enzymes through the 
activity of recycling vesicles has been the 
topic of speculation (27, 30, 31). This may 
occur by a graded interaction of COPI (or 
other unknown coats) with sorting signals 
found on recycling proteins (Fig. 2). Those 
proteins with high-affinity sorting signals 
may be recycled more rapidly and efficiently 
than those with lower affinity. Thus, the bio- 
chemical composition of intermediates de- 
rived from the ER would change continuous- 
ly as they mature in a cis-to-trans direction 
through the stack, while the Golgi maintains 
its overall morphological appearance. The se- 
lection of enzymes into retrograde vesicles 
would ensure progressive specialization of 
compartments in the stack because sorting of 
processing enzymes would be coupled to the 
machinery that directs vesicles to their target 
compartments. Such coupling occurs in recy'- 
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cling to the ER from pre-Golgi interinediates 
(40). Here, the disassembly of the COP11 coat 
required for export of anterograde cargo from 
the ER is coupled with the recruitment of the 
COPI recycling machinery necessary for the 
retrograde pathway. Thus, COPI coats are 
likely to play a key role in maintaining the 
proper steady-state distribution of Golgi pro- 
cessing enzymes within the Golgi stack. 

Important insight into Golgi maturation 
has come from studies with brefeldin A 
(BFA), a drug that prevents COPI recruit- 
ment to Golgi membranes and triggers deliv- 
ery of all Golgi processing enzymes to the ER 
(41). BFA blocks the activation of ARFl 
(42), a step necessary for the recruitment of 
COPI coats and vesicle formation. In the 
absence of COPI, Golgi cistemae form elon- 
gated tubules (43). These tubules may repre- 
sent vesicle precursors that have the full po- 
tential to fuse. Under normal conditions, such 
"uncoupled" fusion, where retrograde traf- 
ficking is uncontrolled (44) and accelerated 
over normal steady state (43,  would not be 
expected because COPI-mediated sorting and 
fission would precede the fusion event. If this 
were not the case, the entire organization of 
the early secretory pathway would be com- 
promised. The aberrant collapse of Golgi 
membranes to the ER after inhibition of COPI 
assembly highlights the presence of a dynamic 
and tightly regulated vesicle retrograde path- 
way regulating the function of the entire stack 
(42, 46). COPI-mediated recycling could pro- 
vide a mechanistic framework for the morpho- 
logical process of cisternal progression. 

Role of SNAREs in Directed 
Maturation 
Is the activity of SNARE components consis- 
tent with a major role for retrograde vesicles 
in Golgi function? The best understood Golgi 
SNAREs are yeast Sed5p and its mammalian 
homolog syntaxin 5 (Syn5) (47). These pro- 
teins are required for ER-to-Golgi transport 
and recycle between the ER and the cis face 
of the Golgi stack (39, 48, 49). Functionally 
interfering with Syn5 blocks ER-to-Golgi 
transport,-suggesting that Syn5 or associated 
factors participate in pre-Golgi intermediate 
function (49). Here, SynS may mark pre- 
Golgi compartments as targets for fusion with 
retrograde, Golgi-derived COPI vesicles that 
contain processing enzymes, to form the cis- 
Golgi compartment (49). In yeast, when 
movement of Sed5p out of the ER is blocked, 
Golgi structures dissipate (39). Under these 
conditions, the late Golgi SNARE Smp, a 
protein that targets vesicles to Sed5p-contain- 
ing Golgi compartments, is redistributed to 
multiple vesicular structures (39), probably 
because these trans-Golgi cistemae-derived 
vesicles have no place to go. Because the 
normal recycling of SynS and Sed5p is es- 
sential for maintaining Golgi structure and 

function, the maturation of both yeast and 
mammalian Golgi compartments is evolu- 
tionarily conserved and may rely on COPI- 
mediated recycling. 

The results discussed above combined 
with other lines of morphological and bio- 
chemical evidence (4,30,31,47,50) alter our 
traditional perception (1 7) of how the Golgi 
functions to sort proteins. We now envisage 
that retrograde, not anterograde, vesicles play 
a prominent role by functionally modifying 
cargo-containing compartments generated by 
the ER (Fig. 3). 

Protein Sorting at the TGN by 
Directed Maturation 
Does maturation continue at the trans face of 
the Golgi (also referred to as the trans-Golgi 
network or TGN) where vesicle traffic moves 
cargo to multiple destinations (51)? Given the 
necessity to retrieve sorting and targeting com- 
ponents that direct vesicles to their correct post- 
TGN destinations, a number of lines of evi- 
dence suggest that it does. In this way, the TGN 
sits at the crossroads of the endocytic and exo- 
cmc pathways, enabling the cell to balance 
membrane flow between the two pathways to 
maintain the proper composition of intracellular 
organelles and cell surfaces. 

The contribution of recycling to TGN 
function is exemplified by the-lysosomal 
transport pathway (52). In the TGN, man- 
nose-6-phosphate receptors (MPRs) that bind 
lysosomal hydrolases and deliver these pre- 
cursors to the lysosome are retumed to the 
TGN through acidic endosomal compart- 
ments. Export of MPRs from the TGN uses 
tyrosine- and di-leucinebased sorting motifs 
that recognize clathrin and AP adaptor com- 
plexes (53). These coat machineries are found 
at the cell surface, but not on the ER or early 
Golgi compartments. Their presence on the 
TGN illustrates that ER-derived intermedi- 
ates and early Golgi compartments (that lack 
the capability to recruit these components) 
become modified to use vesicle-mediated 
pathways common to the endocytic compart- 
ments and the cell surface. Indeed, the role of 
endosomal recycling in TGN function is evi- 
dent from the fact that mutations in the MPR 
sorting motif that block recycling or alter the 
amount of MPR in the cell can change the 
amount of clathrin coat recruitment to the TGN 
and interfere with the sorting of lysosomal en- 
zymes (54). The existence of two different 
MPRs, cation dependent and cation indepen- 
dent with different trafficking itineraries (59, 
suggests a close relation between the transport 
of lysosomal enzymes and the level of expres- 
sion of these receptors in different cell types to 
direct flow of cargo from the TGN to the lyso- 
some and the cell surface. Moreover, the irn- 
portance of endosomal recycling to TGN func- 
tion is strongly supported by genetic and bio- 
chemical studies on cargo traffic from the TGN 

to the vacuole, the lysosome equivalent in yeast 
(56). Recycling to the TGN through endosomal 
compartments observed in lysosomaVvacuolar 
pathways is also found during secretory granule 
biogenesis (57). Here, retrograde traffic is be- 
lieved to coordinate granule content with sort- 
ing and targeting components that are required 
for fusion of the mature granule to the cell 
surface (58). 

Although the major role of the endosome 
is to deliver proteins from the surface to the 
lysosome and recycle plasma membrane pro- 
teins back to the surface, it also must provide 
the essential sorting and targeting compo- 
nents to direct biosynthetic cargo from the 
TGN to the surface (Fig. 3). This is particu- 
larly important in polarized cells where the 
basolateral and apical surfaces have unique 
functions. Although generation of cell polar- 
ity was previously described only in terms of 
Golgi function (58), it is now evident that 
traffic from the TGN is responsive to a hier- 
archy of events initiated by extracellular sig- 
naling pathways (59). Cell-cell (cadherins) 
and cell-extracellular matrix (ECM) (inte- 
grins) contacts generate structural asymmetry 
at the membrane cell surface. This spatial 
information, augmented by the localized as- 
sembly of a cytoskeleton, creates a "targeting 
patch" for exocytic transport vesicles formed 
from the TGN. In Madin-Darby canine kid- 

ndoplasmkra-. ' 

Fie. 3. Directed maturation lnvolves c o u ~ l ~ n e  t o  
e4ocytic recycling at the TCN. The funk io i  of 
the TCN requires recycling of the sorting and 
targeting determinants retrieved through the 
endocytic pathway. The continuum of recycling 
vesicles from endocytic compartments to  the 
ER (dashed lines) provides an opportunity to  
balance exocytic (solid lines) and endocytic 
membrane flow required for normal cell growth. 
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ney cells, the localization of plasma mem
brane proteins exported from the TGN through 
the function of these targeting patches can be 
modulated by expression of different cad-
herin cell adhesion molecules and is sensitive 
to contact with extracellular ECM (60). Sim
ilarly, in retinal pigmented epithelial cells, 
developmental switches control the traffick
ing to apical or basal-lateral surfaces of a 
number of proteins (61). Traffic is dependent 
on contact with photoreceptor cells (62) and, 
in some cases, is initiated by cues provided 
by apically localized av(35 integrin receptors 
(63). Because events at the plasma membrane 
affect intracellular sorting, we conclude that 
the endocytic and exocytic pathways may be 
coupled at the TGN (Fig. 3). It is not surpris
ing that bacterial pathogens usurp this path
way to deliver exotoxins through the TGN to 
the ER for translocation into the cytoplasm to 
promote their own survival (64). 

The molecular mechanisms that are in
volved in coupling exocytic and endocytic 
pathways at the TGN are beginning to emerge. 
In addition to SNARE interactions, targeting 
of TGN-derived vesicles to the cell surface 
involves a protein complex referred to as the 
exocyst (13). In yeast, the exocyst marks the 
site of polarized bud growth. In its absence, 
vesicles target randomly to the surface. In 
mammalian cells, the homologous exocyst 
complex is recruited to cell-cell contacts laid 
down by extracellular spatial cues for target
ing to the basal-lateral surface (65). Recy
cling of SNAREs through these targeting 
patches is important for normal function. In 
yeast, the syntaxin Tlglp, which mediates 
trafficking of chitin synthase III to polarized 
growth sites (66), is found at the junction of 
the exocytic and endocytic pathways. Inter
ference with its recycling from the plasma 
membrane prevents the proper targeting of 
chitin synthase III containing post-Golgi ves
icles to the bud site (66). 

In general, these examples illustrate that 
maturation of TGN function by recycling 
through the endosome provides the necessary 
balance of sorting and targeting machineries 
to direct cargo to their correct destination. 
The process of directed maturation simplifies 
movement of biosynthetic cargo by having 
only two sorting steps: one at the ER to select 
protein that is properly folded (67) and a 
second at the TGN, where a flexible sorting 
decision directs biosynthetic cargo to the 
proper downstream compartment reflecting 
the developmental state of the cell. 

A Contemporary Paradigm for Golgi 
Function 

The discovery of recycling between the ER 
and the Golgi and between compartments of 
the Golgi stack, along with recycling through 
the endocytic pathway, demonstrates that the 
entire exocytic pathway requires the process 

of directed maturation for normal function. In 
this view (Fig. 3), a continuum is generated in 
which pre-Golgi intermediates derived from 
the ER initiate the first step in maturation by 
returning sorting and targeting components 
back to the ER. This step is followed by a 
second step in which acquisition of Golgi 
processing enzymes, by recycling, leads to 
the formation of the TGN, which, in the third 
step, becomes integrated with the endocytic 
pathway. Although previous models of Golgi 
function (17) offered key insights into the 
biochemical factors required for vesicle for
mation and targeting, directed maturation 
provides a broader foundation for under
standing issues regarding the directionality 
and continuity of membrane flow in the cell 
during growth and development. By focusing 
on the role of retrograde trafficking from the 
cell surface, recycling provides a link be
tween cell surface events and exocytic com
partments, enabling the cell to balance and 
regulate outward membrane flow (Fig. 3). 
Undoubtedly, many surprises in the future 
regarding Golgi function will come from 
questions that address how cargo movement 
is coupled to the recycling machinery (47) or 
how the coupling of membrane flow with the 
cytoskeleton enhances the operation of the 
exocytic and endocytic pathways (68). Insight 
into these issues will play a major role in the 
evolution of our understanding of directed 
maturation of Golgi compartments as a mech
anism for protein sorting. 
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