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Abstract Compartments can be defined both morphologically as 
well as biochemically. The former relies on a direct visualisation 
of membrane boundaries and the latter by the characterisation of 
enzymatic functions tal~ing place within the compartment. The 
combination of morphology and biochemistry has led to the iden- 
tification of several compartments within the exocytic pathway, 
each assumed to carryout independent functions in a logical 
succession [Palade, G. (1975) Science 189, 347-358]. However, 
recent findings show that resident enzymes are confined to not one 
but at least two adjacent compartments suggesting that morpho- 
logical and biochemical definitions do not coincide. We will here 
discuss these findings and propose a model to explain how com- 
partments are organised~and maintained along the exocytic path- 
way. 
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1. Introduction 

Proteins destined for the exocytic pathway are imported into 
the ER where they undergo folding and oligomerisation. This 
maturation process is facilitated by resident proteins, some of 
which mediate post-translational modifications such as glyco- 
sylation, acylation, phosphorylation, rearrangement of di- 
sulphide linkages or isomerisation of prolines [2]. Providing 
maturation is successful, the protein is allowed to leave the ER 
and enter the Golgi apparatus where it undergoes additional 
modifications such as processing of oligosaccharides and 
sulphation. At the trans-Golgi network (TGN), the protein 
continues to the plasma membrane unless it displays signals for 
sorting to other compartments (e.g. lysosomes, secretory gran- 
ules). The vectorial movement of the protein through the ex- 
ocytic pathway is thought to occur by default. This non-selec- 
tive transport, often referred to as 'bulk flow', is carried out by 
vesicles bringing cargo from one compartment to the next [3]. 
While bulk flow cargo is allowed to diffuse freely through the 
compartment and to become incorporated into budding trans- 
port vesicles, enzymes which carry out modifications must be 
held in place. Mechanisms exist to ensure this and these can be 
divided into two types based on their mode of  action. The first, 
referred to as retrieval, brings back protein from downstream 
compartments after they have escaped. This mechanism de- 
pends on retrograde transport and on the recognition of re- 
trieval motifs displayed by the escaped proteins. The second 
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type is referred to as retention and prevents residents from 
leaving the compartment in the first place. Both retention and 
retrieval co- operate to ensure fidelity in maintaining residents 
along the pathway [4]. 

2. Retrieval 

Examples of retrieval signals can be found in the ER, the 
intermediate compartment and in the TGN. Lumenal ER pro- 
teins have a short motif, KDEL, at their carboxy terminus 
which is sufficient for ER localisation [5]. The KDEL motif is 
recognised by a receptor, erd2 [6], which upon binding relocates 
to the ER to release its ligand [7]. Membrane proteins of the 
ER and the intermediate compartment display retrieval motifs 
in their cytoplasmic domains consisting of positively charged 
amino acids [8-10]. These have been shown to bind specifically 
to subunits of the coatomer [11,12] and to drive the polymerisa- 
tion of microtubuli [13], in vitro. Resident membrane proteins 
of the TGN, such as furin and TGN38 display tyrosine-based 
motifs in their cytoplasmic tails and mutation of these motifs 
leads to accumulation on the plasma membrane [14-17]. 

3. Retention 

The first retention signals to be identified were in the mem- 
brane spanning domains of Golgi resident proteins [18]. It has 
been suggested that retention by the membrane-spanning do- 
main is a direct consequence of its length. This is borne out 
from the observation that membrane-spanning domains of in- 
tracellular proteins are shorter than those of plasma membrane 
proteins [19]. This difference correlates well with the increased 
thickness of the plasma membrane due to its relatively high 
concentration of cholesterol. Since a gradient of cholesterol has 
been shown to exist in the exocytic pathway [20], it was postu- 
lated that this would mediate the maintenance of residents 
along the pathway. Indeed, increasing the length of the mem- 
brane spanning domain of the TGN resident ct2,6-sialyltrans- 
ferase results in the appearance of this enzyme on the cell 
surface [21]. 

A second possibility is that the membrane-spanning domain 
aids in the formation of oligomeric structures which are too 
large to be incorporated into transport vesicles [22]. There are 
several lines of evidence for the existence of oligomeric struc- 
tures. The Golgi resident M proteins of both IBV (avian infec- 
tious bronchitis virus) and MHV (mouse hepatitis virus) form 
oligomeric structures and this is correlated with them being 
retained in the cis-cisternae and the TGN, respectively [23,24]. 
Furthermore, medial enzymes have been shown to interact spe- 
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cifically with each other demonstrating the existence of hetero 
oligomers or 'kin oligomers' [25]. Residents of this part of the 
Golgi apparatus can be isolated biochemically as a protein- 
aceous structure by detergent extraction [26], suggesting that 
kin oligomers constitute large and stable structures. Similar 
detergent-resistant structures can also be isolated from the 
rough ER and these consist mainly of resident proteins in- 
volved in the translocation of nascent polypeptides [27]. Con- 
sistent with the presence of oligomeric structures in the ER is 
the notion that removal of retrieval signals from residents does 
not result in a significant loss o fER localisation [5,9,28]. In this 
review, we will propose that oligomeric structures not only 
constitute means for retention but also that they contribute to 
the structural maintenance of compartments in which they re- 
side (see below). 

4. Morphological and biochemical definitions of a compartment 
are out of register 

The ER, itself consisting of seveial subdomains, is continu- 
ous with the intermediate compartment [29], a tubular reticular 
network extending a considerable distance away from the ER 
[30]. The intermediate compartment, first identified and defined 
as the so-called 15°C compartment [31], is the compartment 
from which vesicles destined for the Golgi apparatus bud. It has 
been shown to move in an anterograde fashion towards the 
Golgi apparatus [32] allowing for the formation of the CGN. 
Residents of the ER such as protein disulphide isomerase (PDI) 
and BiP occupy the rough and the smooth ER as well as the 
intermediate compartment [33-36]. Calreticulin and the cal- 
cium-binding protein CaBP1 are located in the ER [28,37] and 
the latter has also been shown to reside in the intermediate 
compartment [38]. CaBP1 does not, however, co-localise with 
the lectin-binding protein p53 [39] but rather coincides with p63 
by subcellular fractionation [37]. Both p53 and p63 are estab- 
lished markers for the intermediate compartment [40,41], how- 
ever, they show different distributions arguing for subdomains 

within this compartment (D. Mundy, personal communica- 
tion). The small GTP-binding proteins, rabl  and rab2, both 
locate to the intermediate compartment, the cis-Golgi network 
(CGN) as well as to the cis-cisternae of the Golgi apparatus 
[34,4244]. A similar distribution is also observed with the 
KDEL receptor, erd2 [34], as well as with the t-SNARE, syn- 
taxin 5 [35]. 

It is evident that residents in the early part of the pathway 
occupy more than one compartment or subcompartments. This 
pattern becomes more striking in the Golgi apparatus when 
examining the distribution of glycosylation enzymes involved 
in the construction of complex N-linked oligosaccharides. Two 
enzymes, ~1,3-1,6-mannosidase II and fll,2-N-acetylglucosam- 
inyltransferase I, reside in both the medial and the trans-cister- 
nae with a more or less equal distribution over these two com- 
partments. They share the trans-cisternae with fll,4-galacto- 
syltransferase and ~2,6-sialyltransferase which are also found 
in the TGN [4548]. A similar pattern is seen in the TGN where 
residents display patterns of overlapping distribution between 
different subcompartments (C. Rabouille and T. Nilsson, man- 
uscript in preparation). 

We would like to propose that the Golgi enzymes are but one 
of a population of Golgi residents that have an overlapping 
distribution. Others would include coat-binding proteins and 
v- and t-SNAREs. Discrete membrane domains would be 
formed within compartments and these would be made up of 
specific sets of residents through the formation of kin oligom- 
ers. We envisage that membrane domains facing each other in 
adjacent compartments are composed of the same set of resi- 
dents and that direct interactions exist across the intercompart- 
mental space. These paired membrane domains define a basic 
biochemical unit and we draw the new boundaries of a bio- 
chemical compartment around these units (see Fig. 1). This new 
definition separates the morphological compartment (physical 
compartment) from the biochemical one and this has implica- 
tions both for the organisation of the exocytic pathway and for 
vesicular transport between compartments. 

Fig. 1. Formation of a biochemical compartment by paired membrane domains. Discrete membrane domains are formed through lateral interactions 
between resident proteins such as enzymes, lectins, coat binding proteins as well as v- and t-SNAREs. Two domains, having the same set of residents, 
face each other in adjacent compartments forming templates for stacking. These domains define the biochemical compartment. Transported proteins 
(not depicted) have access both to anterograde and retrograde vesicles as do residents. The latter as a consequence of breaking down the oligomer 
at the dilated rims. Biochemical boundaries are shown as dashed lines. 
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5. Transport between compartments - heterotypic or homotypic? 

Vesicular transport between physical compartments relies on 
the incorporation of resident proteins into the vesicle along 
with bulk flow proteins. For example, coat-binding proteins 
used in the formation of the vesicle must be incorporated as are 
those molecules involved in docking and fusion (v- and t- 
SNAREs) [49]. It has always been assumed that fusion of the 
transport vesicle with the next compartment is heterotypic. 
However, having redefined the boundaries of the compartment 
to include paired membrane domains in two adjacent compart- 
ments, we propose that transport between two physical com- 
partments involves only those molecules which exist within the 
biochemical unit as defined above. In this view, all transport 
steps within the pathway are homotypic, not heterotypic. The 
same principle applies for both anterograde as well as for retro- 
grade transport. This ensures a steady-state distribution of res- 
idents involved in transport and removes the need for an intri- 
cate sorting machinery. Resident proteins which escape the 
biochemical compartment, however, are brought back by the 
retrieval machinery mentioned above. 

Bulk flow proteins would in this model have access both to 
anterograde as well as to retrograde transport vesicles. To en- 
sure a directional flow, it is possible to envisage various means 
of selective incorporation of transported proteins into vesicles. 
For example, resident lectins of a given biochemical compart- 
ment could selectively recognise glycoproteins at particular 
stages in their maturation and incorporate them into transport 
vesicles [50]. This can either be in a retrograde or in an antero- 
grade fashion depending on what side of the biochemical unit 
they happen to be. Following modification by glycosylation 
enzymes, the lectin no longer recognises the glycoprotein and 
the latter is free to move to the next biochemical unit. This 
results in a vectorial flow of glycoproteins (as well as for glyco- 
lipids) and ensures that transported proteins are properly mod- 
ified before leaving the biochemical compartment. Such facili- 
tated incorporation is not inconsistent with the ideas of bulk 
flow if viewed as a means of maintaining proteins which have 
not yet been properly modified (or in the case of newly syn- 
thesised proteins, properly folded [51]). 

6. The role of residents in maintaining the biochemical 
compartment 

Resident molecules play important roles in the structural 
maintenance of the compartment in which they reside. We 
envisage they do so in three ways: The first is by forming large 
oligomers (kin oligomers) which can regulate the extent of 
fenestration and tubulation of the compartment. The second by 
serving as anchors to the cytoskeleton and the third by serving 
as templates for the adjacent membrane allowing for stacking. 

Whereas anchoring to the cytoskeleton helps to maintain the 
physical compartment, formation of oligomers and serving as 
templates for stacking allows residents to define and maintain 
the biochemical compartment (see Fig. 1). Each cisterna is 
divided into functional zones which can be distinguished mor- 
phologically [52]. In the centre, the cisterna is relatively non- 
fenestrated compared to the dilated rims where vesicles bud. 
Through the formation of kin oligomers, residents act as endo- 
and exoskeletons protecting the central core of the cisternae 
against fenestration and vesicular budding. 

By serving as templates for the adjacent membrane domain, 
Golgi residents mediate stacking of the cisternae allowing for 
the stacking of multiple cisternae, even for those extreme cases 
where 30 or more cisternae are found within the stack. The role 
of residents in stacking is also seen in the ER where high levels 
expression of HMG-CoA reductase leads to the appearance of 
stacked ER cisternal membranes [53]. Similar structures have 
also been observed in the rough ER of HMV infected cells 
where the viral M protein interacts with the viral nucleocapsid 
to form stacked cisternae [54]. 

7. Conclusions 

Transport between compartments has always been viewed as 
a process which needs to be tightly controlled in order for the 
compartments to maintain their distinct set of residents (read 
functionality) and to enable vesicles to move forward in a vec- 
torial fashion. In the above model, redefining the biochemical 
compartment allows for homotypic transport which provides 
an explanation for the sorting of resident proteins such as v- 
and t-SNAREs. The steady state of resident proteins is deter- 
mined by their ability to interact with each other to form bio- 
chemical units. Such units can exist between compartments 
which are separated physically as well as within compartments. 
Having biochemical compartment out of register with the phys- 
ical one also removes much of the need for an argument over 
whether or not particular compartments are continuous with 
each other (e.g. the ER and the intermediate compartment(s) 
and the cisternae of the Golgi apparatus). 
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