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The recent identification of an endoplasmic reticulum-Go&i intermediate 
compartment has added to the complexity of the structural and functional 
organization of the early secretory pathway. Protein sorting along the 
endoplasmic reticulum-Golgi pathway depends on different signals and 
mechanisms, some of which guarantee recycling from various levels of the 

Golgi apparatus to biosynthetically earlier compartments. 
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Introduction 

The secretory (or exocytic) pathway is subdivided into 
a series of different membrane compartments of de- 
fined molecular composition. Newly synthesized exo- 
cytic proteins enter the pathway at the rough endo- 
plasmic reticulum (ER) and are subsequently sorted to 
different organelles including Go@ apparatus, plasma 
membrane, endosomes and lysosomes. Recent interest 
in the protein traffic field concerns the mechanism by 
which itinerant proteins lind their proper place within 
the cell without compromising the molecular identin, 
of the individual organelles along the pathway [ 1,2]. The 
current view is that individual compartments communi- 
cate by shuttle vesicles. These vesicles carry soluble and 
membrane proteins along the secretor)’ pathway by bulk 
flow unless a specific mechanism arrests the proteins in a 
given organelle. Some signals for protein retention have 
indeed been identified. However, the mere fact that no 
signals for forward transport have yet been found does 
not necessarily exclude their existence in some pro- 
teins. To understand protein traffic hilly it is important 
to establish the boundaries and functions of indiiid- 
ual compartments and subcompartments, to deterrnine 
the mechanism of vesicular transport, and to elucidate 
protein signals for retention (and perhaps forward trans- 
port) and the molecular basis of protein retention. 

It should be noted that there is no unambiguous use of 
the term compartment (or organelle) in the scientific lit- 
erature. In this review, we define a membrane-bounded 
compartment of a cell as a physically distinct entity with 
a characteristic set of stably anchored endogenous (or 
resident) proteins. Compartments invohed in membrane 
traffic mediate the transport of itinerant proteins via vesic- 
ular or dynamic tubular interactions. Thus, we refer to 
the ER and the Golgi apparatus as compartments or or- 
ganelles. Rough and smooth ER are considered subcom 

partments of the ER while, in the absence of clearly de- 
fined membrane boundaries [ 1,2], the c&Go&i network 
(CGN), cis/medial-Go@, Irons-Golgi and the rrans-Golgi 
reticulum (TGN) are tentatively considered to be sub- 
compartments of the Golgi apparatus. The membrane of 
a subcompartment may still be heterogenous and exhibit 
structurally and functionally distinct domains. 

In the present article we focus on the ER-to-Go@ path 
way. A novel aspect in interpreting the interactions of ER 
and Go@ is the recent identification of an ERX~olgi inter- 
mediate compartment ( ERGIC 1 that is presently defined 
by a 53 kD transmembrane protein (p53). We discuss the 
features of the ERGIC and their imp’lications for the struc- 
tural and functional organization of the early secretor?’ 
pathway, including problems of protein retention and 
recycling. 

The ER-Golgi intermediate compartment 
defined by p53 

An obvious present limitation in following the movement 
of proteins within the secretor). pathway is the paucin- 
of accepted marker proteins for individual subcompart- 
men&, in particular for the exit pace of the rough ER, the 
transitional elements, and the entry face of the Golgi ap 
paratus, the &Go@, as well as the complex system of 
tubules and vesicles in between the ER and the Go&i. Re- 
cently a monoclonal antibody was used to identk an ap- 

paren+, non-glycoslyated, home-oligomeric transmem- 
brane protein, p53, that is predominantI)* localized in 
tubulovesicular membranes near the c&side of the Golgi 
apparatus, as visualized by immunoelectron microscop! 
[3]. Such tubulovesicular clusters were also identified at 
quite some distance from the Golgi apparatus. In some 
cell blues, low levels of p53 were occasionally observed in 
the first fenestrated c&Go@ cisterna, now often referred 
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to as the CGN 121. The p53-harboring membranes were 
shown to represent membranes involved in ER4olgi 
transport by studying the transport of the G protein of 
vesicular stomatitis virus (ts045 mutant>. When the trans- 
port from the ER was blocked by incubation at 15”C, the 
newly synthesized G protein co-localized with ~53 [ii]. 
hs this temperature is known to arrest the transport of 
exocytic proteins between ER and Golgi, ~53 must be 
a marker for the ER4olgi intermediate elements, which 
are now known as the ERGIC. 

A 5X kD resident protein (~58) of the &Golgi cisterna 
[So] also appears to be present partly in elements that 
may represent the ERGIC [6-l. Unlike p53, p58 carries 
immature N-linked and O-linked glycans [ 5.1. Another 
marker for the ERGIC is the small GTP-binding pro 
tein. ~ab2 [7]. Furthermore, Rablbp [F(*] is also. at least 
in part, associated with the ERGIC. GTP-binding proteins 
are thought to act as central regulators of the formation, 
targeting and fusion of ER-to-Golgi transport vesicles. 

Using ~53 as a marker protein it was possible to iso- 
late the ERGIC of Vero cells h!, fractionating a post- 
nuclear supematant on Percoll and Metrizamide gra- 
dients [9-l. The analysis of various marker proteins 
for rough ER and of a hotta Jide marker for cis- 
Golgi. GlcNAc-phosphodiester-N-ace~lglue, 
demonstrated biochemically that the ERGIC is not related 
to its neighboring compartments. 

Organization of the ER-to-Co& pathway 

How does the existence of an ERGIC influence our think- 
ing of how the ER-to-Go@ pathway is organized? Bio- 
chemicl uniqueness of a membrane fraction, as shown 
for the ERGIC, does not necessaril), exclude membrane 
continuities with neighboring organelles, as exemplified 
by the connections between rough and smooth ER in 
liver and pancreas There are four major ways in which 
the ERGIC could be structurall!~ related to ER and Golgi 
(Fig. 1 ). First, the ERGIC may be a physically separated 
membrane structure, also termed salKtge compartment 
[ 101, in which case two vesicular steps would be re- 
quired to transport proteins from the ER to the Go@, 
and thus the ERGIC would be a true compartment by our 
definition. Second, in keeping with the classical model of 
Palade [ I 11, the ERGIC ma)’ not be a compartment, but 
a pleomorphic transport intermediate. Such a view was 
supported by Waste and Svensson [6-l, who studied 
the dynamics of ~58. Third, the ERGIC may represent the 
first CGN tubule-vesicular cisterna [2,12]. In this model 
a single round of vesicular transport would transfer the 
proteins from ER to Golgi and the 15°C block would have 
to be placed between the CGN and the next cis-medial 
cisterna. Finally, the ERGIC may be a subcompartment of 
the ER and thus be referred to ;1s the ft-arts-ER network 
(TEN), which would include the transitional elements. In 
this c;Lse, the 15°C would block one single round of vesic- 
ular transport between the TEN and the CGN. 

One complication is that ~53 and p58 appear to 
cycle via the Go@ apparatus (see below) so that 
they may not tell us if the ERGIC is a stable mem- 
brane structure or a transport intermediate. A panel of 

monoclonal antibodies produced against the ERGIC iso- 
lated from Vero cells stained a reticular structure that ex- 
tended farther into the cell periphery (A Schweizer, H-P 
Ham-i, unpublished data). On the basis of immunofluo- 
rescence and immunoelectron microscopy experiments 
involving one of these antigens, a 63 kD membrane pro- 
tein ( 1,631, the reticular structure is stable to temperature 
shifts and in close apposition to, and possibly continuous 
with, the rough ER (A Schweizer, G Grifflths, T Bachi, H- 
P Hauri, abstract 65a, American Society for Cell Biology, 
Annual Meeting, Boston, MA, December 1991). The distri- 
butions of ~63 , ~53 and VW G-protein ( arrested at 15°C 1 
o\,erlap, demonstrdting that p63-containing membranes 
mediate exoq-tic protein transport. Furthermore, ~63 
was enriched to a similar degree as ~53 in the purified 
ERGIC fraction. Unlike ~53, the distribution of ~63 w;Is 
little affected by low temperatures or brefeldin A. These 
results suggest that the ERGIC may be a stable reticular 
compartment (or subcompartment) that is defined by the 
resident marker protein ~63, while ~53 may preferentialllly 
label the exit sites of this network. The compartment ap- 
pears to be fragile and therefore difficult to visualize as 
an intact nenvork by conventional fixation procedures ( G 
Grifiths. personal communication ). Based on these tind- 
ings we presently favor the TEN model (Fig. Id). This 
model would also be in accord with the data obtained 
from semi-permeable cells in which the vesicular trans- 
port from ER to Golgi can be reconstituted. It WJS found 
that protein transport from, but not into, the 15°C com- 
partment required cofactors that are typical for vesicular 
transport [ 131. 

Further studies on the characterization of the p63 net- 
work are in progress and should help to visualize the 
proposed connections with the rough ER and clarif) 
the relationship of the ERGIC with other smooth mem- 
branes including those referred to as smooth ER, calcio- 
somes [ l-1*] and the s-cyclophilin compartment [ 15.1. It 
is worth noting that there is no accepted marker with 
which to define smooth ER in cells other than in the 
liver. Thus, smooth membranes that do not have Golgi 
characteristics are often collectively referred to as smooth 
ER nithout any further specilication. 

Functional compartmentalization of the 
ER-to-Go& pathway 

Table 1 lists some major functions, their correspond- 
ing markers and their presumed compartmentalization 
within the early secretory pathway. It is important to 
note that the localization of some markers may vary 
somewhat among d&rent cell lines, particularly within 
the Golgi apparatus [ 161, The sequential remodelling of 
N-linked glycan is the classical and best known example 
of functional compartmentalization within the early secre- 
tov pathway. Here, we concentrate on selective examples 
for which the precise localization is controversial but 
has recently been investigated in respect to a putative 
ER4olgi intermediate localization by subcelMar frac- 
tionation, by using transport inhibitors or by applying the 
15°C criterion. Incubation at exactly 15°C for at least 3 h 
prevents protein transport into the CGN but allows its 
exit from the rough ER. It is important at this point to 
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Fig. 1. Four schematic models of the relationship of the endoplasmic reticulum-Golgi intermediate compartment (ERGIC) to rough ER 
and Go@ (a) The ERGIC is a physically separated membrane structure, and two vesicular steps are required to transport proteins from 
the ER to the Golgi DOI. (b) The ERCIC is an intermediate and transports the proteins itself 16.1. fc) The ERGIC is the first tubulo-vesicular 
cisterna of the cis-Colgi and proteins are transferred by a single round of vesicular transport 12,121. (d) The ERGIC is a subcompartment 
of the ER, the trans-ER network, and it contains the transitional elements itself. The putative localization of the 15°C block is indicated 
in each model. TGN, rrans-Golgi reticulum; CGN, cis-Golgi network; TE, transitional elements of the rough ER. 

emphasize that temperature blocks are kinetic in nature 
and not absolute. Therefore, slightly higher temperatures, 
even if raised by only one degree, may lead to significantly 
different results. 

Protein folding, a classical function of the rough ER, is 
mediated by protein disuffide isomerase (PDI) and per- 
haps related proteins, as well as chaperone proteins such 
as the immunoglobulin binding protein, BiP 1171. It is 
likely that the ERGIC contributes to protein folding as 
a soluble calcium-binding protein with a PDI active site 
motif, CaBPl, co-purifies with, and is highly enriched 
in, the ERGIC (A Schweizer, F Peter, P Van Nguen, H- 
D Soling, H-P Hauri, unpublished data), while PDI is not 
appreciably enriched in the isolated ERGIC fraction [ 9-01. 

Many proteins that are nomlally transported from ER to 
Golgi, when improperly folded or incompletely assem- 
bled, undergo degradation at a pre-Golgi site. It has be- 
come clear now that pre-Golgi degradation starts in the 
ER itself but continues, at least for some proteins, in post- 
ER compartments, most probably in the ERGIC, as ex- 
emplified by the unassembled H2a subunit of the asialo- 
glycoprotein receptor [18-l and truncated ribophorin I 
[19-l. H2a and its intermediate 35 kD degradation prod- 
uct carry pre-Golgi-type glycans and cofractionate with 
rough ER. As further degradation of the 35.kD interme- 
diate is blocked when the cells are depleted of ATP, the 
second phase of degradation may occur at a post ER-site. 
ATP is required for protein exit from the ER. Clear evi- 
dence for two degradative compartments was obtained 
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rable 1. Compartmentalization of some cellular functions of the early secretory pathway and their corresponding markers. 
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‘Not yet localized by immunoelectron microscopy, so localization is tentative. EM, immunoelectron microscopy; SF, subcellular 

‘ractionation; I, transport inhibitors; IF, immunofluorescence; PDI, protein disulfide Isomerase; ER, endoplasmic reticulum; ERGIC, 

ER-Colgi intermediate compartment; CGN, cis-Golgi network. 

in studies on an anchorless form of ribophorin I that is 
degraded with biphasic kinetics [ 19*]. The first phase oc- 
curs in the ER, while the second phase can be inhibited 
by carboxyl cyanide m-chlorophenyl hydrazone, which 
blocks protein exit from the ER and is thus associ- 
ated with a later compartment. Based on these studies 
we postulate that the ERGIC contributes to pre-Golgi 
degradation of proteins. In some cases degradation ma) 
already be completed in the ER. For instance, in perme- 
abilized cells chimeric proteins containing T-cell receptor 
transmembrrlne sequences are rapidly degraded without 

production of detectable intermediates in the absence of 
fXtOrS required for protein export from the ER [20-l. 

Another point of interest is the site at which the Iyso- 
somal targeting signal, mannose 6-phosphate, is gener- 
ated. Incubation of a lymphoma cell line at 15°C does 
not prevent the initial phosphotrdnsferase step but does 

block the subsequent action of GlcNAc-phosphodiester- 
N-acetylglucosaminidase, which suggests a pre-Golgi lo- 
calization of phosphotransferase [ 211. In Vera cells, how- 
ever, neither enzyme appreciably co-distributes on den- 
sity gradients with ~53 [9-l, suggesting that in this cell 
line both enzymes are localized primarily in the Golgi ap- 
pM@JS rather than the ERGIC. It is not clear if the dis- 

crepancies are due to cell type variations. 

The site where 0-glycosylation starts has not been firmly 
identified either. In Vero cells the first enzyme of this pro- 
cess, peptide-N-acetyl-galactosaminyltransferase, co-puri- 
lies by cell fractionation with Go&$ markers and not with 
the ERGIC (A Schweizer, H Clausen, H-P Hauri, unpub- 
lished data). Thus, in Vero cells, peptide 0-glycosylation 
is primarily a Golgi event, perhaps associated with the 
CGN. Earlier lectin studies have indeed pointed to the cz% 
most Go@ cisterna as the site of N-acetyl-galactosamine 
addition in intestinal cells [ 161, 

Sphingomyelin synthesis in the liver was recently es- 
tablished as a cislmedial-Go@ event by cell fraction- 
ation [22], but a possible contribution of the ERGIC 
was not investigated. Cell fractionation experiments with 
Vero cells now show that sphingomyelin synthase co- 
distributes with the Golgi region but not with ~53 (A 
Schweizer, G van Meer, H-P Hauri, unpublished data). 

In addition, the sphingomyelin content of the isolated 
ERGIC fraction is extremely low. These results are in full 
agreement with a cis/medial-Golgi localization of sphin- 
gomyeelin synthesis. 

It is likely that the major functions of the ERGIC have 
not yet been revealed. However, the isolation of this 
compartment from Vero cells is a first promising step 
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toward the elucidation of these functions. Candiate func- 
tions that have not been analyzed in respect to the 
ERGIC include calcium storage [14*] and the initial 
step of major histocompatibility complex (MHC) class 
I antigen presentation, i.e. the transport of cystosoli- 
tally processed peptides into the endomembrane sys- 
tem. Another function may be palmitoylation. Mundy 
and Warren [23*] have described a major, reversibly 
palmitoylated protein, ~62, that cofractionates with p58 
and whose acylation dramatically increases both dur- 
ing mitosis and when intracellular protein transport 
is blocked by various agents. They suggest that p62 
may play an important role in vesicular transport and 
may fimction as an acyiating enzyme. Reversible acy- 
ation is thought to be catalyzed by an enzyme other 
than that responsible for irreversible acylation, which is a 
Go@ function [ 21. Interestingly, the ERGIC protein p63 
is also palmitoylated when protein traffic between ER and 
Go@ is blocked by brefeldin A (A Schweizer, H-P Hauri, 
unpublished data). suggesting that p63 might be related 
to ~62. 

Protein retention signals 

Three types of signals have been identified that are nec- 
essary and sufficient to retain proteins in the early secre- 
tory pathway (Table 2): a carboxy-terminal tetrapeptide 
lysine-aspartic acid-glutamic acid-leucine (KDEL) or re- 
lated sequence of soluble proteins within the endomem- 
brane system; a carboxyl-terminal KKXX or KXKXX mo- 
tif (where K is lysine and X is almost any amino acid) 
exposed on the c-ytosolic side of type I transmembrane 
proteins; and transmembrane domains that often include 
the flanking regions on both sides of the membranes. 

The KDEL retention mechanism has been elucidated in 
detail [ 10,241. The retention of most luminal ER proteins, 
and one transmembrane protein [25*], depends on the 
presence of the KDEL motif. It is not a retention signal 
in the true sense, but instead allows retrieval of the pro- 
teins from a post-ER site, initially termed salvage com- 
partment, by means of KDEL receptors. In the past year 
it has become apparent that some KDEL proteins reside 
in membranes other than the rough ER. When postmito- 
chondrial membranes of hepatocytes were fractionated 

by density gradient centrifugation ‘and probed with a 
KDEL-specific antibody, some KDEL proteins, including 
grp94 and another calcium-binding protein, CaBPl, did 
not co-fractionate with rough ER [26*-l. Whereas grp94 
co-distributed with marker enzymes that are more typical 
for smooth ER [26**], C&P1 was resident in the ERGIC 
in Vero cells (see above). This suggests that KDEL guar- 
antees retention at a pre-Golgi site but the final location 
of individual KDEL proteins within the early secretov 
pathway requires an additional anchoring mechanism 
that is still unidentified. Additional retention mechanisms 
might explain why, after removal of the KDEL signal, lu- 
minal proteins are secreted at vastly different rates (271. 
Furthermore, it is not clear if this KDEL retention sys- 
tem is used by ail luminai proteins. A case in point 
is the secretor)’ form of cyclophilin that is retained b) 
a non-KDEL-like carboxyt-tennina] segment [ 15.1. 

The KKXX or KXKXX motif, here termed double lysine 
motif, is found on the cytosolic side of a group of type 
1 transmembrane proteins [28]. The lysine in position 
- 5 can be replaced by arginine without disruption of 
its retention function (29.1. The motif was initially dis- 
covered in the adenovirus E3/19K protein that is trapped 
in the ER of virus-infected cells. Although one report pro- 
poses another type of signal for the retention of E3/‘19K 
[30], there is little doubt that the double lysine motif in- 
deed acts as a retention signal. This motif was initially 
considered a signal for retention in the rough ER, but 
subsequently has been found in proteins associated with 
other membranes. Rough ER proteins carrying the mo- 
tif include the P-subunit of the signal sequence receptor 
[3I*] and an essential 45 kD yeast protein [32-l. How- 
ever, smooth ER proteins such as 3-hydroxT.3-methylglu- 
taryl CoA-reductase and UDP-glucuronosyl transferase 
also carry this motif [28,29*]. Surprisingly, a double ly- 
sine motif is also present in the ERGIC marker p53 
(R Schindler, M Zerial, F Lottspeich, H-P Hauri, unpub- 
lished data). Overall, the subcellular distribution of this 
motif in the rough ER, smooth ER and ERGIC is anal- 
ogous to that of KDEL, and argues for a mechanism of 
receptor-mediated retrieval of the proteins from a post- 
ERGIC compartment. The presence of the double Iysine 
motif proteins in yeast might facilitate the identification 
of such a presumed receptor by using the strategy of 
Peham (lo] that was so successful for tinding KDEL 

Table 2. Retention signals and mechanisms of protein retention along the ER-to-Co@ pathway. 

Signal Site of retention Mechanism of retention 

Carboxyl-terminal KDEL or similar 

sequence (luminal) 

Carboxyl-terminal KKXX or KXKXX’ 

(cytosolic) 

Transmembrane domain 

Cytosolic domain 

rough ER, ERCIC 

rough ER, smooth ER, 

ERCIC 

ER, Colgi 

TCN 

Receptor-mediated retrieval 

Receptor-mediated retrieval? 

Network formation by homotypic and heterotypic 

oligomerization? 

Interaction with cytosolic Colgi matrix? 

‘K is lysine and X is almost any amino acid. ER, endoplasmic reticulum; ERGIC, ER-Golgi intermediate compartment; TGN, 

tram-Golgi network; KDEL, lysine-aspartic acid-glutamic acid-leucine. 
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receptors. Interestingly, a double lysine motif was also 
found in a soluble cytosolic protein, Bet2p, that mediates 
membrane attachment of the small GTP-binding protein, 
Yptlp, which in turn is required for vesicular transport 
from ER to Go@ [ 33.1. It is not known, however, if the 
motif is important for the function of Bet2p. 

Most transmembrane proteins of pre-Golgi membranes 
do not carry a double lysine motif, and are thus retained 
by a different mechanism that is largely unknown. An ex- 
ception is the rotavirus protein, VP7, which is retained 
by a transmembrane segment, and the signal sequence is 
also of importance [ 341. The three Golgi proteins whose 
anchoring has been studied in detail are also retained by 
means of their transmembrane anchors and the flanking 
regions play an additional role. These proteins are the El 
glycoprotein of avian coronavirus (35-l that accumulates 
preferentially in the c&Go@ in transfected cells and the 
~r.a,zzGolgi enzymes glactos~~ltransferase [36*] and sia- 
lyltransferase (37.1. It has been suggested that these pro- 
teins oligomerize upon recognition of identical or related 
proteins in the Go@, forming a complex of suacient size 
to prevent entry into transport vesicles [36-l. Another 
mechanism of retention has to be postulated for the 
TGN marker protein, TGN38 [38], which is not retained 
in the Go@ complex when its cytoplasmic segment is 
deleted. Similarly. but surprisingly if compared with the 
avian El [35*], a short c-ytosolic deletion of the mouse 
corona virus El glycoprotein results in its transport to 
the plasma membrane [ 39.1. However, this cytosolic seg- 
ment alone is not sufficient for Golgi retention. Most of 
the protein sequence seems to be required. The diversity 
of retention signals strongly suggests that several funda- 
mentally different mechanisms can retain proteins within 
the secretor)’ pathway. 

Recycling of proteins between the ER and the 
Golgi apparatus 

Studies of the Golgi-disrupting drug brefeldin A [ 401 and 
of the KDEL retention/recycling system have largely con- 
tributed to the view that some proteins can recycle back 
to the ER from more distal elements of the secretor) 
pathway, along a retrograde pathway. Unfortunately, so 
far there is little conclusive evidence that observations 
concerning membrane traffic in brefeldin A-treated cells 
can readily be extrapolated to normal cells, because of 
the apparent fusogenic and ionophore [41*] properties 
of this drug, the extent of which varies among cell type, 
For instance, it is unclear if cells that vesiculate their Golgi 
upon brefeldinA treatment but do not translocate Go@ 
resident proteins back to the ER have a less developed 
retrograde pathway or respond differently to brefeldin A 
Perhaps this problem will be solved once the molecu- 
lar mechanism of action of brefeldinA is known. On the 
other hand, brefeldin A is an interesting organelle pertur- 
bant that is useful for the study of subcellular distribution 
of organelle-associated proteins. 

Good evidence for protein recycling via the Golgi oegi- 
nates from recent studies on the human KEEL receptor 
hERD2 that, from immunofluorescence analysis, is known 
to largely concentrate in the Golgi apparatus of trans- 

fected COS cells [42**]. Overexpression of KDEL ligands 
caused a redistribution of hERD2 from the Golgi appa- 
ratus to the ER implying ligand control of receptor recy- 
cling. The co-localization of hERD2 with the tra?z.+Golgi 
marker, galacto.syltransferase, was unexpected, as prev- 
ous biochemical experiments with KDEL-tagged cathep- 
sin suggested a retrieval of KDEL proteins from a pre- 
Golgi salvage compartment. On the other hand, recent 
studies with calreticulin in hepatocytes showed that the 
retrieval of some KDEL proteins can in fact occur from 
the trL{rrr-Golgi [2ti*]. This protein of the KDEL family 
is a resident of the rough ER but possesses carbohydrate 
side chains of the complex type with terminal galactose 
residues. All of the molecules carry both KDEL and termi- 
nal galactose. This feature, as well as the observation that 
addition of galactose is blocked in cells cultured at 15”C, 
indicates recycling via the tmnsGolgi. Most likely, the re- 
trieval of KDEL proteins can occur from c&, medial- and 
trc!trs-elements of the Golgi but perhaps not from the 
TGN, as it has been argued that there is no recycling 
from the TGN to earlier compartments of the secretory 
pathway [ 21. 

Protein recycling via the CGN has been described for 
unassembled MHC class I molecules [43”]. In the ab- 
sence of an accepted marker we operationally define the 
CGN as the lirst subcompartment at the c&-side of the 
Go@ apparatus in which sorting into forward (through 
the Go@) and bachqrard (to the ER) directions can oc- 
cur. This definition is analogous to that of the TGN. 
It differs somewhat, however, from the CGN definition 
given by Mellman and Simons [2] as we do not consider 
the ERGIC to be part of the CGN (see above and Fig. 
Id). Morphologically, the CGN appears to correspond 
to the first osmophilic tubular c&-element. Cells trans- 
fected with an MHC class 1 (H-2Kd) cDNA accumulated 
MHC class I molecules primarily in what was described 
as smooth ER, which may be equivalent to the ERGIC, 
and in the rough ER including the nuclear membrane 
[-i3**]. After incubating the cells at 16°C followed by 
a 5 min wann-up to 37”C, class I molecules were con- 
centrated in the CGN. After longer times of rewarming 
the protein assumed its original steady state distribution. 
The molecular mechanism of MHC class I recycling is un- 
known, but is probably different from that of the KDEL 
receptor because recycling of MHC class I molecules is 
not ligand-dependent and appears to occur preferentially 
from the CGN. 

Recycling via the CGN has also been observed for p53 
and ~58. At steady state, p53 is largely present in the 
ERGIC. Upon lowering the temperature to 15”C, most 
of the p53 molecules concentrate closely to the Go@ 
apparatus [4,44], presumably in the exit sites of the 
ERGIC and in transport vesicles. Upon brief rewarming to 
37”C, long p53-positive tubular processes emanate from 
the Golgi (A Schweizer, H-P Hauri, unpublished data) 
similar to those observed for the Go@ marker man- 
nosidase II after a short exposure to brefeldinA [44]. 
After a warm-up period of 60mi1-1, p53 displays an ER- 
like pattern before the typical steady state distribution of 
p53 is established. These experiments suggest that the 
retrograde pathway from the Go@ is mediated by long 
membrane tubules that appear to fuse with the rough ER 
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and/or ERGIC. The p58 protein may reqrcle along the 
same pathway, although the interpretation of the experi- 
mental data is more complex because at steady state this 
protein is present mostly in the CGN [ 5.61. 

Based on the experiments with p53 we conclude that the 
Golgi to ER backward pathway is tubular in nature. It is 
not known if membrane traffic by dynamic tubules fun 
damentally differs from a vesicular mechanism. Tubules 
may be considered as vesicles that pinch off very slowl) 
and thereby form long necks, as has been observed 
for coated pits in some cell lines. If this is the case, 
tubule formation could be driven by the coat. Altema- 
tively tubules may form in areas that lack a coat [ 401, in 
which case tubule formation would be a consequence of 
loss of tone by the regional absence of a coat and inter- 
actions with microtubules may also be important [-id]. 

A tubular transport mechanism is advantageous over a 
vesicular one in situations where much membrane but 
little luminal content has to be transported. This is ex- 
actly what is required for the Golgi to ER recycling path- 
way, which should retrieve lipids with high capacity but 
exclude secretory proteins destined to be transported 
through the Golgi to the cell surface [45]. How are exo- 
cytic membrane proteins excluded from the retrograde 
pathway? Assuming that the bulk flow model of pro- 
tein transport is correct, one would have to postulate that 
exocytic membrane proteins are passively excluded from 
entering the retrograde tubules. In contrast, proteins that 
recycle, such as p53 and ~58. would be actively recruited 
into nascent tubules. Protein sorting into the retrograde 
pathway would thus be analogous to the sorting of re- 
ceptors into coated pits at the plasma membrane. The 
retrieval of p53 may be mediated by its c)zosolic KKXX 
motif, while the recycling of hERD2 receptor appears 
to depend on a different, ligand-induced conformational 
change [ 42**]. The low amount of sphingomyelin in pre- 
Golgi membranes suggests that lipids are also sorted in 
the CGN. Sphingomyelin molecules may form hydrogen 
bond-mediated microdomains with glycosphingolipids 
and thereby be excluded from the retrograde pathway. 

As only a limited set of proteins undergoes recycling, and 
p53 is a major protein in this pathway, it is not un- 
reasonable to assume that p53 plays an important role 
in the recycling process itself. As the cDNA sequence of 
p53 has not pointed to its possible function, verification 
of this speculation requires more sophisticated analysis 
including functional inactivation. 

Conclusion 

Research on the cell biology of the early secretor)’ path- 
way has entered a new phase with the realization that a 
complex interposed membrane system, the ERGIC, par- 
ticipates in the dynamic interactions of rough ER and 
Golgi apparatus. Although important questions remain, 
the study of novel protein markers and the analysis of 
the isolated ERGIC have already provided important in- 
formation concerning the structural and functional orga- 
nization of the ER-Golgi pathway. Furthermore, the sort- 
ing of proteins to individual compartments is known to 
depend on different signals and mechanisms. Most re- 

markable is the mechanism(s) of protein retention by 
recycling via the Go&$ apparatus. It has now become ev- 
ident that protein recycling occurs mainly from the CGN 
but also from later Golgi subcompartments, as fdr as the 
tram-Go@. 

Despite these discoveries, many questions remain unan 
swered. Are all the smooth pre-Golgi membranes in- 
volved in forward or backward protein transport, or are 
there additional separate compartments fulfilling specific 
functions? Is the ERGIC indeed connected to the rough 
ER and what are its major functions? What determines 
slow transit through pre-Golgi compartments of proteins 
that can be recovered by a recycling mechanism? How 
are proteins and lipids sorted into forward and back- 
ward traffic in the early secretory pathway? Answers to 
these questions wiyill depend on the identification of new 
marker proteins for the different membranes interposed 
in between ER and Golgi and for the CGN, which are 
required for huther structural and functional dissection 
of the pathways. Biochemical and genetic approaches in 
combination with semipermeable cells and cell-free s~s- 
tems (see reviews in this issue by Schekman pp 587-592 
and Gruenberg and Clague, pp 593-599) will continue to 
be important in identifying the molecular machineries re- 
sponsible for protein targeting and retention. A complete 
picture of the secretory pathway will only emerge if both 
structure and function can be integrated as a whole. 

References and recommended reading 

Papers 0i particular interest, published within the annual period of re- 
\iew. have been hi&&ted as: 
. 
. . 
1. 

2. 

3. 

-1. 

5. 
. 

_ . 
of special interest 
of out%anding interest 

Rort~al;~~ JE. OHCI 1.: Molecular Dissection of the Secretory 
Pathway. ~Vu/rc,lrrc, 1992. 355:409-+15. 

Meu,U.&Y I, SlhloN4 K: The Golgi Complex: In Vitro Veritas? 
Cell 1992, 6B:H29-840. 

Sclrw~IzeR A, FIUWEN JAM, BAECHI T. GINSEI. L, HAIIKI II- 
P: Identification, by a Monoclonal Antibody, of a 53.kD 
Protein Associated with a Tubule-Vesicular Compartment 
at the cis-Side of the Golgi Apparatus. .I Cell Rio/ 198X. 
107:164.%1653, 

SCIWEIZER A. F~SI:N JAM, MAIT~?H K. KIU:IS TE. Glh’>lil. I, 
lt\t~~ 1-I.P: Identification of an Intermediate Compartment 
Involved in Protein Transport from Endoplasmic Reticulum 
to Golgi Apparatus. Errs J Cell Hid 1990. 53.185-196 

HENIMICKS LC. GAHH. CA, SUH K, FARQLNAII MG: A 58.kDa 
Resident Protein of the Cis-Golgi is not Terminally Glyco- 
sylated. J Bid Ckm 1991. 266:1755%17565. 

Analysis of the carbohydrate moditications of the CGN marker ~58 
demonstrates immature N- and O-linked glycans. These mtxiitications 
are consistent with the assumption that p5X never reaches the rrrrns 
Golgi during its life cycle. See [ 6.1, 

6. SARXX? J. SVENSSON K: Distribution of the Intermediate Ele- 
. merits Operating in ER to Golgi Transport. J &I/ Sci 1991. 

100:415430. 
Shows by immunofluorescence and immunoelectron microscopy that 
p5H is localized m a single c&Golgi cistema. in 20&500 nm tub&v&c. 
ular structures, and in peripheral elements associated with rough ER. 
Temperature shift experiments suggest that ~58 delineates the pathwa) 
of protein transport from ER to Golgi. 

7 CHAWER P, PAKTON RG, HALIFU H-P, SIMONS K. ZERLAL bl: 
Localization of Low Molecular Weight GTP Binding Ro- 



Endoplasmic reticulum-Golgi intermediate compartment Hauri and Schweizer 607 

teins to Exocytic and Endocytic Compartments. Cc>ll 1990. 
62:317-329. 

x. t’I.l’l?rER II. COX AD. I’IND 5, KHOSW,\‘I FAII R. ROllKNE JR, 
. SCIIWANINCXH R. DISH CJ, BAI.(‘ti WE Rablb Regulates Vesic- 

ular transport between the Endoplasmic Reticulum and 
Successive Golgi Compartments. J Cell H:o/ 1991, 1 15:31-+3. 

Examines the role of the small GTI’-binding protein. Rlhlh. in vesicular 
transport fn)m I;H to Golgi i,r r~~,-o Monoclonal :mtihcJdies to Rahlh 
( partially co-localizing nith the ERGIC marker Rah2 1 inhihit export of 
pnjtcin from the EH XC, well as transport through ci& and mcJialGolgi. 
indicating that Rahlh ih rcquirtul for these tmnsport steps. 

9 SCI IU;I:In:K A. kL\‘Iw.lt K;. Kuct hv CM, I I,\t;HI I I P: The Iso- 
. . lated ERaolgi Intermediate Compartment Exhibits Prop- 

erties that are Different from ER and cis-Golgi. ./ Cell Hiol 
1‘991. 113~-li-i-l. 

Rep~~m the isolation of the ERGIC from Vera cells. hlarker analysis sug 
gents that the L’RGIC ck~., not rshihit bpical ftitures of rough ER and 
ci.& ~Igl and may he considervcl 3 separate organellr. 

IO 

II 

I7 

13. 

Ii 
. 

P~~IJIUI I IRIS. Control of Protein Exit from the Endoplasmic 
Reticulum. ,U~rrr /+r, Cell /<io/ 19x9. 5:l-73. 

I’AIXX G. Intracellular aspects of the process of protein 
synthesis. Ssie~cc, l9?. 189:3-17-35X. 

DI’IXN R. &.I& \‘, KKI+ 7‘: Involvement of P-COP in Mem- 
brane Traffic through the Golgi Complex. 7’rc~,rc/s C& Bid 
1991. 1:1+19. 

Bli(.)ili~\ CJM. 1’1.1 I’r%tiH Il. DAYII)‘~ON I-IU’. H,u:I t U:‘f. Sequen- 
tial Intermediates in the Transport of Proteins Between the 
Endoplasmic Reticulum and the Golgi. ./ Ijiol C!I~UI I’Y90. 
265: 1829% 1 x3 IO. 

VII.IA A, Poi)irl I’, CIXC;C; DO IYXUN T. Mwx~iesi J: Intracel- 
lular Ca Stores in Chicken Purkinje Neurons: Differential 
Distribution of the Low Affinity-High Capacity Ca Binding 
Protein, Calsequestrin, of Ca-ATPase and of the ER Lumenal 
Protein, Bip. ,/ Cc/l Hid 1991, 1 13:‘79+7Yl 

Analysis hy iIiiIii~IIioelectrc)n rnicrosc~~~py of the Intrac&~lar calcium 
stores ~1 Purkinie neurotls using c‘alscqucstrin and C:I ATI’ase as mark 
ers. Both markcrh are f’~~u~~cl in the ER and in small \.;IcIIo~~~ and tubules 
(calc~t~s~,nies) near the GI ~Igi apparatus. suwesting dual Iocatit,n of 
rapidly rsch:inging ~~alciuni stores. 

15. kt(t:k S. K~‘\,li K-II. CARONI I’: s-Cyclophilin is Retained 
. lntracellularly via a ilnique COOH-Terminal Sequence and 

Colocalizcs with the Calcium St(wdge Protein Calreticulin. 
.I Cdl Niol 1992. 116:l 13-125. 

16. Rcn-tt J. Localization of Glycosylation Sites in the Golgi Ap- 
paratus Llsing lmmunolabeling and Cytochemistry. .I i+c- 
Iropr .I/iirmx 7i,c/1 1991. 17:ILl-131. 

I’. GiYrt tiN(; M J. S~aitr~tx)~ J. Protein Folding in the Cell. /V~r~rrc, 
1992, 355:33+5. 

IX. Wll(s’r~olih~ I.. l.ot)l\t I I IF: Nonlysosomal. pre-Golgi Degrada- 
. tion of lln~sembled Asialoglycoprotein Receptor Subunits: 

A TLCK- and TPCK-Sensitive Cleavage within the ER. ./ Cell 
Hid 1991, 1 13:99’- 1007. 

An intermediate 35 kD degraclntic,n product of un;~s~emhled :aialogty 
coprotein receptor carries N-glycans npicnlly found in pre Golgi corn 
partments and co-fr‘ictlonateb with rcjugh ER. Sho\vs that initial pnltcin 
degr.tdation take5 place in the rc,ugh FR. 

19. Tsho YS. I\‘liSSA NE, i\l)tfs~lli hl. SAHAI-INI IX>, K~KI:IIU(:II G: 
. Carboxy Terminally Truncated Forms of Ribophorin I are 

Degraded in Pre-Golgi Compartments by a Calcium-Depen- 
dent Process. .I Ceil 1~101 1992, 116:5’6-. 

Analyzes the pre-Golgi degradation of anchor Iebs rihophonn I, xvhich 
follows hiph;csic kinetics. Inhibitors of protein exit from ER inhibit the 
second phlc5e of degr.lclation. Provides the best e\\idence so fdr that a 
post.ER comp~rtnient (most likeh the ERGIC) contributes to protein 
degradation. 

20. STAFFORD FJ. BONIFACINO JS: A Permeabilized CeU System 
. Identifies the Endoplasmic reticulum as a Site of Protein 

Degradation. ./ Cell Bid 19931, 115312251236. 
Streptolysin~O-permeahilized cells are used to identie degradation of 
chimeric proteins composed of the m-chain of interleukin-2 receptor 
and either T-cell receptor a- or P-subunits. Degradation occurs in the 
absence of exogenously added ATP and cytosot and in the presence of 
transport inhibitors. indicating that the ER is responsible for pre-Golgi 
degradation of these chimerd. 

21. LAZWNO DA GABEI. CA: Biosynthesis of the Mannose 
6-Phosphate Recognition Marker in Transport-Impaired 
Mouse Lymphoma Cells: Demonstration of a Two-Step 
Phosphorylation. J Biol Cbem 19BB. 263:1011B-10126. 

22. FtlTtifUr\L&Y AH. STIEC;ER B. HtIBHAFUI AL, PACANO RE: Sphin- 
gomyelin Synthesis in Rat Liver Occurs Predominantly at 
the cis and medial Cisternae of the Golgi Apparatus. / Biol 
Ckw 1990, 2658650-8657. 

23. I\lrt~l~~ Dl. WARREN G: Mitosis and inhibition of Intracellular 
. Transport Stimulate Palmitoylation of a 62.kD Protein. J Cell 

Hiol 1992. 116:13i-l-16. 
I’ses incorpomtion of jH-palmitate tu ident+ a major palmitoylated 
protein elf 62 kD (codistributing with ~58). whose level of acylation 
gr~itly incrrJses hoth during mitosis and when intracellular transpon is 
blocked by -rious inhibitors. Suggests that re\rrsible ac-+ation of p62 
ma!. regulate vesicuhr transpon. 

2-t. Pwbw HRI3: The Retention Signal for Luminal ER Proteins. 
7’rwr~~ Hi&enr Sci 1990. 15:483+86. 

Li. Sawi- IIJ. PEuiiLIi IIRB: The Sacchuromyces cereuisiae 
. SEC20 Gene Encodes a Membrane Glycoprotein which 

is Sorted by the HDEL Retrieval System. EMBO J 1992, 
11:-123-+32. 

Cloning of the SEC20 gene reveals that the corresponding protein, 
ahich is rciluired for ER to Golgi transport in the yeast secretory 
pathxly. is the tirst integml membrane protein retained by HDEL. the 
homok)gous signal to KDEL in yeast. 

26 P~‘rti~ F. Nc;r’\%~ V&Y I’. Sotii.!s(; HD: Different Sorting of 
. . Proteins in Rat Liver. / Bid Chem 1992. 267:10631-10637 
Reports that not a11 KDEI. proteins codistrihute with rough ER markers 
on Nycodenz gradients, sugesting different subcellular localizations. 
CaIjP3 (calrenculin ). an ER-resident KDELprotein. carries N-linked gly- 
cans with trmlinal galactose indicating recycling via rron+Golgi. 

2’ M&XU:LU RA, S~UXK&\AX M. HA~:G~JORDEE~ SM, GREEN M: 
ERp72. an Abundant Luminal Endoplasmic Reticulum 
Protein, Contains Three Copies of the Active Site Se- 
quence of Protein Disuffide Isomerase. J Biol Cbem 1990, 
265:109t+1101. 

2x. J.XXX>X MR. NIISS~N T. Pt?t%oi‘: PA: Identification of a Con- 
sensus Motif for Retention of Transmembrane Proteins in 
the Endoplasmic Reticulum. ENBO J 1990. 9:3153-3162. 

29. Stiix J. DIINI~UC~ RL, UE 5. STR~~IINCER JL: Signals for Reten- 
. tion of Transmembrane Proteins in the Endoplasmic Retic- 

ulum Studied with CD4 Truncation Mutants. f+oc Null Ac& 
Sci I’SA 1991, 88:191%1922. 

MuLitional analysis of the ER retention signal for some type I trdnsmem- 
hmne proteins. Retention requires Iysintt in position - 3 and a positively 
charged amino acid either in position --I or - 5 from the carboxyl ter- 
minims. The transmcmhr.tnr rcxion also scyms important. This paper 
hoth c~,nlimls and estends the findings of [ 281. 

30. GAHATHI:WI R, Kyisr 5: The Endoplasmic Reticulum Reten- 
tion Signal of the E3/19K Protein of Adenovirus Type 2 
Consists of Three Separate Amino Acid Segments at the 
Carboxyl-terminus. ./ Cell Hi01 1990. 111:1803-1810. 

31. WAIIA I, KINDRESS D. CMIIXON. PH, 0~ W-J, DOHERN II JJ, 
. LOIYAKD D. BIXL AW. DICNARU D, THOLI,U DY, BERCERON JJM 

SSR-alpha and Associated Calnexin are Major Calcium Bind- 
ing Proteins of the Endoplasmic Reticulum Membrane. J 
Rio1 Chm 1991, 266:1959‘9-19610. 

Identities a protein complex consisting of signal sequence receptor a. 
and P-subunits. a novel membrdne protein (gp25L). and a membrane- 



608 Membranes 

anchored homologue of calreticulin (calnexin) that is proposed to reg- 
ulate calcium.dependent retention of luminal ER proteins. Three out of 
the four proteins have a KKXX.related retention motif. 

32. TE HEESEN S. RALIHUT R. A~XSOID R. AMELSON J. r\li~u hl. 
. CLARIS MW: An Essential 45 kDa Yeast Transmembnne 

Protein Reacts with Anti-Nuclear Pore Antibodies: Purili- 
cation of the Protein, Immunolocalization and Cloning of 
the Gene. Eur.1 Cell Biol 1991, 56:t&l8. 

First report of a yeast protein with a KKXX ER retention motif. This “pc’ 
I transmembrdne protein is IocalizcU in the nuclw memhrrine :mcl in 
the ER. 

33. Row G, JLWG Y. NE\Y’CIAI~ AP, FEKHO NOLICK 5: Dependence 
. of Yptl and Sed Membrane Attachment on Bet2. ,Vtr(rlw 

1991, 351:15%161. 
BED, a gene required for tmnsport from ER to Golgi in ymst. enctxles 
a hydrophilic protein that is required for membmne attachment of the 
Ruflike GTP-binding proteins Ypt I and Sew. Curiously. the HE’/L’genc 
product although not an integral membrane protein, carries the KKXS 
ER retention motif, but it is not kno\\m if the signal actually functions. 

34. STIWXKER SC. PONCET D. BOTI~ GW: Sequences in Rotavirus 
Glycoprotein VP7 that Mediate Delayed Translocation and 
Retention of the Protein in the endoplasmic reticulum. ./ 
Cell Biol 1990. 11 l:lk3-1350. 

35. Swwr AM, kL\Cl\Clc\hlER CE: A Go@ Retention Signal in a IMem- 
. brane Spanning Domain of Coronavirus El Protein. ./ Cc,// 

Biol 1991, 115:lct30 
Reports thar the lirsr of three trznsmemhmne segments of the E 1 prc) 
tein is necessav and sufficient for retention and the&y identilies :I 
transmembrane .segment as :I Go&$ retention signal. 

36. NILSSON T. LUC~CQ JM. MA~IUY 1). WARKEN G: The Membrane 
. Spanning domain of p- 1,4-Galactosyltransferase Specifies 

trunsGolgi Localization. EIIBO J 1991, 10:3567-3575 
As few as 10 amino acids of the membrane-spanning domain of gslacto- 
syltransferze can function as a Golgi retention signal. but a awplrucmic 
domain is necessav for complete retention of imarianr &in used as 
a reporter molecule. Oligomctri?Ation is bvourrd :IS a mechanism of 
Go@ retention. 

37. MLINRO S: Sequences Within and Adjacent to the Trans- 
. membrane segment of a-2,6-Sialyltransferase Specify Golgi 

Retention. EMBO J 1991, 10:3577-358% 
Uses gene fusion of sialyhransferase with ty.sozyme or dipeptidylpepti- 
dase IV to identify the transmemhrane domain and flanking sequences 
on both sides of the hilayer zv+ Go@ retention signal of si,alyltransferasr. 

38. LIJZIO JP. BRAIZ B, BANI-ING G. HOWELL KE. BRAGHEITA P. 
STANUZY KK: Identification, Sequencing and Expression of 
an Integral Membrane Protein of the truns-Golgi Network 
(TGN38). Biodwm J 1990. 270197-102. 

39. ARMSTRONG J, PATEL S: l’be Golgi Sorting Domain of Coro- 
. navirus El Protein. J Cell Sci 1991. 98:567-j75 

El of the mouse corona \irw requires a Jomatn cornprizing most of its 
srclurncr for full rerention in the Golgi. as assessccl hy E 1 -Thy1 chimera. 
This tinding is a[ ~~ri:~ncc wicirh [jil, lm it is not clear if Ihr ;nian and 
mouse E Is are equi\:ilrnt protein>. 

40. KL\l~sNl3l RD. rxISAIJ~‘(ES JG. ~.ll~l~lrc:cnl’-S~:~~~~~\K-l~, ,I, 

Brefeldin A: Insights into the Control of Membrane Traffic 
and OrganrUe Structure. ./ Cell Bid 1992. 1 l6:lO’l~lOHO. 

-Il. ZIZI hl. FISIWH KS. GRIII.0 FG: Formation of Cation Channels 
. in Planar Lipid Bilayers by Brefeldin A. .I Hiol chwwf 1991. 

266:1x-1-13- IX+4i. 
Reports rhat a low concvntmtlon of breieldin A C;ILIS~S the formatic)n 
cation-selective channels in planar lipId hilayers. This ma! explain the 
s\velling <)I 111~ GoIgi immecliarely after hrefeklin adtlition. Proposes an 
ionophore action ;ts Ihe inirial mechanism of hrcfelclin action 

-42. LliWs ;\lJ. PIWIAV IIRR: Ligand-Induced Redistrihution of a 
. . Human KDEL Receptor from the Golgi Complex to the 

Endoplzsmic Reticulum. C?N 1992. 68:353-36-1. 
O\eqmKlucrion of hERI)L. ;i human hcmologue of the !'cw;r WEI. re 
ccp1or. in COS cells improves retention in the. FH of :I protein with the 
weakly wcognizcd \.:triant signal DDFI.. Coesprc’w UI \\irh KIIEI. lig- 
ands CXISCS redisrrihution of hERD2 fn)ni Golgi ICI ER. Comincingh 
shtnvs IIW hEKl).? functions as ;I IWEI. receptor and clemonstratc’s 
ligand~ctlntrolltd retn)gradc Iknv. 

i.3. 
. . 

1 isr’ \W’. )‘I :AN I.C. NI ‘(:II’IFHS JG. I~I’I’IN(:oI-I.-SCI IWAKW J. 
I IAAI~WRI.IXC GJ. KIAI’~NFH RI>, A Recycling Pathway Be- 
tween the Endoplasmic Reticulum and the Golgi Apparatus 
for Retention of Clnassemhled MHC Class I molecules. .Vrr 
111rc 1991. J523-l I-l-1-I. 

I ‘scs mcvphological and sub~~ellular fractionation technique> I() t’sam 
inc the clynamic~ of unassembled Ml IC class I hc:ny chain. \\hich 21 
3~“C ih Ioc;tlizecl I”‘~l~)rnlnantl!, in smooth pw GoIgl memhr:me~. al 
though there ih also sonic’ m rough ER. \\‘arniing fnrni 1 i’C leads io 
rcilistributron of the protein. first into Ihr CGN and then I~;lcli IO Ilit’ 
~hr ER thereI,!, sho\\ing a recTc.ling p~thnay. 

-I+. IllTlSCCYl-K SCllU’,\Rlz J. ~)oN:\l.l~\ON ,,(;. k-1 IW’I~,%I:R :\. BKRc;l-R 

EG. ILWKI I I I’. Yl’hs I.(:. I<l;\llsNliR RD Microtuhule-Depen- 
dent Retrograde Transport of Proteins into the ER in the 
Presence of Brefeldin A Suggests an ER recycling Pathway. 
Cdl 1990. 60:x2 l+h. 

ii. PELII.~ IIRB: Recycling of Proteins Between the Endoplas- 
mic Reticulum and Golgi Complex. Curr Oprtriwl Cd Bud 
1991, 3:iHi-591. 

I I-P Ilauri and A Schweizer. Department of Phammacolo~~. Riocenter of 
thy Clniversiv of lk~sel, Klingelhergstrww 70. Ct I-4056 Bawl. Snitztir- 
land. 


