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Abstract. Since its discovery, the Golgi complex has at-
tracted the attention of cell biologists because of its ‘fash-
ionable’ morphology and central position within the se-
cretory system of the cell. Here, we discuss how the
three-dimensional architecture of the Golgi complex re-

lates to its multiple functions in protein sorting and pro-
cessing, and how an analysis of the morphology of the
Golgi complex can help to provide an understanding of
the mechanisms involved in transport through this unique
organelle.
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Introduction

The Golgi is the central station of the secretory
pathway

All cells secrete a variety of macromolecules in order to
modify their environment or to protect themselves. At the
same time, cells synthesize new proteins and lipids to re-
place those that are consumed within the various com-
partments of the biosecretory and endocytic pathways.
During their synthesis, proteins are transferred from ri-
bosomes into the endoplasmic reticulum (ER) lumen or
incorporated into the ER membrane, and (after their fold-
ing) transported along the biosecretory pathway. Then,
newly synthesized proteins and lipids are transported to
the Golgi complex, from where they move to their final
destinations [1].

Over the last 20 years or so, the field of intracellular
membrane transport has seen tremendous advances to-
wards the identification of the relevant molecular ma-
chineries and their deciphering at the level of their mol-
ecular interactions, often by using completely artificial
and well-controlled membrane systems [2—4]. In con-
trast, surprisingly, a satisfactory understanding of how
transport occurs in vivo at the organelle level has not
been achieved. Similarly, many mechanistic questions
relating to the morphology of the Golgi remain open. As
a consequence, our present view of the overall mode of
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transport through the Golgi and the related mechanisms
of the regulation of Golgi structure are poorly developed.
The reasons for this lag are both technological and con-
ceptual. Technological, because intra-Golgi traffic is an
extremely dynamic event which occurs within a very
limited space. The main problem in understanding Golgi
morphology is the limitation of the spatial resolution of
methods used for the analysis of Golgi structure. On the
one hand, biochemical isolation allows dissection of dif-
ferent compartments of the Golgi, but it also leads to loss
of integrity and its ribbonlike morphology. On the other
hand, the more recent and popular fluorescent protein
(FP) video imaging has been hampered by the resolution
of light microscopy. EM, unfortunately, is not able to
provide similar time-lapse analyses of living cells. How-
ever, the combination of recent techniques, such as FP-
based analysis in living cells, fluorescence resonance en-
ergy transfer (FRET), correlative light-electron mi-
croscopy (CLEM) and EM tomography (EMT), has
provided new insights into the morpho-functional orga-
nization of the Golgi.

From a conceptual point of view, the field has been dom-
inated until very recently by the anterograde vesicle
model of intra-Golgi traffic [S]. This restricted the re-
search efforts of many laboratories to mechanistic analy-
ses of the protein machineries residing in the Golgi com-
plex. An understanding of how these complex machiner-
ies are orchestrated within such a complicated
membrane structure as the Golgi has been absent. This
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has led to some confusion and, as a result, to the exis-
tence of several models of intra-Golgi transport. Parts of
these possible models are suitable for an analysis at the
current level of knowledge, while others remain too
problematic [6]. Indeed, it has now become clear that the
vesicular model is not correct [7], as will be discussed
further below.

Strikingly, even 105 years after the original Camillo
Golgi discovery, we know very little about this organelle.
As we have substantial experience in the structural analy-
sis of intra-Golgi transport, we herein review the current
knowledge of the morphology of the Golgi with respect
to the various transport models. In doing so, we would
like to stress that this review is focused on the functional
aspects of Golgi morphology mostly with regard to mam-
malian cells. Therefore, we apologize from the start to
those authors whose work may not be cited here due to
space limitations.

A functional view of the Golgi

The Golgi is the central station along the secretory path-
way. It receives newly synthesized proteins and lipids
from the ER, and then distributes them to the plasma
membrane (PM) and to the endosomal/lysosomal system
[8]. In polarized cells (e.g. epithelial cells and neurons),
it sends proteins and lipids to the correct surface domains
[8]. The Golgi also serves as a ‘factory’ for the posttrans-
lational modification of proteins and lipids (mostly by
glycosylation). In the lumen of the Golgi, glycosyltrans-
ferases bind to the cargoes and transfer new monosaccha-
rides to their oligosaccharide chains. Glycosyltrans-
ferases act sequentially, such that the oligosaccharide
chain itself serves as a preferred acceptor substrate for the
subsequent glycosyltransferase. In general, enzymes act-
ing early in glycan biosynthetic pathways have been seen
to be localized to cis and medial compartments of the
Golgi [9], whereas enzymes acting later in the biosyn-
thetic pathway tend to reside within the frans-Golgi cis-
ternae and the frans-Golgi network (TGN; see below and
fig. 1) [10].

Many mammalian glycosyltransferases are themselves
posttranslationally modified by glycosylation. The first
enzyme beginning this process of glycosylation after the
ER is mannosidase I (Man I) [11]. Thus, the Golgi begins
from the membranous domain enriched in Man I and fin-
ishes in the domain enriched in sialyltransferase, fucosyl-
transferase or sulphatases [10]. Why and how cells isolate
Golgi glycosyltransferases from other transferases of the
ER is not clear. Apart from the glycosyltransferases, the
Golgi contains numerous pro-protein convertases (like
furin) that cleave protein precursors into their mature
forms [12].
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Figure 1. Ultrastructure of the Golgi complex. (4) Thin section of
NRK cells showing a fragment of the Golgi ribbon which comprises
two stacks (1, 2) connected through a noncompact zone (3). (B) Po-
larity of the Golgi stack is elucidated by immunogold staining of the
cis-marker GM 130 and HRP-based detection of the trans-Golgi en-
zyme, sialyltransferase. (C) Immunogold detection of galactosyl-
transferase reveals the distribution of the enzyme through the trans
cisternae of the Golgi stack. (D) Three-dimensional view of a Golgi
stack reconstructed from the thin serial sections.

The structure of the Golgi

Position within the cell

In mammalian cells, the Golgi is typically located around
the centrosome, where it remains due to a microtubule
(MT)-dependent mechanism. Indeed, the Golgi under-
goes fragmentation into hundreds of ‘islands’ (known as
mini-stacks) when MTs are depolymerized by specific
drugs (e.g. nocodazole) [13]. Upon nocodazole washout,
the Golgi fragments immediately undergo centralization,
and the ribbon of interconnected stacks is rebuilt [ 14]. Po-
larization of the cell leads to the reorientation of the cen-
trosome and a relocation of the Golgi. For example, both
the Golgi and the centrosome are oriented towards the
leading edge of migrating fibroblasts [15] and towards
the immune synapse in cytotoxic T lymphocytes when
they kill their targets [16]. In polarized epithelial cells,
the centrosome is positioned near the apical portion of the
cell surface [17], where the Golgi also resides. A special
isoform of kinesin (KIFC3) has been shown to play a role
in this MT-dependent Golgi centralization and position-
ing [18]. Of interest, most of the Golgi elements are situ-
ated at a distance of 1-3 pm from the centrosome (fig. 1;
[our unpublished observations]). The reason for this is not
clear, although it is probable that the MTs growing from
the centrosome at a high-density ‘push’ the Golgi mem-
branes out, forcing them to stay at some distance from the
cell center.
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General structure

Schematically, this organelle consists of flat cisternae
grouped into several stacks (compact zones) that are in-
terconnected by tubular networks (noncompact zones),
which together form a continuous membranous ribbon
(fig. 1 A) collected in a pericentriolar space [19]. For a
long time the isolated stacks were viewed as an essential
component of the Golgi (see Farquhar and Palade [20]).
More recently, however, a variety of approaches, includ-
ing high-resolution scanning EM [21, 22], stereopair
analyses of thick sections [19, 23] and computer-aided re-
constructions of serial thin sections [24], have allowed
different groups to clearly demonstrate that the tubular-
reticular areas also play an essential structural role in the
Golgi organization, connecting neighboring stacks of cis-
ternae to each other (fig. 1). Recent EMT analyses have
further confirmed this Golgi organization, and no com-
pletely isolated cisterna has been seen [25, 26]. The in-
terconnections between the Golgi stacks have been con-
firmed by functional experiments in living cells, where
laser bleaching of parts of the Golgi containing fluores-
cently tagged Golgi resident proteins quickly induces the
loss of fluorescence from other parts of the Golgi,
through diffusion between nonbleached and bleached
zones [27]. Despite this architecture, the Golgi apparatus
is highly dynamic and can combine enormous rates of
membrane flux with the ability to rapidly change its
shape, and to even disassemble and reassemble, under a
variety of physiological and pathological conditions [5].
Apparently this plasticity of the Golgi membranes relies
on the numerous molecular machineries present in this
organelle. However, we will address the role of these mol-
ecular machineries only partially; the central questions of
the present report/discussion are how such a complex ar-
chitecture of the Golgi is related to its transport function.

The compartments of the Golgi

The Golgi can be schematically viewed as being composed
of three main compartments: the cis-, medial and trans-
Golgi [28] (fig. 1B, C), with three basic structural ele-
ments: stacks of flat disc-shaped cisternae, abundant tubu-
lar-reticular networks and vesicles [19, 29]. At the cis side
of the Golgi stacks there is a tubular network that is known
as the cis-Golgi network (CGN), which is composed of
branching tubules connected with the cis-most cisterna,
which itself is usually highly perforated. In neurons, the
cis-most cisternae form a continuous layer over several
stacks [19]. The CGN is followed by the stack of flat cis-
ternae (fig. 1 D). Finally, at the #rans side of the stacks there
is another structure that often appears as a network of
branching tubules on EM sections, the frans-Golgi net-
work (TGN). The lipid content of these different Golgi
compartments also differs significantly [30—32], with
most of the cholesterol being concentrated at the frans side.
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The cis-Golgi

Three dimensional (3D)-tomography reconstruction has
revealed that the space near the cis side of the Golgi
stacks contains a layer of branching tubular structures
and flattened saccules (potentially ER-to-Golgi carriers
[EGCs]). These tubular-saccular organelles exhibit mem-
brane domains resembling budding or fusing vesicles,
none of which appear to be coated [25]. The origin of free
COPI vesicles found at the cis face of the Golgi is not
clear. Potentially such vesicles can form from the ele-
ments of the CGN; however, it is more likely that they be-
long to transport carriers arriving from the ER. Tubular
elements of the CGN are often seen to be continuous with
the cis-most flattened elements of the cisternae of the
compact region of this organelle. Why the CGN is tubu-
lated also remains to be understood. One possibility is
that the tubules emerging from the cis-Golgi participate
in the recycling and transport of different molecules back
to the ER. Live-cell imaging clearly suggests that
KDELR, ERGIC53, Golgi enzymes [33], Shiga toxin and
Rab6 [34] can all be observed within the tubules moving
from the Golgi back to the ER. The other possibility is
that the membranes of the cis-Golgi receive carriers ar-
riving from the ER that comprise a significant tubular
component.

There are several possible mechanisms for the entrance of
cargo into the Golgi (fig. 2). The oldest scenario suggests
that secretory proteins arrive at the cis-Golgi within vesi-
cles from the intermediate compartment (IC) (fig. 2A),
which in turn receives vesicles budding from the ER [35].
Now it is clear, however, that the IC is not a static com-
partment positioned somewhere at the ER-to-Golgi inter-
face. It apparently comprises structurally complex EGCs
that emerge from the ER and move towards the Golgi
along MTs. Another mechanism implies direct fusion of
these EGCs with cis-Golgi membranes (fig. 2B) [6, 36],
although there is also the possibility that EGCs do not
fuse with the cis-Golgi, but fuse with each other instead
(fig. 2C), thus forming a new cis-Golgi cisterna which
can then progress through the Golgi stack [37]. Finally,
we cannot exclude the possibility that the membrane
tubules that usually contain GM130 and can grow from
the Golgi sometimes for dozens of microns [38] are able
to arrive directly at the ER exit sites (fig. 2D), fuse with
forming EGCs, and then ‘pump’ their contents into the
Golgi via a ‘bolus-like’ mechanism [39].

The Golgi relationship with the ER

Membranes of the Golgi complex and the ER are usually
intimately associated. Over many years, EM studies have
revealed that the ER is frequently positioned close to the
trans-most cisternae or the tubules of the TGN [25, 26,
29, 40]. Moreover, smooth cisterna of the ER (without ri-
bosomes) have sometimes been seen to be partially in-
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Figure 2. Possible mechanisms of cargo arrival at the Golgi com-
plex. (4) Newly synthetized cargo proteins are transported by vesi-
cles from the ER to the stable IC (1), and then another population
of vesicles carries the cargo from the IC to the Golgi (2). (B) Trans-
port carriers emerge at the ER exit sites (1) and then move to the
Golgi (2), where they fuse with the cisterna of the stack. (C) Trans-
port carriers emerge at the ER exit sites (1) and then move to the
Golgi (2), where they fuse with each other (3) to form a new cis-
terna of the stack (outlined in red). (D) Membranes budding at the
ER exit sites (1) fuse with a tubular outgrowth (2) of the Golgi
membranes in order to transfer cargo through the direct ER-to-
Golgi connection.

serted between the two frans-most cisternae of Golgi
stacks. Such a close association of the frans-Golgi and the
ER has been proposed to play a role in lipid and ion ex-
change between the two organelles [25], although its real
purpose still remains unclear. At the other pole of the
Golgi stack, direct membrane connections between the
Golgi cisternae and the ER have frequently been found,
even in single random thin sections (for a review, see
Mironov et al. [41] and below). Apparently, the Golgi and
the ER might also be connected via elements of the IC.
Indeed, IC tubules are occasionally seen to be in continu-
ity with the ER, while their connection with the CGN has
been well documented [29].

The question of the functional role of these connections
has still to be answered. ER-to-Golgi connections could
be involved both in anterograde transfer of cargo from the
ER and retrograde Golgi-to-ER transport. Unfortunately,
EM data do not provide sufficient information regarding
the molecular composition of such connections. The
Sarlp GTPase (a component of the COPII machinery)
has been shown by immuno-EM (IEM) to be on tubules
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connecting the ER and EGCs [42, 43]. However, it is not
clear whether and how Sarlp tubules reach the Golgi. On
the other hand, GM 130 tubules visualized in living cells
have been shown to participate in anterograde transport
of cargo [38], although the issue of whether these tubules
connect the Golgi and the ER still remains to be ad-
dressed. With respect to retrograde transport, Golgi-de-
rived tubular structures have been shown to be involved
in this process (see above). Indeed, several lines of evi-
dence suggest that Golgi enzymes might use membrane
connections for Golgi-to-ER recycling. For example, in
cells with depolymerized MTs, the Golgi islands undergo
reassembly at the ER exit sites [44, 45], and therefore
such rearrangements increase the chance that Golgi
stacks establish connections with the ER [our unpub-
lished ETM observations]. Under these conditions, Golgi
enzymes fused with green fluorescent protein (GFP) have
been seen to move from the Golgi to the ER at a relatively
fast rate, indicating that there is recycling of Golgi en-
zymes to the ER [46]. With the consideration that COPI
vesicles, which are thought to serve as retrograde trans-
port carriers, do not contain Golgi enzymes (see below),
the obvious proposal is that Golgi enzymes move to the
ER by lateral diffusion along ER-to-Golgi membrane
continuities or by retrograde tubules, as has been sug-
gested by Sciaki et al. [33].

The medial Golgi (the central Golgi domain)

In our view, the medial Golgi comprises all cisternae of
the stack located between the CGN and the TGN, and that
has been referred to as the ‘central Golgi domain’ [47].
The cis-most and frans-most cisternae of the Golgi stack
can therefore be considered as the CGN-to-stack and the
stack-to-TGN transitional elements, respectively. Apart
from the cisternae, the medial Golgi possesses significant
tubular and vesicular structural elements.

The stacks of cisternae

The number of cisternae forming the Golgi stacks varies
from one cell type to another (three to eight cisternae, in
the majority of cases), while the length of the cisternae
frequently depends on the axis of the section. The lumen
of a cisterna is usually quite narrow (10—20 nm) but may
be uniformly dilated. Cisternae may show swellings filled
with a material of low electron density, known as pro-se-
cretory granules. However, cisternae usually appear as
very flattened and wide tubules, or as irregular paral-
lelepipeds with semicylindrical rims. Such a geometry
might allow an enhancement of the efficiency of glyco-
sylation [28], considering the small volume of the cister-
nae with a relatively large surface area where cargo pro-
teins can interact with the glycosylation enzymes. The
general morphological features of the cisternae include
the following: (i) All cisternae are fenestrated; the exis-
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tence of Golgi cisternae without these fenestrae has yet to
be demonstrated, at least in mammalian cells; (ii) There is
a cis-to-medial gradient of cisternae fenestration, where-
by fenestrae become smaller in the medial cisternae [25].
Then, in a trans-wise direction, the cisternae become
more perforated again, while the secretory material accu-
mulates in nodular swellings separated by highly perfo-
rated or tubular portions [29]; (iii) The large openings in
cisternae can often form ‘wells’. Usually, such wells are
filled with vesicles and exposed to both the cis and lateral
sides of the stacks [25]; (iv) All Golgi cisternae have
about the same surface area, but they can differ in volume
by as much as 50%. The trans-most cisterna produces ex-
clusively clathrin-coated buds, whereas the other cister-
nae display only non-clathrin-coated buds [25].

For many years, the Golgi cisternae were thought to dif-
fer from each other in their enzyme composition, and to
roughly correspond to successive biosynthetic compart-
ments. Quantitative IEM clearly demonstrates that the
glycosylation enzymes are not restricted to one or two
cisternae, but rather they exhibit a gradient of concentra-
tion through all the cisternae of the stack [48]. A signifi-
cant difference in the distribution of Golgi enzymes can
thus be detected only between the cis-most and trans-
most cisternae of the central Golgi domain, and not be-
tween adjacent cisternae of the same stack [48]. Simi-
larly, studies of glycosylation in the Golgi show that sugar
nucleotide transporters and many glycosyltransferases
are located in a single compartment [49]. Our view is that
each single cisterna does not necessarily represent a sep-
arated Golgi compartment from either the biochemical or
the structural point of view.

Interestingly, gradients of enzyme distributions have been
observed not only in the cis-to-trans direction of Golgi
stacks; sometimes the Golgi ribbon exhibits a gradient of
enzyme concentrations along the same cisterna. Man 1|
[our unpublished data] and Man II [50] have been seen to
be at higher concentrations within the rims of cisternae
and in some peri-Golgi tubules. On the other hand, the
level of expansion of Golgi enzymes into tubules emerg-
ing from the cisternae might be different for different en-
zymes and across different cell types. For example, in
RBL cells Man II has been detected in tubular structures
within 200 nm of the cisternae rims. In contrast, in human
fibroblasts GalTf has not been seen in membrane tubules
and appears to be almost totally restricted to the cisternae
profiles [our unpublished observations].

Vesicles

Vesicles of smaller (50—-60 nm) and larger (up to 80—
90 nm) diameters are considered to be important elements
of the Golgi [26], and apparently depend on the activity
of either the COPI or the clathrin machinery, respectively.
However, 50—60-nm vesicles do not appear to be really
‘free’ because most of them are unmistakably tethered to
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neighboring vesicles and/or to the Golgi membranes. This
explains why vesicles do not diffuse towards the cell pe-
riphery. In contrast, most of the clathrin-positive and
clathrin-negative, irregularly shaped, ‘vesicles’ are clus-
tered away from the Golgi [26]. Morover, many of the so-
called small vesicular profiles flanking medial cisternae
of the Golgi stacks in reality appear to be cross-sections
through tubules extending from the rims of the these cis-
ternae (see Morre and Keenan [51], and references
therein). Finally, it is still not known whether COPI-coated
(with a dense visible coat) vesicles exist. The lacelike coat
found after rapid-freezing/cryosubstitution and EMT on
virtual sections of 50—60 nm vesicles does not appear to
be the same as the dense COPI coat found on COPI-coated
buds [25]. Importantly, the same group has also reported
that 50—60-nm vesicles with a lacelike coat could not be
found in the other cell types [26].

The functional role of S0—60-nm vesicles

Vesicles of 50—60 nm in diameter (apparently COPI de-
pendent) are thought to be involved either in anterograde,
intra-Golgi transport of cargo [52] or in the recycling of
Golgi enzymes [37]. Now it has become clear that the
model that proposes a role for COPI vesicles as carriers
moving cargo through the Golgi stack is inconsistent with
the majority of experimental data showing the absence of
cargo proteins within such vesicles [7]. The involvement
of COPI vesicles in anterograde, intra-Golgi transport in
vivo has been suggested on the basis of double immuno-
gold labeling of cryosections [52]. Orci et al. [52] have
demonstrated the presence of two populations of COPI
vesicles; one contains anterograde cargo (proinsulin),
while the other contains retrograde cargo (KDELR).
However, in this report the structures considered to be
vesicles might actually represent cross-sections of Golgi
tubules coated with coatomer. Also, the calculations of
the proinsulin concentrations within the vesicles where it
is found do not take into account the level of colloidal
gold penetration into the cryosections and the thickness
of the cryosections. Furthermore, strong evidence against
a role for 50—60-nm peri-Golgi vesicles as anterograde
carriers has been published more recently [50, 53].

On the other hand, if COPI vesicles are involved in Golgi
enzyme recycling (as suggested by the cisternal-matura-
tion model of intra-Golgi transport [37]), COPI deletion
should induce a shift of Golgi enzymes to the distal (post-
Golgi) compartments [54]. However, in yeast [55] and in
animal cells [56] COPI mutants do not appear to affect
the localization of Golgi enzymes. Nonetheless, some ev-
idence suggesting a role for COPI vesicles in retrograde
transport of Golgi enzymes has also been produced re-
cently. “Vesicle-like’ Golgi membranes containing high
concentrations of enzymes have been isolated from rat
liver [57, 58]. However, such vesicular membranes were
not able to fuse with Golgi cisternae [59]. A recent [IEM
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study [50] has suggested that round profiles (possibly
sections of vesicles) flanking the rims of cisternae can
contain the Golgi enzyme Man II. Unfortunately, these
observations are not conclusive for several reasons: First,
the labeling density of Man II in peri-Golgi round pro-
files located within 200 nm of the cisternae rims [50] was
almost the same as in the Golgi cisternae themselves.
Second, others have been unable to confirm these obser-
vations [60, 61]. Orci et al. [60] have demonstrated that in
comparision with the cisternae of the Golgi, the densities
of Golgi enzymes (NAGTI and Man II) in all the round
profiles surrounding the Golgi is 10—12-fold lower. Sim-
ilarly, but more recently, the same group [61] used the
same cells and antibodies as Martinez-Menarguez et al.
[50] and reported a 3.6-fold exclusion of Golgi enzyme
from round profiles located within a 200-nm distance
from the cisternae rims. Moreover, in the vast majority of
IEM studies based on cryosectioning, post-embedding or
immunoperoxidase pre-embedding techniques, the den-
sity of labeling on cisternae is much higher than over the
nearby round profiles [60—62]. This does not fit the pre-
diction of the cisternal-maturation model that suggests
the concentrating of Golgi enzymes within retrograde
COPI vesicles [63]. Third, the Man-II-containing profiles
seen at the rims of the Golgi cisternae have not yet been
shown to represent vesicles rather than cross-sections of
tubules or perforated cisternal rims. Finally, only one of
the many Golgi enzymes, Man II, has been found in 60-
nm peri-Golgi round profiles in vivo in amounts compat-
ible with those in cisternae [50]. Thus, to our knowledge,
convincing evidence in favor of Golgi enzyme concentra-
tion in COPI vesicles has not been reported to date, and
therefore other Golgi enzymes and Golgi resident pro-
teins should be studied in vivo before any general con-
clusions can be drawn.

Mechanisms controlling the geometry of the Golgi

The shape of the Golgi is so particular that one of the
more important questions is what mechanisms control the
geometry of the Golgi elements, namely: Why is there a
defined number of cisternae in Golgi stacks for each cell
type? Why are the cisternae so narrow? What is the role
of cisternal fenestrations? Why are all the cisternae so
straight and typically equal in length? and finally, What is
the role of COPI-dependent vesicles? We would like to
stress that transformations between cisternae, tubules and
vesicles can take place very rapidly (within seconds to
minutes), indicating that they must exist in a dynamic
equilibrium. A well-known example is the rapid and re-
versible tubulation of the Golgi cisternae induced by the
fungal toxin brefeldin A (BFA) [64], although fast
changes in membrane shape and curvature occur also
during normal intracellular traffic. Curvature changes are
necessarily coupled to large modifications in transmem-
brane surface asymmetry [65]. These processes might
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also be multiple and imply the modification of membrane
lipid composition (reviewed in Corda et al. [66]) or of
transmembrane lipid transport by flippases [67, 68]. The
other proteins so far credited with having an important
role in controlling these rapid changes in morphology of
the cisternae belong to the ARF/COPI machinery [55,
69], although the precise mechanism of their action is not
yet understood.

A further factor which might define the geometry of cis-
ternae is the pH within the lumen of the Golgi mem-
branes. Both the pH [70] and the thickness of the cister-
nae [29] progressively decrease in the cis-to-trans direc-
tion through the Golgi stack. Thus a low pH might be
responsible for the reduction of cisternae thickness due to
the ability of many cargo proteins to undergo self-aggre-
gation in an acidic enviroment [70, 71]. Such aggregation
can induce a decrease in osmotic pressure in the lumen of
the Golgi cisternae. As a result, water leaves the cisterna
lumen, inducing its narrowing. Indeed, conversely, sub-
stances increasing the lumenal pH (NH,CI, bafilomycin,
and so on) induce swelling of the Golgi cisternae [72].

Connections between heterotypic cisternae

Recent analyses of the 3D organization of the Golgi in
fast-frozen cells (which excludes the possibility of fixa-
tion artifacts) have not revealed any completely isolated
Golgi cisternae [25, 26, 73]. Thus, the idea that the whole
Golgi might represent a united membranous system [22,
23, 27], where all stacks are connected with each other,
cannot be neglected. Furthermore, not only all stacks, but
also all the cisternae might be connected to each other (ei-
ther constantly or transiently) by tubules or direct cis-
terna-to-cisterna contact. Tubules might also be involved
in interconnections between different Golgi compart-
ments, thus providing the physical substrate for continu-
ity-based traffic (fig. 3). Membrane bridges have been re-
ported to occur not only between homotypic, but also be-
tween heterotypic Golgi cisternae of adjacent stacks [23,
74, 75]. In contrast, EMT has revealed no connections be-
tween cisternae located at different levels of the adjacent
stack [25]. However, this last study was limited to only a
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Figure 3. Potential role of intercisternae connections in the process
of intra-Golgi transport.
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small portion of the entire Golgi ribbon and does not op-
erate with immunolabeling for the recognition of cister-
nae with different molecular compositions.

As previously indicated [41], whether or not heterotypic
Golgi cisternae can be connected is still an issue of on-
going debate, the settling of which will be important to-
wards the full understanding of how intra-Golgi transport
occurs. Such membrane connections between neighbor-
ing stacks have been suggested to play a role in the trans-
fer of proteins from the cis- to the frans-Golgi compart-
ments [41]. However, this model also faces serious chal-
lenges from some of the experimental data. First, several
cargo molecules (e.g. procollagen I) cannot diffuse
through the Golgi [our unpublished observation]. Second,
in nocodazole-treated cells, the Golgi mini-stacks are not
connected in the normal ribbonlike fashion, but they still
support transport at the normal rate [44]. However, we
cannot exclude the possibility that different cisternae
within each single mini-stack might be connected to each
other. Moreover, if some large proteins (like procollagen
I) cannot diffuse, tubular connections might be used to
transport Golgi enzymes back towards this cargo and,
therefore, provide its glycosylation and progression
through the stack.

Nevertheless, many questions regarding the nature of the
membrane connections within Golgi stacks remain un-
clear. We need to understand whether such connections
exist stably or appear only transiently, whether they de-
pend on the amount of cargo loaded into the Golgi and, fi-
nally, what molecular mechanisms are involved in their
regulation.

The trans-Golgi

The trans-face of the Golgi has attracted the attention of
cell biologists since its identification as the exit pole of
the Golgi complex, where transport proteins are directed
to their final destinations. To understand the mechanisms
of sorting and exit from the Golgi complex, it has been
essential to identify the specific compartment in which
these processes take place. This compartment is now de-
fined as the TGN, although its precise organization still
remains a point of debate.

The structure of the TGN

Biochemical and IEM studies have revealed that the TGN
is involved in the terminal glycosylation of proteins as
well as in cargo packaging into membrane carriers des-
tined for the PM or the endosomal/lysosomal system [8].
Most of the information concerning TGN morphology
has come from the EM studies published by the groups of
Rambourg [76] and Griffiths [10, 77]. The TGN has gen-
erally been considered to be the frans-most cisterna of the
Golgi stack, which is also seen to continue into the large
anastomoting tubular network [10, 76, 77]. In contrast,
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some reports have considered the TGN as an entirely in-
dependent organelle [78, 79]. Indeed, in some cell types,
the purely tubulated TGN is positioned at some distance
from the trans aspect of the Golgi ribbon [76]. On the
other hand, in many cell types, connections between the
TGN and the stack of cisternae can be easily visualized
[10, 76, 77].

Analyses of different cell types have revealed that the
TGN can vary significantly in both size and composition.
For example, cells without secretory granules exhibit an
extensive tubular TGN, while the tubular component of
the TGN is reduced in cells specialized in regulated se-
cretion [76]. This appears to occur because in the latter,
most of the TGN membranes are used for the packaging
of secretory granules, and tubules only form thin bridges
between the granule precursors. Such an organization
simplifies the release of the granules, which occurs
through the rupture of these tubular elements [76]. Thus,
the morphology and size of the TGN apparently depend
on the predominant type and amount of cargo protein de-
parting from the Golgi complex. Indeed, when the exit
from the Golgi is blocked by a lowering of the tempera-
ture to 20°C, the volume and surface area of the TGN is
seen to increase [10].

An alternative view of the organization at the trans face
of the Golgi comes from studies using EMT of cry-
ofixed, freeze-substituted cells [25]. Surprisingly, the au-
thors demonstrated a lack of the classical TGN. Instead,
the three trans-most cisternae exhibited tubules that fre-
quently contained coat on their tips, and that extended
into the trans space of the Golgi stacks. Each of these
cisternae appeared to produce only one type of coated
vesicular structure, with only the frans-most cisterna
having clathrin-coated buds. Thus, this study suggests
that the three frans-most cisternae of the Golgi stacks
serve the role of the classical TGN, and that each of them
is specialized in the packaging and export of its own,
specific, cargo proteins. However, more recent studies
by the same authors have shown that upon a 20 °C block,
all three of these frans-most cisternae produced bulging
exit domains with a similar morphology [73]. Therefore,
it is not clear whether the last of these three frans-most
cisternae is only specialized in the formation of clathrin-
coated carriers, or whether it also exports cargo through
the bulging domains in a fashion similar to that seen for
the other two frans cisternae. Unfortunately, the lack of
immunolabeling in this study does not allow it to be said
whether different frans cisternae really do contain differ-
ent transport proteins. Indeed, the cargo protein VSVG
does not appear to be excluded from any of the trans cis-
ternae during its exit from the Golgi [10, 77, 80]. There-
fore, the possibility that a TGN compartment with a
tubular-reticular morphology exists and performs the
sorting of the cargo proteins can definitely not be ex-
cluded.
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Although the frans-most cisterna can often be seen to ‘peel
oft” from the rest of the Golgi stack [76] or even to be par-
tially separated from it by ER or vesicles [73], whether or
not this last cisterna belongs to the TGN is not clear. Grif-
fiths et al. consider it as a saccular (cisternal) part of the
TGN [77]. Indeed, TGN markers, such as TGN46, are
found there, although to a lesser extent in comparison with
the tubular part of the TGN. However, the last cisterna also
contains the Golgi-resident enzyme GalTf, which is usu-
ally excluded from the tubular-reticular portion of the
TGN and is considered as a marker of the central (stacked)
Golgi domains [81]. On the other hand, due to the numer-
ous perforations, the trans-most cisterna frequently looks
like a flat membrane web which can be transformed into
the tubular-reticular part of the TGN by a few fission
events [76]. Thus, the trans-most cisterna connected to the
TGN is likely to represent a transitional element between
the core of the Golgi stack and the TGN.

We would propose that these structural changes at the
trans face of the Golgi are related to the ability of the
TGN to sort various cargo proteins from the resident
components of the Golgi stack. Before exit from the
Golgi, the cargo proteins leave behind molecules, such
as the glycosylation enzymes, that reside within the core
region of the Golgi stack [80, 82]. This event might be
crucial for the transition of the Golgi membranes from a
cisterna-like morphology to the tubular-reticular mor-
phology. This probably happens because several Golgi
enzymes tend to form large oligomers via kin recogni-
tion, and therefore stabilize the flat shape of the cisterna
[83]. When cargo arrives at the TGN, it has already ac-
quired all the necessary glycosylation and can finally
lose its association with the Golgi enzymes, which might
stabilize the flat shape of the cisternae. Thus, the TGN
membranes devoid of the Golgi enzymes should be
prone to undergoing tubulation.

The mechanism of formation of post-Golgi carriers

Various cargo proteins need to be moved within the TGN
to the different exit domains where the transport carriers
are formed. PM-directed proteins, such as VSVG, leave
the Golgi within Golgi-to-PM carriers (GPCs), which at
the EM level have a complex, tubular-saccular morphol-
ogy [80]. Some of these GPCs even exhibit fenestrae,
which until recently was thought to be a feature exclusive
to Golgi membranes. How such complex structures as
GPCs emerge from the Golgi was unclear until recently
(see fig. 4 for the various models under discussion at pre-
sent). They might form from the bulging domains of the
multiple frans cisternae of the stacks (fig. 4A), as has
been suggested by Ladinsky et al. [73]. On the other hand,
GPC biogenesis might imply fusion of small, TGN-de-
rived vesicles into larger structures (fig. 4B); likewise,
the formation of EGCs is thought to require fusion of
COPII vesicles. However, our recent work suggests that
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Figure 4. Possible mechanisms of cargo export from the Golgi
complex. (4) The trans-most cisterna of the Golgi stack contains
clathrin-coated buds and serves in the exit of the endosomal-lyso-
somal cargo (1), while the other two frans cisternae provide the ex-
port of the constitutive cargo proteins (2). (B) Constitutive cargo
proteins exit the TGN within small vesicles (1) which undergo ho-
motypic fusion (2) into a large cargo container (3). Cargo directed
to the endosomal-lysosomal system is sorted at the TGM into
clathrin-coated domains and carriers (4). (C) Endosomal-lysosomal
cargo is sorted into clathrin-coated domains and carriers (1), while
constitutive cargo proteins remain in the bulk of the TGN mem-
branes and then exit the Golgi through the fission of complex tubu-
lar-reticular domains from the rest of the TGN (2).

GPCs do not arise as a result of vesicle fusion [84]. In
contrast, they form by fission of complex tubular-reticu-
lar membranes from specialized areas of the TGN (GPC
precursors) which extrude from the Golgi along MTs us-
ing kinesin motors (fig. 4 C). The GPC precursors do not
concentrate VSVG, and remain in physical continuity
with the TGN membranes. At the same time, GPCs ex-
clude other TGN proteins directed to the endosomal/lyso-
somal system, such as M6PR, lamp-1 and furin, indicat-
ing that a segregation process does take place. How can
these observations be rationalized in a simple scheme?
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Apparently cargoes directed to the endosomes, such as
MPR 6 and furin, segregate into relatively small TGN do-
mains in which they undergo coat-mediated concentra-
tion before exit. For instance, recruitment of AP-1 to
TGN membranes drives a strong concentrating of M6PR
[85, 86]. Similarly, other cargoes, such as furin [87] and
lamp-1 [88], tend to leave the bulk TGN for relatively
small clathrin-coated domains (see scheme in fig. 4C).
Instead, the constitutive cargo protein VSVG resides
throughout the entire TGN structure, with the exception
of the clathrin-coated buds [77, 84], and does not undergo
concentration to any significant extent (fig. 4C). The ex-
clusion of VSVG from such buds does not result in a de-
tectably higher VSVG level in GPC precursors versus the
rest of the TGN because of the small volume of these
buds from which VSVG is kept out. Therefore, VSVG ap-
parently exits within large blocks of Golgi membranes by
a bulk-flow-like mechanism.

Exit from the Golgi towards the endocytic
compartments

Given the above context, what is the role of coat proteins
in export from the TGN? Recent data indicate that
clathrin, AP-1, AP-3, AP-4 (adaptor proteins) and the
GGAs are excluded from GPC precursors [84]. This is in
line with previous reports showing the absence of coat
and APs on already formed carriers [80, 82]. Moreover,
blockade of the AP-1, AP-3 and clathrin-budding ma-
chineries has been reported as not affecting the secretion
of constitutive cargo proteins, while it interferes with the
regular trafficking of lysosomal proteins [89—91]. In liv-
ing cells, M6PR appears to leave the Golgi in carriers of
variable sizes coated with GGAs [92]. Thus the APs and
coats are apparently required for the exit of cargo targeted
to compartments of the endosomal system. On the other
hand, the AP-1B complex has been shown to play an im-
portant role in the correct targeting of cargo proteins from
the Golgi to the basolateral portion of the PM [93]. How-
ever, AP-1B is expressed only in polarized epithelial cells
[94], and it is not yet clear which adaptor substitutes for
it in other cell types.

Finally, a possible role for coat proteins in TGN export
might be in recruiting machinery proteins to different
cargo exit domains, such as the appropriate SNARE and
kinesin isoforms. Indeed, coat-mediated lipid and protein
partitioning at the TGN might lead to preferential binding
of various kinesins to different membrane domains. For
example, KIF13A has been shown to interact with AP1
and to participate in the transport of M6PR [95], while
KIFC3 has been shown to be associated with cholesterol-
rich membranes and to drive the delivery of cargo pro-
teins to the apical membrane of polarized MDCK cells
[96]. Recently, we demonstrated that the TGN sites of
GPC assembly can be labeled with an antibody against
conventional kinesin [84], which is thought to be in-
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volved in budding and transport of constitutive carriers
from the TGN [97]. Thus, selective recruitment of the
correct motor proteins to different TGN subdomains can
provide a high-fidelity, motor-dependent exit of different
cargo proteins from the TGN, and their delivery to the tar-
get compartments.

Cell polarity and exit from the Golgi

According to the current consensus, apical/basolateral
sorting of proteins and lipids occurs at the level of the
TGN [8]. Therefore, the proteins with apical or basolat-
eral sorting signals are thought to be packed directly from
the TGN into different transport carriers which deliver
them to the correct PM regions of polarized cells [98, 99].
However, instead of this TGN sorting, many polarized
cells rely heavily on transcytosis to direct proteins to the
apical surface [100, 101]. Thus it is not clear whether all
cells have a specialized domain of the TGN for proteins
with apical sorting signals, or what might be the ultra-
structure of this domain. Some molecules, such as MAL
[102] and caveolin [103], have been proposed to play a
role as adaptors in order to drive the segregation of apical
cargoes within the TGN. However, both of these proteins
do not drive the formation of specific structures at the
TGN, where they reside in coatless membrane domains
[102, 104]. Moreover, and as with VSVG [80], apical
markers have been found in the tubular domains of the
TGN and in the pleiomorphic GPCs [102]. On the other
hand, the basolateral sorting signals of the membrane
proteins described to date reside in their cytoplasmic do-
mains, and they require an interaction with an adaptor
(for review, see Nelson and Yeaman [105]). However,
whether these interactions occur directly at the TGN or
within more distal endocytic compartments is an issue of
ongoing debate [93, 106].

Therefore, if apical/basolateral segregation in the TGN
exists, it might rely more on spontaneous partitioning of
the proteins into domains with different lipid composi-
tions rather then on the coat and adaptor proteins. Indeed,
apically targeted GPI-anchored proteins, as well as trans-
membrane proteins (like the hemagglutinin of the in-
fluenza virus), are able to associate with cholesterol-rich
lipid rafts [107]. Thus, apical and basolateral cargo could
be distributed to the different domains of the lipid mosaic
at the TGN, and in this way sorted into different carriers.
However, several reports indicate that partitioning into
the lipid rafts is not an essential prerequisite for apical de-
livery of proteins [108]. Moreover, colocalization of GPI-
anchored and basolateral proteins has recently been de-
tected in GPCs [109]. Thus, apical/basolateral sorting at
the TGN level appears to be a rather stochastic process
and to require further efforts to be understood in full.
The mechanisms of Golgi-to-apical-PM transport could
actually be defined by relocation of the Golgi towards the
apical-PM domain during polarization of the cells (see
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also above). In polarized cells, the Golgi forms a cap sur-
rounding the centrosome and facing the apical portion of
the PM [17]. When polarized enterocytes are treated with
nocodazole to depolymerize microtubules, additional
apical domains form along their basolateral cell surface.
Interestingly, Golgi fragments appear to be always asso-
ciated with these new apical portions of the PM [M.
Pavelka, personal communication]. What is the mecha-
nism responsible for such an association? One possibility
could be an interaction of the Golgi membranes with
actin, which is concentrated in the subapical space of po-
larized cells [110]. In addition, a KIFC3 motor has been
reported to play a role in both the delivery of proteins to
the apical PM [96] and the correct positioning of the
Golgi to the centrosome [18]; therefore, this might also
provide a link between the Golgi and the apical surface in
epithelial cells.

Cargo as a modulator of Golgi structure
and function

Several lines of evidence have suggested a role of cargo
as a potent determinant of Golgi structure and function.
For example, in yeast, a 3-h treatment with cyclohex-
imide leads to the complete disappearance of the Golgi
[111]. Also, in the primitive eukaryote Giardia lamblia,
the typical Golgi is absent during the proliferative stage,
when secretion is quite limited. However, the Golgi
stacks reappear when the cell begins to secrete glycans
needed for cyst formation [112]. It is not clear, however,
whether in G. lamblia the Golgi glycosidases appear
first, or whether the synthesis of the proteins with glyco-
sylation sites induces the expression of the Golgi en-
zymes. Similarly, the extent of cargo influx influences
the organization of the mammalian Golgi. Here, block-
ade of protein synthesis with cycloheximide leads to the
formation of very thin cisternae in onion-like Golgi
stacks [113]. Moreover, when cargo proteins within the
ER are arrested by transfection of a Sarlp dominant-neg-
ative mutant [43], all Golgi structure is lost within
12—-18 h. In contrast, when cargo influx increases
sharply (e.g. 5 min after ER-transport-block release), the
Golgi immediately grows in size [114]. Thus, apparently
even in mammalian cells the Golgi tends to disappear
gradually in the absence of cargo input, while it becomes
larger when transport intensifies. This phenomenon has
been clearly illustrated by the stimulation and inhibition
of prolactin transport in lactating rats [115]. Two hours
after the blockage of hormonal stimulation of prolactin-
producing cells the CGN disappears from the stacks. Si-
multaneously, the Golgi ribbon undergoes fragmentation
at the level of the mid-compartment. Furthermore, 12 h
later, the size of the Golgi reduces dramatically, and no
secretory granules are visible [115]. If the stimulation is
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then restored, the CGN reappears in 20 min. The poorly
perforated cisternae increase in size [115]. Interestingly,
the number of small Golgi vesicles increases when the
Golgi regresses, and decreases when the Golgi is stimu-
lated to produce secretory granules [115]. Thus, the vesi-
cles might play an important role in the transformation
of the Golgi structure in response to the changing cargo
influx.

However, many issues regarding the links between inten-
sity of transport and Golgi structure still remain obscure.
Is there partitioning into different compartments by the
Golgi enzymes and cargo during intra-Golgi transport?
What molecular machineries are recruited to the Golgi
upon stimulation of transport, and to what extent? These
questions represent new challenges that now need to be
faced.

Future perspectives

We hope that this tour through the Golgi with a focus on
the structural aspects of traffic has not only provided a
glimpse of a novel vision of Golgi structure and intracel-
lular transport, but has also provided an awareness of the
large knowledge gaps. Indeed, our analysis of the mor-
pho-functional organization of the Golgi has revealed
many uncertainties and unclear questions. Most of these
are based on the consideration that Golgi structure and
function are tightly interconnected. While humbling, this
overview should, however, suggest that the task of com-
pleting the picture is no longer as daunting as it appeared
until a few years ago, particularly as more technological
and conceptual tools are now available to resolve these is-
sues. We hope that with the help of these tools the mech-
anisms of protein transfer though the Golgi will finally be
unraveled, and that the molecular machineries regulating
this process will be placed in their correct locations
within this, our favorite, organelle.
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