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The Golgi apparatus is a universal feature of eukaryotes, carrying out the key functions of
processing, sorting and trafficking of newly synthesized membrane and secretory proteins.
The Golgi apparatus has a clearly defined structure, comprising stacks of flattened cisternal
membranes that in vertebrates are connected to form a ribbon. How this structure is
maintained and how it relates to the functions of the Golgi apparatus has long been an area of
interest. In this review I describe recent progress in the identification and characterisation of
the molecular machinery that together help generate the characteristic organization of this

organelle.



Introduction

Since its discovery over 100 years ago the Golgi apparatus has fascinated biologists [1-4].
This organelle lies at the heart of the secretory pathway and performs numerous functions
including modification of secretory cargoes and their sorting and delivery to various
destinations, which may be inside or outside the cell. The Golgi apparatus has a characteristic
structure that is conserved amongst nearly all eukaryotes, comprising flattened membrane
discs called cisternae that are layered on top of each other to generate the Golgi stack. Most
‘lower’ eukaryotes contain one or more discrete Golgi stacks per cell, while in vertebrates the
stacks are typically linked to form the Golgi ribbon, a single copy structure usually found
next to the centrosome. Despite our long acquaintance with the Golgi apparatus, there remain
many questions regarding how this organelle is assembled and how it carries out its varied
functions. In this review I will focus on the structural organization of the Golgi apparatus,
highlighting recent progress in the identification of molecular components and mechanisms

that help explain how the Golgi achieves its functional form in different organisms.

How to make a Golgi stack?

In almost all eukaryotes the Golgi apparatus is made up of stacked cisternae. The cisternae
contain resident enzymes that sequentially process cargo proteins and lipids, most notably at
the level of glycosylation, as they move across the stack in a vectorial fashion. The
mechanism by which cargo is transported across the Golgi stack remains contentious, but
most available evidence supports the idea of cisternal maturation (for recent reviews see
[5,6]). In this model, cargo is retained within cisternae that progressively mature as they
migrate across the stack in a cis to trans direction. The maturation of cisternae is brought

about by the continual recycling of Golgi enzymes in retrograde vesicles that bud from the



rims of ‘later’ cisternae and fuse with adjacent ‘earlier’ cisternae. Alternative models for
transport involve anterograde trafficking in intra-Golgi vesicles [7], or transport through
tubular continuities connecting different cisternae within the Golgi stack [8-10]. Although the
evidence for these transport mechanisms is less compelling, it remains possible they prevail

for certain cargoes or cell types, perhaps in co-existence with cisternal maturation.

GRASPs as Golgi stacking factors

Regardless of how cargo transits the Golgi stack, it is clear that mechanisms must exist to
generate and maintain the identity and structural integrity of this compartment. In line with
this idea, early studies showed the existence of proteinaceous structures cross-linking
adjacent Golgi cisternae [11-13]. Attractive candidates for these cross-linking proteins are the
GRASPs (Golgi Reassembly And Stacking Proteins). There are two GRASPs in vertebrates,
termed GRASP65 and 55, that localise to cis and medial cisternae respectively, while ‘lower’
eukaryotes have only a single GRASP protein [14-18]. The GRASPs are enriched in a
detergent resistant matrix fraction isolated from purified Golgi membranes [14,19]. Using an
in vitro assay for post-mitotic assembly of rat liver Golgi stacks, it was demonstrated that
both GRASP65 and 55 participate in the stacking of cisternae, supporting their role as Golgi
stacking factors [14,15]. Initial RNA interference experiments supported this conclusion
since depletion of GRASP65 gave a partial loss of stacking in vivo [20]. However,
subsequent studies reported that depletion of GRASP65 or 55 appeared to have little effect on
Golgi stacking, instead leading to a loss of Golgi ribbon continuity and prompting the
hypothesis that GRASPs laterally link adjacent cisternae in the Golgi ribbon rather than
stacking cisternae [21,22]. A recent study has attempted to resolve these discrepancies by

combining depletion of the mammalian GRASPs with high resolution quantitative electron



microscopy analysis of Golgi structure [23**]. Using this approach it was shown that
depletion of either GRASP alone gives a minor but consistent reduction in the number of
cisternae within a stack, while depletion of both completely abolishes stack formation,
resulting in the generation of vesiculated Golgi remnants. Re-expression of either GRASP
can partially rescue this phenotype. These results strongly support the idea that the vertebrate

GRASPs have complementary and essential roles in stacking Golgi cisternae.

How might GRASPs contribute to Golgi stacking? Vertebrate GRASPs are able to form
homo-oligomers that can cross-link latex beads in vitro [23**,24,25%], or mitochondria in
vivo when targeted to this organelle [26*]. GRASP trans-oligomer formation would therefore
seem a good way to cross-link Golgi membranes during cisternal stacking. GRASP
oligomerization is mediated by its first PDZ domain, that alone is sufficient to cross-link
membranes [25%,26*]. For this to occur efficiently, the PDZ domain needs to be correctly
oriented, likely through a dual anchoring mechanism in which the PDZ domain is flanked by
upstream and downstream membrane attachment sites [27]. The first of these is an N-
terminal myristoylation site, while the second attachment site corresponds to the second PDZ
domain, which in GRASP65 stably binds the extreme C-terminus of the golgin GM130
[14,27,28]. Like other golgins, GM 130 is a predicted elongated coiled-coil protein that
extends from the membrane. GM130 binds the vesicle docking protein p115 at its N-
terminus, and has been implicated in several membrane tethering events at the cis-Golgi
(reviewed in [29]). In vitro studies indicate that GM130-mediated tethering is required for
cisternal stacking during Golgi assembly, acting before GRASP65 [30]. We can therefore

envisage a model in which GM130 initiates long-range tethering followed by trans-



oligomerization of GRASPs to form stable cross-links between apposing Golgi cisternae,

resulting in stacking (Fig 1).

Additional functions for GRASPs

When it comes to Golgi stacking GRASPs cannot be the whole story, however. Loss of the
single GRASP in the fruit fly Drosophila melanogaster has a minor effect on Golgi stacking
[17], while in the budding yeast Saccharomyces cerevisiae, the cisternae are largely
unstacked despite the presence of a GRASP protein known as Grhlp [16,18]. On top of that,
plants have stacked Golgi cisternae yet appear to lack a GRASP altogether [31%*,32]. These
observations suggest that additional factors can stack Golgi cisternae (discussed in more
detail below), and that GRASPs can have other functions in addition to cisternal stacking. As
mentioned above, GRASPs are involved in laterally linking Golgi cisternae to form a ribbon
in vertebrates [21,22] (Fig 1). GRASPs may also play role in the tethering of transport
vesicles, possibly via anchoring of GM130. In support of this idea, budding yeast Grh1p and
its partner Buglp, a GM130 homologue, genetically interact with ER to Golgi trafficking
components [16]. GRASPs can also participate in the trafficking of certain cargoes through
direct binding to these proteins as they enter and transit the Golgi stack [33*,34*]. Finally,
several recent studies have revealed a role for GRASPs in unconventional secretion i.e. that
avoiding the typical secretory route through the Golgi apparatus [35,36]. During Drosophila
melanogaster development, GRASP relocates to the plasma membrane where it is important
for the delivery of integrins during epithelial remodelling [36]. Here, transport intermediates
are thought to bypass the Golgi and dock with GRASP at the cell surface instead of the cis-
Golgi. In the slime mould Dictyostelium discoideum and budding yeasts, GRASP is required

for the unconventional secretion of an acyl coenzyme binding protein, which occurs via an



autophagosomal intermediate [35,37*,38*]. How GRASP contributes to this process is
currently unclear, but it is interesting to note that other Golgi proteins have been implicated
in autophagosome formation, suggesting that the Golgi apparatus plays an important role [39-

41].

GRASPs are present in all eukaryotes, with the apparent exception of plants, pointing to an
important ancestral function for these proteins [42]. The varied observations described above
are consistent with GRASPs functioning to link membranes together. We can speculate that
this is a conserved function of GRASPs, one that has been adapted for different purposes
depending upon the organism, cell type, or stage in life cycle. GRASP-mediated membrane
linking could therefore be used for cisternal stacking, vesicular traffic, linking the Golgi
ribbon, or autophagosome formation. Additional roles for GRASPs, such as binding to cargo
during Golgi trafficking, as occurs in vertebrates, are likely to have appeared later in
evolution. Certain eukaryotes such as plants are able to stack their Golgi without using a
GRASP. Either stacking in these organisms uses a fundamentally different mechanism to the
GRASP-dependent cross-linking seen in vertebrates, or a similar mechanism is employed

using distinct but functionally equivalent proteins to the GRASPs.

Microtubules and building the Golgi ribbon

In most vertebrate cells individual Golgi stacks are laterally connected to form a ribbon [43].
The Golgi ribbon is often located adjacent to the nucleus around the centrosome, implying a
functional link with the microtubule cytoskeleton. Indeed it has been known for many years

that an intact microtubule network and the minus end-directed microtubule motor

cytoplasmic dynein are required to maintain an intact Golgi ribbon [44]. Loss of either results



in the dispersion of Golgi stacks, which accumulate next to ER exit sites [45]. Dynein
couples with ER to Golgi carriers and drives their movement into the cell centre, where
homotypic fusion events laterally connect cisternae to form the Golgi ribbon. Maintenance of
the ribbon is dependent upon the continued presence of both microtubules and dynein motor

activity.

Recent studies have revealed that the vertebrate Golgi apparatus can function as a
microtubule organizer in its own right, able to nucleate microtubules via a pool of y-tubulin
localized to this compartment [46,47** 48*]. Golgi-derived microtubules form an
asymmetric network that preferentially extends towards the leading edge of migrating cells,
that is important for the polarized delivery of Golgi-derived carriers to this region of the
plasma membrane [47**,48%*,49%] (Fig 2). Golgi-derived microtubules are more extensively
modified than those nucleated at the centrosome, which is likely important for their altered
dynamics and interaction with trafficking intermediates, such as those targeted to the leading
edge of cells [48*]. The formation of microtubules at the trans-Golgi is dependent upon the
regulator CLASP, which is recruited to the membrane through interaction with the golgin
GCCI185 [47**]. It also requires active dynein, as is the case for centrosomal microtubules.
Microtubules can also form at the cis-Golgi via a distinct mechanism involving AKAP450, a
known interactor of the y-tubulun ring complex found at the centrosome [48*]. AKAP450 is
recruited to the cis-Golgi through binding to GM 130, and microtubules nucleated by this

complex are important for polarized secretion.

In addition to playing a role in polarized trafficking, CLASP-dependent Golgi-nucleated

microtubules are also required for assembly of the Golgi ribbon [49*]. During Golgi



assembly, they act in a ‘search and capture’ fashion to bring together individual Golgi stacks,
which are subsequently transported from the periphery to the cell centre via dynein-mediated
trafficking along the centrosomal microtubule array. Golgi ribbon formation therefore
requires two sets of independently nucleated microtubules acting in concert (Fig 2). The
Golgi-derived microtubules are also important for Golgi ribbon maintenance, most likely by
keeping stacks in close enough proximity for linking by tubular connections. In geometric
terms it makes sense for the tubular connections between stacks within the Golgi ribbon to
use the tangentially arranged Golgi-derived microtubules rather than those from the central

centrosomally-nucleated array.

The Golgi matrix

Biochemical and morphological studies support the existence of a Golgi matrix for
scaffolding Golgi assembly and maintaining its structural integrity [11-13,19,31%* 50]. EM
studies indicate a so-called ‘ribosome exclusion zone’ surrounding the Golgi apparatus,
suggesting that the matrix extends into the cytoplasm surrounding the organelle [31%*,51,52]
(Fig 3). The composition of this surrounding matrix remains to be defined, but excellent
candidates are members of the golgin family of coiled-coil proteins, of which there are at
least 20 types in vertebrates (reviewed in [29]). The predominant function of golgins appears
to be in the tethering or long-range attachment of membranes, a process coordinated by Rab
GTPases. Tethering can be followed by membrane fusion, as is the case for transport
intermediates or in linking of the Golgi ribbon, or not, as in the case of cisternal stacking.
Different golgins are thought to participate in different tethering reactions that include
tethering intra-Golgi vesicles or transport carriers arriving from other compartments to Golgi

cisternae, linking cisternae to form a ribbon, or contributing to cisternal stacking. Some



golgins also link the Golgi apparatus to the cytoskeleton. Given their predicted elongated
structure, and the fact that most golgins are anchored at the Golgi membrane by one end, we
can envisage a scenario in which the Golgi is coated with a network of protruding tentacles
that are able to tether incoming transport intermediates over a relatively long range [29,53].
In the case of intra-Golgi transport, it is tempting to speculate that during their formation, or
very soon afterwards, the vesicles become tethered to adjacent cisternae via golgin-mediated
attachments to limit their diffusion and ensure highly efficient transport within the stack. In
support of this idea, Golgi stacks are surrounded by numerous vesicles within close proximity
[43,54] (Fig 3). Detailed inspection of intra-Golgi vesicles shows the presence of
proteinaceous rod-like extensions protruding from their surface that may well correspond to

golgins [55].

According to the cisternal maturation model Golgi cisternae will move through the stack as
they mature. This invokes a highly dynamic matrix, in which contacts between cisternae need
to be broken and reformed as the cisternae progress through the stack. One of the few studies
to look at Golgi matrix protein dynamics has shown that GFP-tagged GRASP65 is
dynamically associated with the Golgi apparatus, undergoing rapid exchange with the cytosol
[56]. This is consistent with the notion of a dynamic matrix, but whether it applies to other
matrix components remains to be shown. It is also unclear how remodelling of the Golgi
matrix would take place. Attractive candidates for “matrix remodellers” are the Rab
GTPases, which interact with most if not all golgins [29,57]. Prominent among these Rab
GTPases are Rab 1, 2, 6 and 33b. The status of Rab activation is under tight control by GEFs
and GAPs, allowing a high degree of spatial and temporal regulation [58]. In addition to

recruiting some golgins to the membrane, Rab binding is likely important for tethering to
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Rab-coated transport vesicles or membrane domains, and it may play a role in controlling

conformation and availability of golgin tethers.

In mammalian cells, remodelling of the Golgi matrix has been observed during polarisation
for cell migration or upon mitotic entry. Phosphorylation of GRASP65 by ERK (extracellular
signal-regulated kinase) is required for cisternal unstacking and Golgi repositioning towards
the leading edge in migrating fibroblasts [59*]. When vertebrate cells enter mitosis,
phosphorylation of many matrix proteins including the GRASPs and golgins takes place,
allowing complete disassembly of the Golgi apparatus and its equal partitioning into the
daughter cells [60]. Whether phosphorylation of Golgi matrix proteins occurs in non-
vertebrates is unclear. It is unlikely to occur during mitosis in these species, which do not
fragment their Golgi apparatus during cell division. However, it remains possible
phosphorylation or other post-translational modifications such as arginine methylation may

regulate aspects of Golg matrix behaviour in all eukaryotes [61].

Actin and actin binding proteins

Actin and numerous actin binding proteins have been localized to the Golgi apparatus, and
many of these have been shown to be important for Golgi function (reviewed in [62,63]). It is
clear that actin-based myosin motors are important for the movement of Golgi stacks in lower
eukaryotes, while in vertebrates this is accomplished by microtubule-associated motor
proteins. However, myosin motors do play a role in Golgi organization in higher eukaryotes
[64]. A recent example is provided by the Golgi protein GOLPH3 (also known as GMx33 or
Vps74p in yeast) which binds to myosin 18A [65]. The interaction between GOLPH3 and

myosin 18A is required for extension of the Golgi ribbon and the formation of transport
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carriers, most likely by providing tension across the surface of the Golgi membrane. Analysis
of the Drosophila melanogaster Golgi apparatus has shown that it duplicates and exist as a
paired structure during the G1/S phase of the cell cycle [66]. Pairing of the Golgi stacks is
dependent upon a subset of actin filaments that in turn require the regulatory proteins Abi and
Scar/WAVE for their polymerization. Interestingly, this organization also seems to apply to
mammalian cells, with pairing of stacks occurring within the context of the Golgi ribbon,

suggesting a conserved role for this process in Golgi duplication [66].

Golgi structure versus function

A question that has long been asked is why does the Golgi exist as stacked cisternae in most
eukaryotes? Several unicellular eukaryotes have lost Golgi stacked cisternal morphology
during evolution, yet retain efficient trafficking through this compartment [42]. Furthermore,
during certain stages of Drosophila melanogaster development the Golgi is not stacked yet
secretion takes place [67]. While there is no definitive explanation for Golgi stacking, several
possible reasons exist. The compartmentalization of the Golgi into cisternae should promote
efficient cargo processing by ensuring sequential exposure of cargo to the modifying
enzymes, with optimum enzyme levels and environments for the enzymatic reactions present
in each cisternae. It is interesting to note that certain species lacking Golgi stacks have fewer
glycosylases than relatives with a stacked Golgi, suggesting that a correlation between
stacking and the extent of glycosylation may exist (discussed in [42]). The stacked Golgi also
allows for iterative sorting of cargo, as originally suggested by the distillation hypothesis of
James Rothman [68]. Thus, stacking should improve efficiency of cargo sorting. Another
potential advantage conferred by Golgi stacking is improved efficiency of trafficking

between cisternae, which may be of relevance to larger cells. Holding cisternae together
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means that there is little physical distance for intra-Golgi vesicles to travel, while continual
attachment to the matrix would ensure efficient capture by preventing diffusion into the
surrounding cytoplasm. Stacking may also offer a means to regulate flux through the
secretory pathway since loss of stacking can stimulate the rate of intra-Golgi vesicle
formation, at least in vitro [69]. By cross-linking cisternae, stacking appears to limit the

amount of membrane available for incorporation into transport vesicles.

The Golgi ribbon is only found in vertebrates, a consequence of the intimate association
between Golgi membranes and microtubules that exists in these higher eukaryotes [44]. Loss
of the Golgi ribbon has only a minor effect on the rate of secretory trafficking. It has been
proposed that Golgi ribbon formation is required for optimum glycosylation of cargo [21];
however it is clear that organisms that lack the ribbon such as plants are able to efficiently
glycosylate large amounts of cargo. Perhaps the uniform glycosylation of cargo afforded by
the Golgi ribbon is especially important in vertebrate cells for reasons that are currently
unclear. Formation of the Golgi ribbon is clearly important for directed secretion, most
notably to the leading edge of migrating cells [70]. Interestingly, when ribbon remodelling is
prevented, orientation of the centrosome towards the leading edge is also prevented,
indicating that the Golgi ribbon can determine centrosome positioning [59*]. Thus the
vertebrate Golgi is dependent upon the centrosome for its positioning but the converse is also

true.

Golgi ribbon status is monitored in vertebrate cells as they pass through the G2 phase of the

cell cycle. Typically the Golgi stacks are unlinked in the G2 phase as a prelude to complete

disassembly that occurs when the cells enter mitosis. If unlinking of stacks fails to occur,
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cells will not enter mitosis, indicating the existence of a cell cycle ‘Golgi checkpoint’
[71,72]. The underlying mechanisms of this checkpoint remain to be discovered, but are
likely to involve cross-talk between the Golgi apparatus and the centrosome. Interestingly
GM130 has recently been shown to have a role in centrosome integrity during interphase,

indicating that such a cross-talk can exist [73].

The structure of the Golgi apparatus is inextricably linked to membrane traffic. Changing
rates of trafficking into or out of the Golgi has profound effects on its structure (reviewed in
[74]). Many of the structural proteins described above are also important players in
membrane traffic. The golgins for example link membranes during trafficking, and this
linking 1s also important for maintenance of Golgi structure [29]. Thus we should not think of
the Golgi as a static structure, but rather one that is in dynamic equilibrium with the
membrane and cargo flowing through it. The ability of the Golgi to undergo reversible
disassembly under a number of conditions indicates it has a high propensity to self-organise,
with matrix proteins, cytoskeletal and trafficking factors all contributing to the generation of

an organized and functional Golgi apparatus.

Concluding remarks

In this review I have described molecular players and associated mechanisms that are
important for the generation of the characteristic organization of the Golgi apparatus.
Although much progress has been made in recent years a number of outstanding issues
remain. Key among these are how cisternal stacking occurs. In vertebrates GRASP
oligomerization seems able to do this, yet there is a poor correlation between GRASPs and

stacking in other organisms. If GRASPs are not involved in cisternal stacking in these
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species, then what is? Perhaps golgins play a role, possibly in conjunction with additional
factors that stabilise tethers and promote closer apposition of cisternae. A possible way to
address this would be to reconstitute stacking using purified components, similar to the recent
demonstration of vesicle tethering by the golgin GMAP210 [75**]. High resolution imaging
combined with immunolabelling should also prove informative, since we would predict that
stacking proteins should reside within the intercisternal spaces. Combining imaging with
knockout studies in genetically tractable organisms is also likely to be of benefit. Another
important question relates to the functional importance of golgins. Loss of a single golgin
often yields a mild phenotype or none at all, suggesting a high level of redundancy amongst
these proteins. However, recent studies in animal models suggest this might not be the case
for all golgins [76*,77*]. Instead it appears that golgin-mediated tethering is important for
maintaining optimum Golgi function required for correct cargo processing and trafficking,
which in the context of a whole organism is important for normal development and
physiology. Finally, certain differentiated vertebrate cell types (e.g. neurons, myoblasts) are
able to generate specialised Golgi compartments, but the mechanisms have yet to be
elucidated [78,79]. By addressing these and other issues we are sure to develop a coherent

understanding of this most complex organelle, the Golgi apparatus.
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Figure Legends

Figure 1 Model for GRASP function in Golgi stacking and ribbon formation. A, Golgi
stacking. During Golgi assembly or cisternal maturation newly forming cisternae at the cis-
side of the Golgi apparatus are first tethered to the cis-Golgi via long-range golgin-mediated
attachment. This allows GRASP65 on both compartments to interact via PDZ1-mediated
trans-oligomerization, resulting in cross-linking and stacking of the cisternae. GRASP55
trans-oligomers are responsible for cross-linking later cisternae in the stack.. B, Golgi ribbon
formation. Here, cisternae are laterally connected via golgins, leading to the trans-
oligomerization of GRASP65 and 55 at the rims of the cis and medial cisternae respectively.

This leads to membrane fusion between the cisternae and Golgi ribbon formation.
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Figure 2 The role of microtubules in Golgi ribbon formation and polarized secretion. A,
Assembly of the Golgi ribbon occurs in 2 phases. The first phase involves nucleation and
polymerization of microtubules at Golgi stacks. The microtubules act in a ‘search and
capture’ manner to contact other Golgi stacks in the vicinity that move along the
microtubules towards the minus end, brining the stacks together in the cell periphery. The
clustered stacks move along centrosomally-nucleated microtubules towards the minus ends,
bringing them together in the cell centre. Tubular connections are made between the stacks
resulting in the formation of a continuous Golgi ribbon (not shown). B, Golgi nucleated
microtubules extend towards the leading edge of a migrating cell. TGN-derived transport
carriers move along these microtubules towards the plus ends to mediate delivery of new

membrane and secretory cargo at the leading edge of the cell. See references [47-49].

Figure 3. Electron tomographic models of the Golgi apparatus. A, Golgi stack from an
Arabidopsis thaliana meristem cell. The different cisternae within the stack and the flanking
trans-Golgi network (TGN) are colour-labelled. The ribosome excluding Golgi matrix is
shown in white. Note how the matrix extends around the surface of the Golgi stack and
associated TGN. The blue spheres are clathrin-coated vesicles at the TGN. Image kindly
provided by Dr Byung Ho-Kang, University of Florida. Bar, 500 nm. B, Structure of the
Golgi ribbon from a hamster pancreatic cell line. The Golgi stacks are laterally arranged
within the Golgi ribbon. The cisternae are colour coded, going from cis to trans as indicated.
Numerous transport vesicles that surround the Golgi stacks are shown in white. Note the
close proximity of the vesicles to the Golgi stacks. Bar, 500 nm. Image from reference [3]
with permission. Kindly provided by Dr Brad Marsh, University of Queensland and Professor

Kathryn Howell, University of Colorado.
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