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Abstract
The Golgi apparatus contains multiple classes of cisternae that differ in structure, composition,
and function, but there is no consensus about the number and definition of these classes. A useful
way to classify Golgi cisternae is according to the trafficking pathways by which the cisternae
import and export components. By this criterion, we propose that Golgi cisternae can be divided
into three classes that correspond to functional stages of maturation. First, cisternae at the cisternal
assembly stage receive COPII vesicles from the ER and recycle components to the ER in COPI
vesicles. At this stage, new cisternae are generated. Second, cisternae at the carbohydrate synthesis
stage exchange material with one another via COPI vesicles. At this stage, most of the
glycosylation and polysaccharide synthesis reactions occur. Third, cisternae at the carrier
formation stage produce clathrin-coated vesicles and exchange material with endosomes. At this
stage, biosynthetic cargo proteins are packaged into various transport carriers, and the cisternae
ultimately disassemble. Discrete transitions occur as a cisterna matures from one stage to the next.
Within each stage, the structure and composition of a cisterna can evolve, but the trafficking
pathways remain unchanged. This model offers a unified framework for understanding the
properties of the Golgi in diverse organisms.
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The Golgi apparatus is one of the most elaborate organelles in the cell (Farquhar and Palade
1981). It consists of flattened membrane sacs called cisternae, which are usually but not
always organized into polarized stacks (Mowbrey and Dacks 2009). Depending on the
organism and cell type, a Golgi stack may contain as few as 3 or as many as 20 cisternae
(Becker and Melkonian 1996; Mogelsvang et al. 2003; Rambourg and Clermont 1997).
Most organisms have individual Golgi stacks, but in many vertebrate cells the Golgi stacks
are linked by lateral connections to form a continuous ribbon (Klumperman 2011; Marsh et
al. 2001). Despite this variable morphology, the Golgi operates by conserved principles in
diverse eukaryotes (Duden and Schekman 1997; Hawes 2005).

Within a Golgi stack, the cisternae differ in structure, composition, and function.
Biosynthetic cargo proteins enter the Golgi at the cis face of the stack and depart from the
trans face (Farquhar and Palade 1981). During passage through the stack, biosynthetic cargo
proteins undergo glycan remodeling and other modifications (Ruiz-May et al. 2012; Stanley
2011). Complex polysaccharides are also synthesized within the Golgi (Dick et al. 2012;
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Parsons et al. 2012). The trans-most cisternae are designated the trans-Golgi network
(TGN), and are responsible for packaging biosynthetic cargo proteins and polysaccharides
into transport carriers for delivery to downstream destinations (Anitei and Hoflack 2011;
Kang et al. 2011; Mellman and Simons 1992; Viotti et al. 2010). The membranes at the cis
and trans faces of the stack are often tubulovesicular structures that may not be closely
aligned with the rest of the stack (Rambourg and Clermont 1997; Staehelin and Kang 2008),
but for convenience we will refer to all of these structures as cisternae.

The functions of the Golgi stack are carried out by enzymes and trafficking proteins, each of
which localizes preferentially to a particular set of cisternae. Similarly, the non-stacked
Golgi cisternae of the budding yeast Saccharomyces cerevisiae vary in composition and
function (Papanikou and Glick 2009; Preuss et al. 1992). Such findings have led to the idea
that the Golgi consists of multiple classes of cisternae. However, no consensus yet exists
about the number of such classes or the molecular events that define them.

We suggest that the most useful way to classify Golgi cisternae is to consider trafficking
pathways. According to this view, cisternae in a given class employ the same mechanisms
for importing and exporting components, and these trafficking pathways reflect conserved
core functions. This approach will enable us to integrate experimental findings about Golgi
organization in a variety of organisms.

Evidence and Rationale for Different Classes of Golgi Cisternae
In previous classification schemes, the major criterion for differentiating between Golgi
cisternae has been the polarized distribution of processing and biosynthetic enzymes. N-
linked oligosaccharides are modified by a series of Golgi resident glycosylation enzymes
that reside at characteristic locations within the stack (Ruiz-May et al. 2012; Stanley 2011).
Density gradient fractionation and immunolocalization studies of the mammalian Golgi
revealed that early-acting glycosylation enzymes tend to be concentrated in cisternae at the
cis side of the stack while late-acting glycosylation enzymes are concentrated in cisternae at
the trans side (Dunphy and Rothman 1985; Kornfeld and Kornfeld 1985; Rabouille et al.
1995). Some glycosylation enzymes in mammalian and plant cells are concentrated in the
middle of the Golgi stack, in so-called medial cisternae (Donohoe et al. 2013; Dunphy and
Rothman 1985; Rabouille et al. 1995). The polarized localization of glycosylation enzymes
presumably boosts efficiency because a biosynthetic cargo protein encounters enzymes in
the order of their action. In the TGN of mammalian and fungal cells, another type of
processing occurs when peptidases activate prohormones (Rockwell et al. 2002).

Why place Golgi enzymes in different cisternae? This separation enables the cell to optimize
the pH, ion composition, and substrate concentrations for each set of enzymes. Moreover,
enzyme separation may sometimes be essential to prevent two reactions from competing.
For example, mammalian lysosomal hydrolases are modified with a mannose 6-phosphate
sorting tag, and this modification must occur before the lysosomal hydrolases encounter
Golgi-localized mannosidases (Goldberg and Kornfeld 1983). In plant cells, segregation of
the backbone synthesis reactions of pectic and xyloglucan polysaccharides to different
cisternae prevents the nascent molecules from becoming entangled before the pectic
polysaccharides become methylesterified (Atmodjo et al. 2013; Zhang and Staehelin 1992).
Yet these requirements are probably unusual, because most carbohydrate synthesis reactions
could occur efficiently in a single mixed compartment (Dunphy and Rothman 1985). A
more general explanation for the cisternal structure of the Golgi is that this organelle serves
as a “delay timer” (Glick and Malhotra 1998). Biosynthetic cargo proteins take some time to
traverse the Golgi, and this delay provides an opportunity for resident ER proteins to be
retrieved and for cargo proteins to be fully processed (Becker and Melkonian 1996;
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Rothman 1981). Thus, in cells with large Golgi stacks, a particular task may be physically
and temporally spaced over multiple cisternae.

Further evidence for different classes of cisternae has come from morphological studies of
Golgi stacks (Donohoe et al. 2013; Klumperman 2011; Rambourg and Clermont 1997;
Staehelin and Kang 2008). In plant cells, electron microscopy revealed that the cis-most
cisternae often stain much less intensely than medial and trans cisternae, and this staining
pattern correlates with the restricted localization of glycosylation and biosynthetic enzymes
to medial and trans cisternae (Donohoe et al. 2013). Moreover, in many organisms, cisternae
at the trans face are partially or completely separated from the Golgi stack (Kang et al. 2011;
Mogelsvang et al. 2003; Mollenhauer and Morré 1991; Rambourg and Clermont 1997;
Viotti et al. 2010). As judged by electron tomography, mammalian Golgi stacks show a
sharp distinction between the trans-most cisterna, which produces clathrin-coated vesicles,
versus earlier cisternae, which produce COPI vesicles (Ladinsky et al. 1999; Mogelsvang et
al. 2004).

There is a danger that improvements in analysis methods will yield increasingly finer
subdivisions of the Golgi. For example, a recent study of the yeast TGN revealed that the
GGA and AP-1 clathrin adaptors are recruited sequentially (Daboussi et al. 2012), yet a
division of TGN cisternae into two classes according to adaptor recruitment may not be
constructive. In general, structural and compositional differences between cisternae can
mask underlying functional commonalities.

How Many Classes of Golgi Cisternae Exist?
The prevailing view is that Golgi cisternae can be divided into four classes: cis, medial,
trans, and TGN (Farquhar and Hauri 1997). Each class of cisterna is considered to house a
different set of processing enzymes. This model has some experimental support. For
example, a study of the yeast pro-α-factor mating pheromone precursor tracked sequential
processing by four Golgi enzymes, and the Sec18/NSF vesicle fusion protein was required at
each step, suggesting that pro-α-factor passes through four classes of Golgi cisternae
(Brigance et al. 2000). But studies of mammalian glycosylation enzymes have not yielded
such clear-cut distinctions. As judged by quantitative immunolabeling, individual
glycosylation enzymes are most concentrated in particular cisternae, but they have
overlapping distributions across the stack (Nilsson et al. 1993; Rabouille et al. 1995).
Moreover, a given glycosylation enzyme can show variable intra-Golgi localizations in
different cell types (Velasco et al. 1993). The polarized arrangement of Golgi processing
enzymes seems to reflect gradients of enzyme localization rather than precise separations
(Glick et al. 1997).

In addition to the four putative classes of Golgi cisternae, mammalian cells contain an ER-
Golgi intermediate compartment (ERGIC) (Appenzeller-Herzog and Hauri 2006). The
ERGIC is stably associated with peripheral ER exit sites, but it generates mobile membrane
carriers that travel along microtubules to the Golgi ribbon (Appenzeller-Herzog and Hauri
2006; Lippincott-Schwartz et al. 2000). These ERGIC-derived membranes evidently dock at
the cis face of the Golgi stack, where they form a layer that is sometimes termed the cis-
Golgi network or CGN (Bannykh and Balch 1997; Ladinsky et al. 1999; Mellman and
Simons 1992). This term is misleading because the ERGIC-derived membranes at the cis
face of the stack are not actually a network (Ladinsky et al. 1999), so we will refer to these
membranes as the “pre-cis layer” (Fig. 1a). In plants and algae, membrane structures termed
“cis initiators” at the cis face of the stack have morphological and functional features in
common with the mammalian ERGIC/pre-cis layer (Donohoe et al. 2013) (Figs. 1b and 2).
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In addition to describing cisternal structure, composition, and function, a complete picture of
Golgi organization needs to address the following questions. How do Golgi cisternae
transport biosynthetic secretory cargo while exchanging material with one another and with
other organelles? How are resident Golgi proteins localized to particular sets of cisternae?
What types of trafficking machinery operate at the Golgi? We will explore these issues as
they relate to our proposed approach for classifying Golgi cisternae.

Golgi Organization and Models for Golgi Traffic
The properties of Golgi cisternae are linked to the pathways of Golgi membrane traffic, a
topic that is vigorously debated (Glick and Luini 2011; Rabouille and Klumperman 2005).
Currently, the predominant model is cisternal maturation, which postulates that Golgi
cisternae form de novo and then progressively mature into TGN cisternae. In the simplest
version of the maturation model, a TGN cisterna is merely an older version of a cis cisterna,
and the Golgi can be viewed as a set of cisternae on a maturation continuum (Glick et al.
1997). A more nuanced view is that maturation occurs in several discrete steps, with the
different classes of Golgi cisternae representing successive stages of maturation (Glick and
Nakano 2009).

The maturation model can accommodate most of the experimental data from a variety of cell
types (Glick and Luini 2011; Rizzo et al. 2013; Staehelin and Kang 2008). According to this
model, resident Golgi proteins recycle from older to younger cisternae, thereby staying
within the organelle while biosynthetic cargo moves forward. Still uncertain is the
mechanism by which resident Golgi proteins recycle. One possibility is that Golgi
membrane proteins recycle in COPI vesicles, which bud from Golgi cisternae (Donohoe et
al. 2007; Glick and Malhotra 1998; Rabouille and Klumperman 2005). There is good
evidence that COPI vesicles contain at least some Golgi membrane proteins, but conflicting
data have been obtained about the presence of glycosylation enzymes in COPI vesicles
(Cosson et al. 2002; Gilchrist et al. 2006; Kweon et al. 2004; Malsam et al. 2005; Martínez-
Menárguez et al. 2001; Orci et al. 2000a; Orci et al. 1997; Sönnichsen et al. 1998). In
addition to COPI vesicles, transient tubular connections between cisternae have been
postulated to allow recycling of Golgi membrane proteins (Glick and Luini 2011; Marsh et
al. 2004; Trucco et al. 2004).

Alternative models for Golgi traffic view the cisternae in a different light. The rapid
partitioning model proposes that the Golgi is a continuous structure, with glycosylation and
export occurring at all levels of the stack (Patterson et al. 2008). This model treats the Golgi
as a single intermixed compartment and makes no distinction between the various cisternae.
The cisternal progenitor and rim progression models propose that Golgi cisternae are long-
lived structures, and that large portions of the cisternae undergo fission and subsequent
fusion to carry biosynthetic cargo forward while resident Golgi enzymes remain in the static
portions of the cisternae (Lavieu et al. 2013; Pfeffer 2010).

These various models for Golgi traffic postulate that Golgi cisternae are either transient or
static, and either separate or intermixed, so any classification scheme will be influenced by
the underlying traffic model. The discussion below builds on our judgment that the cisternal
maturation model provides the most compelling interpretations of available data.

Golgi Organization and Resident Protein Localization
Different Golgi cisternae contain different resident proteins, so a classification scheme
should take into account the mechanisms for localizing resident Golgi proteins. Localization
signals have been identified for a number of Golgi glycosylation enzymes (Banfield 2011;
Machamer 1993). These proteins have a type II topology, with a cytosolic N-terminus and a

Day et al. Page 4

Histochem Cell Biol. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



single transmembrane sequence. The transmembrane sequences, along with flanking
sequences, are often necessary and sufficient for Golgi localization. However, the
mechanisms of localization have been elusive. According to the maturation model,
glycosylation enzymes are continually recycled, perhaps in a COPI-dependent manner. The
yeast Vps74 protein has been implicated in linking certain glycosylation enzymes to COPI
(Tu et al. 2008). Transmembrane sequence length is important for Golgi localization,
suggesting that partitioning into lipid domains plays a role (Sharpe et al. 2010). Depending
on the localization mechanism that is envisioned, a given transmembrane sequence length
might either promote or inhibit partitioning into a curved vesicle membrane.

The picture is clearer for a class of TGN proteins that includes mammalian TGN38 and
yeast Kex2 (Machamer 1993). These proteins have a type I topology, and they localize to
the TGN by retrieval mechanisms that involve adaptor-mediated recognition of signals in
the C-terminal cytosolic tails.

The division of Golgi resident membrane proteins into type II glycosylation enzymes and
type I TGN proteins is unambiguous. By contrast, the type I localization signals of various
Golgi glycosylation enzymes all seem to resemble one another (Sharpe et al. 2010). Thus,
the known properties of Golgi localization signals point to a major distinction between the
TGN and earlier cisternae.

Golgi Organization and the Trafficking Machinery
Trafficking pathways constrain the possibilities for classifying Golgi cisternae. A trafficking
step typically involves the following: a coat complex that sorts cargo and sculpts vesicles, a
regulatory Rab GTPase, tethering proteins, and a fusogenic SNARE complex (Bonifacino
and Glick 2004). The Golgi system employs only a limited number of these components.
We will argue that Golgi-associated trafficking components can be divided into three
categories based on their site of action either at the ER-Golgi interface, or within the Golgi,
or in traffic to and from the TGN.

The conserved coats are COPII, COPI, and clathrin. COPII vesicles carry proteins from the
ER to the cis-Golgi, and also fuse with one another to generate ERGIC elements (Barlowe
and Miller 2013). COPI vesicles serve two different functions: they recycle proteins from
nascent Golgi cisternae to the ER, and they transport proteins between Golgi cisternae
(Barlowe and Miller 2013; Popoff et al. 2011). In plant and algal cells, the Golgi-to-ER and
intra-Golgi transport functions are carried out by different subtypes of COPI vesicles known
as COPIa and COPIb, respectively (Donohoe et al. 2013; Donohoe et al. 2007). COPIa
vesicles are confined to the ER-Golgi interface whereas COPIb vesicles surround the medial
and trans Golgi cisternae. Mammalian cells also contain COPI vesicle subtypes that we
interpret to be analogous to COPIa and COPIb (Lanoix et al. 2001; Malsam et al. 2005;
Moelleken et al. 2007; Orci et al. 1997). Clathrin-coated vesicles bud from the TGN to carry
proteins to endosomes and lysosomes/vacuoles, and may also recycle proteins from mature
to newly formed TGN cisternae (Myers and Payne 2013; Valdivia et al. 2002; Viotti et al.
2010). Thus, a reasonable hypothesis is that different classes of cisternae are marked by
COPIa, COPIb, and clathrin.

The number of Golgi-associated Rab proteins varies between cell types. S. cerevisiae is the
simplest model organism to examine because it has a streamlined set of Rab proteins. Ypt1
(homologous to mammalian Rab1) operates in ER-to-Golgi transport and also in intra-Golgi
transport (Barlowe and Miller 2013; Jedd et al. 1995; Suvorova et al. 2002). Ypt6
(homologous to mammalian Rab6) operates in delivery of membrane carriers from
endosomes to the TGN (Liu and Storrie 2012; Storrie et al. 2012). Finally, the Ypt31/Ypt32
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pair (homologous to mammalian Rab11) operates in transport from the TGN to the cell
surface (Jedd et al. 1997).

During ER-to-Golgi transport, the conserved tethering proteins are the coiled-coil protein
known as Uso1 or p115, and the multi-subunit TRAPP complex (Kang and Staehelin 2008;
Lord et al. 2013). Tethers of the GRASP family also act during ER-to-Golgi transport in
mammalian and fungal cells, but are absent from plant cells (Behnia et al. 2007; Kinseth et
al. 2007; Levi et al. 2010; Marra et al. 2001). Retrograde transport of COPIa vesicles to the
ER involves the Dsl1 tethering complex (Lerich et al. 2012; Ren et al. 2009; Spang 2012).
Intra-Golgi traffic appears to depend mainly on the conserved COG complex (Smith and
Lupashin 2008; Ungar et al. 2006), although coiled-coil “golgin” proteins are also involved
(Faso et al. 2009; Munro 2011). Delivery of transport carriers from endosomes to the TGN
employs the GARP complex plus additional golgins (Munro 2011; Pfeffer 2011). In sum,
Golgi-associated tethers mediate transport either between the ER and Golgi, or within the
Golgi, or from endosomes to the TGN.

SNARE proteins associate in various combinations to drive membrane fusion. Current
evidence suggests that in mammalian and yeast cells, one SNARE complex mediates ER-to-
Golgi anterograde traffic, a second SNARE complex mediates Golgi-to-ER retrograde
traffic, a third SNARE complex mediates intra-Golgi traffic, and one or two SNARE
complexes mediate retrograde traffic to the TGN (Malsam and Söllner 2011). Thus, the
SNARE repertoire of the Golgi system is relatively small (Pelham 1998).

This overview of the trafficking machinery argues against the idea that the Golgi should be
divided into cis, medial, trans, and TGN classes of cisternae plus a possible ERGIC/pre-cis
layer class, because the number of trafficking components seems insufficient. We suggest
instead that Golgi cisternae can be divided into three classes (Mellman and Simons 1992),
which reflect three structural and functional stages of maturation: cisternal assembly,
carbohydrate synthesis, and carrier formation (Fig. 1).

Stage I: Cisternal Assembly
Membranes at the cisternal assembly stage correspond to the ERGIC and pre-cis layer plus
one or more cis cisternae in mammalian cells (Farquhar and Hauri 1997) (Fig. 1a), or to the
cis initiators plus one or more cis cisternae in plant and algal cells (Donohoe et al. 2013)
(Fig. 1b). During cisternal assembly, COPII vesicles fuse homotypically to generate larger
structures, which then fuse with each other and with additional COPII vesicles to generate a
full-size cis cisterna (Bentley et al. 2006; Donohoe et al. 2013; Zeuschner et al. 2006). This
scheme fits with the historical designation of the cis face of the Golgi as the “forming” face
(Mollenhauer and Whaley 1963). Fig. 2 shows electron tomography-based models of the cis
face of plant Golgi stacks, with the orange structures representing successive stages in
cisternal assembly (Donohoe et al. 2013). These images indicate that 3–5 COPII vesicles
fuse to produce a cis initiator, which then grows by fusion of additional COPII vesicles to
generate a full-size cis cisterna. Little carbohydrate synthesis occurs at the assembly stage,
but assembling cisternae are probably responsible for adding mannose 6-phosphate to
lysosomal hydrolases in mammalian cells (Pelham 1988) and for assembling scale protein
complexes in algae (Donohoe et al. 2013).

The ability to receive COPII vesicles is the defining feature of membranes at the assembly
stage. In addition, COPIa vesicles operate at the assembly stage to recycle trafficking
machinery components to the ER. COPIa vesicle formation in mammalian cells is
apparently restricted to the ERGIC (Ladinsky et al. 1999), suggesting that recycling to the
ER occurs prior to transport of ERGIC-derived membranes to the Golgi ribbon (Fig. 1a).
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Stage II: Carbohydrate Synthesis
Cisternae at the carbohydrate synthesis stage are commonly referred to as medial and trans
(Fig. 1). The main function of these cisternae is glycosylation of proteins and lipids, and
synthesis of complex polysaccharides (Atmodjo et al. 2013; Dick et al. 2012; Stanley 2011).
In some cell types, the carbohydrate synthesis stage involves a large number of cisternae.
Different sets of glycosylation enzymes are often concentrated in younger (medial) or older
(trans) cisternae, and these separations can be sharp (Donohoe et al. 2013; Driouich and
Staehelin 1997; Dunphy and Rothman 1985).

Traffic between cisternae at the carbohydrate synthesis stage is apparently mediated by
COPIb vesicles (Donohoe et al. 2013; Rothman and Wieland 1996; Staehelin and Kang
2008), but the precise role of COPI in intra-Golgi transport is an enduring mystery (Glick
and Luini 2011; Rabouille and Klumperman 2005). Some versions of the maturation model
account for Golgi polarity by postulating that COPIb vesicles move only in the retrograde
direction (Glick et al. 1997). However, a molecular basis for unidirectional traffic of COPIb
vesicles has not emerged, and is hard to envision if cisternae at the carbohydrate synthesis
stage all use the same trafficking machinery. An alternative is that COPIb vesicles might
“percolate” randomly within the Golgi (Orci et al. 2000b). But if COPIb vesicles carry
glycosylation enzymes, how could percolating vesicles enable an enzyme to be concentrated
in particular cisternae? A possible mechanism involves progressive changes in lipid
composition. Lipid biosynthesis and remodeling occur actively in the Golgi (Bankaitis et al.
2012), so older cisternae will have a different lipid composition than younger cisternae. If a
given glycosylation enzyme lands in a cisterna where the lipid environment is favorable for
the transmembrane sequence (Sharpe et al. 2010), the enzyme would be unlikely to partition
into budding COPIb vesicles, so it would become concentrated in that cisterna. This idea is
speculative, but it illustrates that stochastic COPIb-mediated transport could generate an
asymmetric distribution of resident Golgi proteins.

As older cisternae transition from the carbohydrate synthesis stage to the carrier formation
stage, they lose the ability to receive COPIb vesicles. If they continue to produce COPIb
vesicles during this time, the cisternae will shrink, as has been observed by electron
tomography of plant cells (Kang et al. 2011). Meanwhile, as younger cisternae transition
from the cisternal assembly stage to the carbohydrate synthesis stage, they acquire the
ability to receive COPI vesicles. The result is a net transfer of material from older to
younger cisternae.

Stage III: Carrier Formation
Cisternae at the carrier formation stage correspond to the TGN as originally defined
(Griffiths and Simons 1986; Mellman and Simons 1992) (Fig. 1a). However, the boundaries
of the TGN have been viewed in different ways, with more recent definitions often including
multiple cisternae at the trans face of the stack (Kang et al. 2011; Mogelsvang et al. 2004).
To avoid this ambiguity, we propose to define the carrier formation stage by the ability of a
cisterna to package biosynthetic cargo into various types of transport carriers (Bard and
Malhotra 2006; De Matteis and Luini 2008). Some processing and biosynthesis can also
occur at the carrier formation stage. For example, type I TGN proteins catalyze proteolytic
cleavage of prohormones (Rockwell et al. 2002), and the trans-most cisternae of the stack
house mammalian sialyltransferase and some plant cell wall biosynthetic enzymes (Atmodjo
et al. 2013; Rabouille et al. 1995). Carrier formation is a sorting event that is coupled to the
condensation of certain cargo proteins, and to changes in pH, Ca2+ concentration, and lipid
composition (Bard and Malhotra 2006; Chanat and Huttner 1991; Dettmer et al. 2006;
Graham and Burd 2011; Kang et al. 2011; Schmidt and Moore 1995; von Blume et al.
2012). Cisternae peel away from Golgi stacks during the carrier formation stage, becoming
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“free-floating TGN” in plant cells and in the yeast Pichia pastoris (Bevis et al. 2002;
Mogelsvang et al. 2003; Staehelin and Kang 2008). The ultimate fate of Golgi cisternae in
mammalian cells has not been fully characterized, but transport carriers form at the trans
face of the Golgi and migrate to the plasma membrane (Bard and Malhotra 2006; Polishchuk
et al. 2000; Wakana et al. 2012). In plant cells, mature carrier formation cisternae
disintegrate into vesicles and residual membrane fragments, thereby completing the life
cycle of a Golgi cisterna (Kang and Staehelin 2008) (Fig. 1b).

Cisternae at the carrier formation stage produce constitutive and regulated secretory vesicles
destined for the plasma membrane, as well as clathrin-coated vesicles destined for
endosomes and lysosomes/vacuoles (De Matteis and Luini 2008). In addition, older carrier
formation cisternae apparently recycle components to younger carrier formation cisternae by
a pathway involving the clathrin adaptor AP-1 (Valdivia et al. 2002). The production of
clathrin-coated vesicles rather than COPI vesicles is a clear distinction between the carrier
formation stage and earlier stages. Moreover, unlike earlier cisternae, the carrier formation
cisternae exchange membrane with the endosomal system (Pfeffer 2011; Viotti et al. 2010).
This difference is highlighted by the response of mammalian and plant cells to brefeldin A,
which causes cis through trans cisternae to fuse with the ER but causes the TGN to fuse with
endosomes (Klausner et al. 1992; Nebenführ et al. 2002).

Maturation Versus Micro-maturation
We define Golgi maturation as the transitions that initiate and terminate each of the three
stages: cisternal assembly, carbohydrate synthesis, and carrier formation. As described
above, these transitions are marked by changes in trafficking pathways. Maturation events
that have been visualized by live-cell imaging of yeast presumably reflect the transition
between the carbohydrate synthesis and carrier formation stages (Losev et al. 2006;
Matsuura-Tokita et al. 2006). Transitions between stages of the Golgi are expected to be
relatively fast, but studies of the transition intermediates will likely be informative. An
attractive possibility is that a cisterna in transition has a mixed composition (Pfeffer 2010),
with a domain corresponding to the earlier stage shrinking while a domain corresponding to
the later stage expands.

Some resident Golgi proteins are uniquely present during a particular stage, but others may
be present at two or even all three stages. For example, the yeast guanine nucleotide
exchange factor Gea2 has been localized to both early and late Golgi cisternae (Chantalat et
al. 2004; Spang et al. 2001; Tsai et al. 2013), and the homologous mammalian GBF1 protein
is apparently associated with Golgi membranes from the cisternal assembly stage to the
carrier formation stage (Lowery et al. 2013). Such overlap reflects the precursor-product
relationship between cisternae at successive stages.

Within each stage of Golgi maturation, changes occur as the cisterna ages. Examples include
the following:

• During the cisternal assembly stage, the membrane structure grows from a few
fused COPII vesicles to a full-size cisterna.

• During the carbohydrate synthesis stage, the enzymatic and lipid composition of
the cisterna evolves.

• During the carrier formation stage, clathrin adaptors are sequentially recruited.

We propose that changes occurring within a stage can be termed “micro-maturation”. These
relatively minor changes are mechanistically different from each other, and from the major
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changes in trafficking pathways that occur during the transitions between stages. This
concept provides a basis for categorizing the many processes that transform Golgi cisternae.

Ultimately, the three-stage model must be tested and refined by analyzing how Golgi
cisternae mature. A process called Rab conversion has emerged as a possible mechanism for
Golgi maturation, based partly on analogy to endosome maturation (Glick and Nakano 2009;
Mizuno-Yamasaki et al. 2012; Rink et al. 2005). Cascades involving Arf GTPases may also
play a role in Golgi maturation (Lowery et al. 2013; Richardson et al. 2012; Stalder and
Antonny 2013). The components that drive transitions between the three stages of the Golgi
are presumably conserved in most or all eukaryotes. Additional components found in certain
organisms, such as species-specific Rab proteins associated with the mammalian and plant
Golgi (Liu and Storrie 2012; Woollard and Moore 2008), are likely to regulate micro-
maturation events, giving the Golgi its unique properties in each cell type.
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Fig 1. Three-stage models of the mammalian and plant Golgi based on electron tomography of
high-pressure frozen/freeze substituted cells
a Model of pre-Golgi and Golgi structures in a mammalian cell (Ladinsky et al. 1999; Marsh
et al. 2001; Mogelsvang et al. 2004). The depiction of the ERGIC is based on serial thin-
section electron microscopy (Bannykh and Balch 1997).

i. Cisternal Assembly Stage: COPII vesicles bud from the ER, and fuse
homotypically to form ERGIC elements next to ER exit sites. ER resident proteins
are recycled from ERGIC elements to the ER via COPIa vesicles. Mobile ERGIC-
derived membranes then traffic to the cis side of a Golgi stack, where they
assemble into a pre-cis layer. Fusion of membranes of the pre-cis layer produces a
cis cisterna.

ii. Carbohydrate Synthesis Stage: A transition occurs when a cis cisterna loses the
ability to receive COPII vesicles while acquiring the ability to receive glycosylation
enzymes and sugar nucleotide transporters in COPIb vesicles. These processes
convert the cis cisterna into a medial cisterna. Medial cisternae mature into trans
cisternae. Both medial and trans cisternae are involved in carbohydrate synthesis,
with early-acting enzymes concentrated in medial cisternae and late-acting
enzymes in trans cisternae. Cisternae at the carbohydrate synthesis stage exchange
material with one another via COPIb vesicles.

iii. Carrier Formation Stage: A transition occurs when a trans cisterna loses the ability
to receive COPIb vesicles, and subsequently loses the ability to produce COPIb
vesicles while acquiring the ability to produce clathrin-coated vesicles. The timing
of secretory vesicle formation and the ultimate fate of carrier formation cisternae
are still poorly understood. ER membranes attached to trans and/or TGN cisternae
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probably function in direct lipid transfer between the organelles (Hanada et al.
2009). This diagram depicts the mammalian TGN as the last cisterna in the stack.

b Model of pre-Golgi and Golgi structures in a plant cell (Donohoe et al. 2013; Kang et al.
2011; Staehelin and Kang 2008).

i. Cisternal Assembly Stage: COPII vesicles bud from the ER, and attach to the cis
side of a Golgi stack that is transiently docked at an ER exit site. A cis initiator
cisterna is generated when 3–5 of these tethered COPII vesicles fuse homotypically
(see Fig. 2). Growth of the initiators is fueled by the fusion of additional COPII
vesicles, until the initiators merge into a coherent cis cisterna. The cis cisterna
continues to grow through fusion of COPII vesicles, and it nucleates new initiators.
ER resident proteins are recycled from cis initiators and cis cisternae to the ER via
COPIa vesicles.

ii. Carbohydrate Synthesis Stage: A transition occurs when a cis cisterna loses the
ability to receive COPII vesicles while acquiring the ability to receive glycosylation
enzymes and sugar nucleotide transporters in COPIb vesicles. These processes
convert the cis cisterna into a medial cisterna. Both medial and trans cisternae are
involved in carbohydrate synthesis, with early-acting enzymes concentrated in
medial cisternae and late-acting enzymes in trans cisternae. Medial and trans
cisternae can also be distinguished based on their luminal pH. Cisternal
acidification causes osmotic shrinkage of the trans cisternae, and squeezes the
proteoglycans and complex polysaccharides into the cisternal margins. Cisternae at
the carbohydrate synthesis stage exchange material with one another via COPIb
vesicles.

iii. Carrier Formation Stage: A transition occurs when a cisterna loses the ability to
receive COPIb vesicles, and subsequently loses the ability to produce COPIb
vesicles while acquiring the ability to produce clathrin-coated vesicles. During this
transition, the cisterna loses ~35% of its membrane surface area, and it peels away
from the stack. The free-floating cisterna then becomes a grape-like cluster of
nascent secretory and clathrin-coated vesicles. Release of these vesicles (~30 total)
occurs in a concerted manner, leaving only residual membrane fragments. This
diagram depicts the plant TGN as the cisternae immediately before and after the
transition to the carrier formation stage.
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Fig 2. Face-on cis-side views of 3D tomographic reconstructions of Arabidopsis meristem cell
Golgi stacks
Variations in the size and shape of the cis-most (orange) cisterna are consistent with the
cisternal maturation model. In the reconstruction at the upper left, 4–5 COPII vesicles have
fused to form a cis initator. The other reconstructions presumably correspond to successive
time points in the assembly of a full-size cis cisterna. Yellow spheres are COPII vesicles
associated with the cis side of the stacks. This figure is courtesy of Byung-Ho Kang.
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