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Chapter 1. Introduction

The Golgi apparatus was discovered by Camillo Golgi, who observed a “basket-like
network surrounding the nucleus in Purkinje cells” [1]. The existence of this organelle
was confirmed by electron microscopy in 1951 [1]. Afterwards, numerous discoveries
have been made about the morphology and function of this organelle, and it is now
considered as the central conduit in the secretory pathway [2]. The Golgi apparatus is the
biosynthetic station where protein and lipid glycosylation, as well as the assembly of
triglyceride with apolipoproteins occur [2, 3]. After posttranslational modification,
secretory proteins and lipids are sorted to their ultimate destinations by the trans-Golgi
network (TGN) [4]. Occupying the central position, the Golgi is also the hub where
membrane components from different organelles could be exchanged, thereby provides a
crosstalk between exocytosis and endocytosis [3, 5]. It is also involved in various other
cellular processes such as apoptosis [6], cell cycle control, cytoskeleton organization [7],
etc. In most eukaryotic cells, the Golgi apparatus is comprised of flattened cisternae that
are closely arranged together in parallel to form stacks [8], although in S.cerevisiae and
some protists, the Golgi is comprised of isolated cisternae and tubular networks [3, 9]. In
mammalian cells, tens and hundreds of Golgi stacks are laterally linked to form a ribbon-
like structure adjacent to the nuclei [2]. The relevance of the unique morphology to its
functions is unclear. In addition, the Golgi is a highly dynamic organelle that is able to

undergo rapid and reversible reorganization during the cell cycle [2].



Golgi architecture
Golgi stacking

In S.cerevisiae and some protists, the Golgi is comprised of discrete cisternae and
tubular networks [3, 9]. In most eukaryotic cells, including plants and animals, the Golgi
apparatus is composed of a series of flattened cisternae that are closely apposed and
aligned in parallel to form a stack [8], which is surrounded by transport vesicles (Fig.
1.1). Cryo-electron microscopic analysis of normal rat kidney cells reveals that all Golgi
cisternae within the cells have similar surface area, so are the length of all the cisternae
within a stack [3, 8]. Cargo flows through the Golgi could only temporally change the
length of cisternae, which rapidly restores to the original size [3, 10]. The lumen of a
Golgi cisterna is about 10-20 nm [8]. A canonical Golgi stack is composed of three main
compartments: the cis-, medial- and trans-Golgi cisternae, with extensive tubulovesicular
networks on each side: the cis-Golgi network (CGN) and trans-Golgi network (TGN) [2].
The CGN receives biosynthetic cargo from the ER, whereas the TGN sorts post-
translationally modified cargo to their final destinations [2]. Vesicles budded from the
cis- and medial- cisternae are COPI coated, whereas vesicles budded from the TGN are
exclusively clathrin-coated [3, 8]. Golgi cisternal stacking is a remarkably conserved
characteristics within the eukaryotic kingdom, even one of the earliest eukaryotes, the
diplomonad Giardia lamblia contains stacked Golgi cisternae [11], indicating that the
Golgi apparatus arose early in the eukaryotic evolution.

The Golgi is a polarized organelle [3]. The cisternal fenestration decreases towards
the medial cisternae, while the cisternal thickness decreases from cis- to trans-side [8].

The glycosylation enzymes are distributed in the stack in accordance with the sequence



they are involved in the glycosylation of cargo proteins [12]. From the cis- to the trans-
side of a Golgi stack, the thickness of lipid bilayer and the concentration of cholesterol
increase [13, 14], while the pH within the lumen decreases [3].

The mechanism underling the formation of Golgi stacks has been studied in
mammalian cells. Two homologous proteins, the Golgi Reassembly Stacking Protein of
65 kDa (GRASP65) and GRASPS55 have been identified as the Golgi stacking factors [15,
16]. Both proteins have been shown to mediate the stacking of Golgi cisternae in vitro
and in vivo, by forming mitotic regulated oligomers that link adjacent cisternae together
[15-18]. In addition, the antiparallel dimerization of cytosolic domains of sugar
transporters might also participate in Golgi cisternal stacking [3, 19]. However, how the

Golgi cisternal stacking regulates its biological functions is unclear.

Golgi ribbon

In plants and lower animal cells, the Golgi apparatus exists as discrete stacks that are
dispersed throughout the cytoplasm and localize adjacent to the ER exist sites (Fig. 1.2D)
[20]. In mammalian cells, the Golgi stacks are laterally linked by tubular continuities to
form a pericentriolar ribbon (Fig. 1.2A) [2]. The formation and localization of the Golgi
ribbon at the pericentriolar area depend on multiple players, including Golgi matrix
proteins, microtubule and actin cytoskeletons, etc.[7]. Tens of Golgi matrix proteins are
involved in the formation of Golgi ribbon. For example, depletion of GM130 [21], or
GRASP65/55 [22, 23] leads to disconnected Golgi ribbon in the pericentriolar region,
whereas depletion of Golgin-84 [24], Golgin-160 [25], or p115 [26] leads to dispersed

ministacks in the cytoplasm. Microtubules play a dual role in the organization of the



pericentriolar Golgi ribbon. First, Golgi stacks are transported to the pericentriolar region
along microtubules emanated from centrosomes via minus end-directed motor complex
dynein; second, a subset of microtubules that is emanated from the Golgi facilitates the
lateral linking of Golgi stacks into a connected ribbon [7]. Actin filaments are also
detected at the Golgi complex and are required for the localization of Golgi via actin-
based motor proteins [7]. Disruption of cytoskeletons causes Golgi fragmentation (Fig.
1.2B). The Golgi ribbon is oriented towards the cell surface where exocytosis occurs,
such as the leading edges of migrating cells [27]. The precise function of the Golgi ribbon
is unclear. Several studies reported that the basic functions of the Golgi apparatus, such
as membrane trafficking and modification of secretory proteins, are unaffected when the
Golgi is fragmented into separate ministacks [24, 25]. Recently, it has been suggested
that the Golgi ribbon facilitates lateral diffusion of Golgi enzymes and glycosylation of
cargo proteins [22], controls cell polarity [7], functions as a cell cycle check point [28,

29], or is involved in apoptosis [6] or parasite proliferation [30].

Figure 1.1. The electron microscopic images of the mammalian Golgi apparatus. (A) A Golgi ribbon
in HeLa cells is composed of several stacks. Scale bar, 500 nm. (B) A Part of the Golgi from a fast frozen,
freeze-substitution fixed NRK cell. (C) Tomographic reconstruction of the Golgi ribbon. The colors used to
represent different components in (B) and (C): ER, blue-gray; ribosomes, small purple spheres; ERGIC,
yellow; Golgi cisterna: C1, green; C2, purple; C3, rose; C4, olive; C5, pink; C6, bronze; C7, red.
Polymorphic structures in the non-compact region are light pink and gold. Non-clathrin-coated budding
profiles on cisternae C1-C6, blue stippling. Clathrin-coated buds on C7, yellow stippling. Bars, 250 nm.
(B) and (C) are adopted from [8].



Figure 1.2. The Golgi apparatus in animals, plants and budding yeasts. (A) In animal cells, the Golgi
stacks are laterally linked to form a ribbon like structure that localized adjacent to the nucleus. Image
shown is the NRK cells immunostained for the Golgi enzyme Mannosidase II. Scale bar, 10 wm. Image is
modified from [31] (B) The formation of Golgi ribbon depends on microtubules, the disassembly of
microtubule network causes the fragmentation of the Golgi ribbon. Image shown is NRK cells treated with
nocodazole to disrupt the microtubule network. Scale bar, 10 um. Image is modified from [31] (C) In S.
cerevisiae, the Golgi does not form stacks, but exists as single cisternae and are dispersed throughout the
cell. Image shown are the S.cerevisiae cells expressing the Sec7-GFP, arrow indicates a single cisternae.
Scale bar, 2 wm. Image is modified from [32]. (D) In plant cells, the Golgi stacks are dispersed in the
cytoplasm and localized adjacent to ER exit sites. Images shown are tobacco leaf epidermal cells. Upper
panel: Golgi marker ERD2-GFP; middle panel: Sarl-YFP; lower panel: colocalization. Note the Golgi and
ER exit sites colocalize. Scale bar, 5 wm. Images are modified from [33].



The Golgi apparatus as the crossroad in the secretory pathway
ER-to-Golgi and Golgi-to-ER transport

Biosynthetic cargo proteins are transported from the endoplasmic reticulum (ER) to
the Golgi apparatus after they are properly folded. The vesicular coat complex COPII
mediates the anterograde ER-to-Golgi transport, while retrograde transport from the
Golgi to the ER is mediated by vesicular coat complex COPI [3].

The first step of the ER-to-Golgi transport is the generation of COPII vesicles,
which mediates the exit of cargo proteins from the ER [3]. Components of COPII
vesicles are involved in the selection and concentration of cargo proteins at the ER and
the membrane deformation that generates COPII coated vesicles whose diameters are 60-
80nm [34]. In S. cerevisiae, COPII vesicles can bud across the entire surface of ER, while
in P. pastoris and metazoan, COPII vesicles can only bud from distinct ribosome free
domains, termed as transitional ER (tER), or ER exit sites (ERES) [35].

In P. pastoris and plant cells, the Golgi stacks localize adjacent to the ERES [33],
therefore, COPII vesicles can fuse with cis-Golgi cisternae [3]. However, in mammalian
cells, the Golgi apparatus localizes in the pericentriolar region, which is not necessarily
adjacent to ERES [3]. Uncoating of COPII vesicles occurs adjacent to the ERES, which is
followed by homotypical fusion to form vesicular tubular clusters (VTCs), or fusion with
existing carriers, or membrane structures such as the ER-Golgi-intermediate-
compartment (ERGIC) [3, 36]. Those VTCs are transported along microtubules via motor
protein dynein to the Golgi apparatus [3]. Docking of VTCs with the cis-Golgi depends
on pl15 and GM130, and the following fusion event involves the SNARE syntaxin 5 [37-

39].



The Golgi-to-ER retrograde transport is mainly mediated by COPI vesicles [3].
Cargos transported from the Golgi to the ER include chaperones bearing a KDEL motif
that could be recognized by the KDEL receptors [40]. Some other transmembrane
proteins, such as the p24 family, bearing the di-lysine signal on the cytoplasmic tail, are

also retrieved via COPI vesicles [41].

COPII and COPI vesicles

COPII vesicles mediate the transport from the ER to the Golgi apparatus [3]. COPII
vesicles consist of Sarl, Sec23/Sec24, Secl13/Sec31 subunits [42]. The assembly of
COPII vesicles is well characterized in S. cerevisiae [42]. The ER-integral membrane
protein Sec 12 is the guanine nucleotide exchange factor (GEF) for the small GTPase
Sarl, and it catalyzes the exchange of GTP for GDP on Sarl [43]. When it is in the GTP-
bound form, the hydrophobic N-terminus of Sarl extends outward and anchors the
protein onto the ER membranes [44]. The membrane-bound Sarl-GTP then recruits the
heterodimeric Sec23/Sec24 coat protein complex [44]. Membrane cargo proteins bearing
specific sorting sequences in their cytosolic domains that bind to the Sec23/24 complex
are recruited and enriched into the budding vesicles [42]. Luminal soluble cargos are
recruited to the vesicle by binding to specific receptors [42]. A second heterodimeric
coat Sec13/Sec31 complex are recruited to the budding vesicle to form the outer layer
and promote membrane deformation [45] . After the budding of the vesicle, the Sec23
coat subunit catalyzes GTP hydrolysis of Sarl, which leads to the disassembly of the

coat, so that the uncoated COPII vesicles can fuse with target membranes [34].



The formation of COPI vesicles is initiated by small GTPase ADP-ribosylation
factor 1 (ARF1), which recruits coatomer composed of o, 3, B’, v, 9, €, T subunits for the
assembly of COPI vesicles [46]. ARF1 is myristoylated at its amino terminus, which is
critical for its membrane association [47]. Like all small GTPases, guanine nucleotide
exchange factors (GEFs) are needed to catalyze the activation of ARF1, while GTPase-
activating proteins (GAPs) catalyze its deactivation (Fig. 1.3) [46]. When it is in the
GTP-bound or active form, ARF1 binds to the membranes; when the GTP is hydrolyzed
to GDP, ARF1 disassociates from the membranes [48]. Two mutant form of ARF1 have
been widely used. The Q71L mutant has low GTPase activity and is constitutively active;
the T31N mutant preferentially binds GDP and remains inactive [49]. Brefeldin A (BFA)
1s a chemical that binds to ARF1 GEF, and causes the inactivation of ARF1 GTPase and
dissociation of coatomers from the Golgi membranes; the Q71L mutant is insensitive to
BFA treatment [49]. The Golgi apparatus quickly merges into the ER via tubular
structures when cells are treated with BFA [50].

GTP GDP

ARF1-GDP

ARF1
Pi GAP

Figure 1.3. The ARF1 GTPase cycle. The GTP-bound ARF1 GTPases is active and associated with the
membranes. The intrinsic GTPase activity of the molecule hydrolyzes GTP to GDP, and GDP-bound form
is inactive and dissociates from the membranes. GTPase activating proteins (GAPs) enhance GTPase
activity and favor the inactive, GDP-bound state. GTP exchange factors (GEFs) catalyze the exchange of
GDP with GTP and thus favors the active, GTP-bound state.



Intra-Golgi cargo transport

A long existing debate about the Golgi apparatus is how cargo is transported within
the Golgi apparatus. There are four models: (1) the vesicle transport model, (2) the
cisternal maturation model [51], (3) the rapid partitioning model [52], and (4) the
cisternal progenitor model [53].

The vesicle transport model (Fig.1.4A) proposed that Golgi enzymes are retained in
the cisternae while cargo proteins are transported from cis to trans Golgi via anterograde
COPI vesicles [51]. The polarized distribution of Golgi enzymes can be easily explained
with this model [51]. It is also conceivable that the Golgi is surrounded by abundant
COPI vesicles, since COPI vesicles mediate the transport of cargo proteins [8]. However,
the vesicle transport model encountered difficulties in explaining some phenomena.
Some of the cargos traversing the Golgi are too large to fit into COPI vesicles (diameter =
60-80 nm), for example, scales in algae and procollagen in mammalian cells [51, 54, 55].
In addition, although the role of COPI vesicles in retrograde transport has been
established, evidence for COPI-dependent anterograde transport is lacking [51].

In the scenario of the cisternal maturation model (Fig. 1.4B), new cisternae form at
the cis side of the stack, cargos are retained in the cisternae while the Golgi resident
proteins are recycled from older to younger cisternae via retrograde COPI vesicles,
thereby driving the maturation of the cisternae [5S1]. This model is supported by the
morphological observation that cisternae form at the cis side and peel off at the trans side
of the stacks [56], and it has many advantages and is reconciled with most experimental
data. First of all, the transport of large cargos can be easily explained. It explains why

Golgi resident proteins can be found in multiple adjacent cisternae [51]. The observation



that different cargos, like procollagen and smaller transmembrane protein VSV-G, travel
through the Golgi at the same rate supports the cisternal maturation model [57]. Another
piece of strong evidence came from two recent independent high resolution live cell
video microscopic data showing that one Golgi cisterna was converted to another without
change of localization in S. cerevisiae [32, 58].

The key issue regarding the two models above is the content of COPI vesicles [51].
Several groups have reported that glycosylation enzymes are concentrated in COPI
vesicles [59, 60], while other groups reported conflicting results that COPI vesicles
contain cargo proteins like proinsulin and VSV-G, while glycosylation enzymes are
depleted from COPI vesicles [61-63]. Different subsets of COPI vesicles have been
reported, and it is possible that two or more classes of COPI vesicles may exist to
mediate retrograde and anterograde transport, respectively [64, 65]. For example, the
GM130-pl115-giantin tether binds COPI vesicles that contain the p24 cargo receptor
family protein and anterograde cargos, while the CASP-golgin-84 complex binds
retrograde transport vesicles containing Golgi enzymes, suggesting the existence of
different subpopulations of COPI vesicles [65]. New approaches are needed to address
those controversies.

In addition to COPI-mediated transport, tubular connections between different
cisternae may provide an alternative mean of transport between Golgi cisternae [10, 66].
It is reported that cargo flow through the Golgi stimulates the formation of intercisternal
connections among different Golgi compartments; when cargos exit the Golgi, these
connections disappear [10]. However, whether it is the cargo or Golgi resident proteins

that are transported through these tubular continuities is unknown.
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Figure 1.4. The vesicle transport model and the cisternal maturation model [51]. (A) The vesicle
transport model. Golgi resident proteins are retained in individual Golgi compartments, whereas cargo
proteins are transported from the endoplasmic reticulum (ER) to the Golgi via COPII vesicles. After fusing
with the cis-Golgi cisternae, the intra-Golgi transport is mediated via anterograde COPI vesicles in the cis-
to-trans direction. Finally, cargo proteins exit the TGN in clathrin-coated vesicles (CCV) or secretory
carriers. (B) The cisternal maturation model. New Golgi cisterna is formed by the fusion of COPII vesicles
that carry cargos from the ER, maturates in the cis-to-trans direction and then breaks down into transport
carriers at the TGN. Maturation of the cisternae is driven by retrograde COPI vesicles or CCV vesicles (at
TGN) carrying Golgi resident proteins from older cisternae to younger cisternae.

The third model is the rapid partitioning model proposed by Jennifer Lippincott-
Schwartz [52]. This model regards the Golgi as a “two-phase membrane system” where
cargo proteins are rapidly partitioned into the “processing domains” and “export
domains”. This model is based on the microscopic result showing that cargo proteins exit
the Golgi with exponential kinetics, and they are quickly distributed into different Golgi
cisternae upon arrival, but are not enriched in certain cisterna at anytime [52]. However,

these experimental data are inconsistent with previous reports that VSV-G is enriched in
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given cisternae that maturate along the cis-to-trans axis, and colocalizes with different
Golgi markers at different time points after the temperature release [57].

Recently, Suzanne Pfeffer proposed a fourth model for the intra-Golgi transport
termed as the cisternal progenitor model [53]. This model is based on two premises. The
first premise is that the Golgi “undergoes continual, lateral fission and fusion” [53],
which has been widely observed. The second premise is based on the Rab cascade theory
that upstream Rab GTPase recruits the guanine nucleotide exchange factor (GEF) for the
downstream Rab, therefore recruits and activates the downstream Rab, whereas the
downstream Rab recruits the GTPase accelerating protein (GAP) for the upstream Rab
and inactivate it [67, 68]. Combining the two premises, Pfeffer proposed that the cis-,
meidal- and trans-Golgi cisternae contain RabA, RabB, and RabC, respectively. Golgi
stacking proteins hold the cisternae together. RabA recruits the GEF for RabB, and a
RabB subdomain is formed and can be separated from the RabA cisterna by fission (Fig.
1.5A). The RabB subdomain then fuses with the stable RabB cisterna via homotypical
fusion, which can transport cargos to the RabB cisternae (Fig. 1.5B). Cargos can also be
transported via vesicles from RabA compartment to RabB compartment followed by
heterotypic fusion. RabB then recruits the GAP for RabA and displaces RabA from the
RabB dominant cisternae (Fig. 1.5C). Golgi resident proteins such as glycosyltransferases
are retained in a given compartment probably by interacting with specific Rab effectors
[53]. This model accommodates the observation mentioned above that cargo proteins exit
the Golgi in an exponential manner [52], which does not fit into the cisternal maturation
model. More evidences are needed to support this new model. For example, how the

Golgi resident and cargo proteins are segregated into different domains of the cisternae is
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unknown. It would be essential to identify the Rabs, GEFs, GAPs, as well as Rab
effectors that act within the Golgi apparatus to provide the identity, directionality and

polarity of the Golgi.
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Figure 1.5. The progenitor model of intra-Golgi transport [53]. (A) Different Golgi cisternae in a stack
are marked with different Rab GTPase (e.g. RabA and RabB) in the cis-to-frans direction. RabA can recruit
the RabB GEF and create a RabB subdomain, which may be segregated by fission. Cargo proteins in this
subdomain are thereby separated from the RabA compartment. (B) The RabB subdomain can fuse with the
stable RabB dominant compartment and transport cargo proteins to a later cisterna, Golgi resident proteins
are retained in a given cisterna probably by interacting with other effectors of the dominant Rab GTPase in
the cisterna. (C) RabB recruits the GAP for RabA and displaces RabA from the RabB dominant domain.
Through the reversible lateral fission/fusion and Rab cascade, cargos are transported through the Golgi
stacks, whereas Golgi resident proteins are retained in a given cisterna.

Post-Golgi transport
After the cargo proteins have been modified in the cis-to-trans cisternae of the Golgi

apparatus, they are sorted to different destinations via the trans-Golgi network (TGN)
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[42]. The morphology and biochemical properties of the TGN are different from that of
earlier Golgi cisternae [4]. The TGN in most cell types is a tubular network that bound to
the trans-Golgi cisterna [4]. Membranes of the TGN have high concentration of
cholesterol and sphingolipid due to the input from endocytosis [4]. TGN produces
clathrin-coated vesicles but not COPI vesicles, while earlier Golgi cisternae produce
COPI vesicles [3]. TGN resident proteins contain cytosolic tail with signals for adaptor-
mediated retrieval from endosomes, which are different from that of earlier Golgi
resident proteins [69]. In plant cells, the TGN is usually physically disconnected from the
Golgi stacks [70].

The TGN contains multiple sorting stations (Fig.1.6)[4]. Transport from TGN to late
endosomes (LE) and lysosomes (LL) are mediated via clathrin coated vesicles (CCV) and
adaptors [51]. For example, lysosomal hydrolases bearing the mannose-6-phosphate
signal bind to mannose-6-phosphate receptors (M6PRs) and are transported to LE and LL
via CCV. Lysosomal hydrolases dissociate from M6PR at the low pH environment in
LE/LL, and the M6PRs recycle back to TGN [42]. Transport from TGN to plasma
membrane is mediated through several routes: many secretory proteins are transported
via pleiomorphic structures; some mammalian secretory proteins, like VSV-G, pass
through recycling endosomes (RE) en route to the cell surface; regulated secretory
cargoes are condensed and “pinch off” the TGN to form dense-core secretory granules
[4]. Only recently, a COPI, COPII like transport carrier, exomer, has been identified to
mediate the transport of a subset of secretory proteins from TGN to plasma membranes in
yeast [71]. Cargo carriers from the TGN are elongated and transported along

microtubules via the interaction with motor complexes [4].
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In addition to functioning as the exit site of the Golgi, TGN is also the interface
between the Golgi and the endocytotic system. The overall size and lipid content of the
TGN, as well as the shape and function of the TGN, are affected by the membrane input
from endocytosis, since the input from the plasma membrane-endosomal membranes are
rich in cholesterol and sphingolipid, as well as other proteins, which contributes to the
tubular morphology of TGN [4].

Endocytosis is the process of internalizing molecules from the cell surface into
intracellular compartments [42]. The classical endocytosis depends on adaptor proteins
and clathrin coated vesicles (CCVs) [42]. Ligands of clathrin-dependent endocytosis
include TGN38 and transferrin receptor (TfR), etc. [3]. After uncoating, CCVs
homotypical fuse with each other to form early endosomes (EE) or fuse with existing EE
[3]. Membrane proteins in EE, such as TfR, can recycle back to the plasma membrane
directly or through the recycling endosomes (RE), while some other membrane proteins,
such as receptor-ligand complexes LDLR, EGFR, are sorted to LE/LL for degradation
(Fig. 1.6) [3, 4]. TGN38 is delivered from plasma membrane to the TGN via RE, and this
route is exploited by some bacteria toxins and viruses, such as cholera toxin, shiga toxin,

SV40, to escape from the lysosomal degradation [3, 4].
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Figure 1.6. The post-Golgi transport [4]. Transport from the TGN to the plasma membrane is mediated
through multiple routes. TGN-derived transport carriers can be directly delivered to plasma membrane, or
through recycling endosomes. Regulated secretory cargos are condensed in the TGN, pinch off and
condensed further to form dense-core secretory granules. Transport from TGN to late endosomes and
lysosomes are mediated via clathrin-coated vesicles (CCV). TGN is also the interface of the Golgi stacks
and plasma membrane. TGN receives input from plasma membrane and late endosomes via recycling
endosomes.
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Golgi biogenesis
In many eukaryotic cells, Golgi stacks are closely associated with transitional ER

(tER) sites [54]. COPII vesicles fuse homotypically to form new cis-Golgi cisternae [72],

or heterotypically with formed cisternae [73]. Therefore, tER sites can be regarded as the
“birthplace of Golgi cisternae” [51]. In the budding yeast Pichia pastoris, Golgi stacks
localize adjacent to tER sites and are generated de novo along with new tER sites [74].
Similar observation has been made in the protozoan Trypanosoma brucei [75]. In
addition, the transport of ER membranes into the bud is indispensable for the generation
of new Golgi cisternae in Saccharomyces cerevisiae [76]. In mammalian cells where the
Golgi existed as a ribbon in the pericentriolar region (Fig. 1.7A), the Golgi apparatus
undergoes extensive fragmentation during mitosis and reassembles in the two daughter
cells after mitosis (Fig. 1.7). The Golgi ribbon first breaks down to individual stacks at
G2 phase, which is followed by the unstacking of Golgi cisternae. Isolated Golgi
cisternae undergo further disassembly, and the mitotic Golgi fragments are distributed
throughout the cell (Fig. 1.7B) and partitioned equally in the two daughter cells [2]. After
mitosis, the Golgi remnants reassemble in the two daughter cells (Fig. 1.7C)[77]. The
mitotic fragmentation of the Golgi was thought to facilitate the inheritance of this
organelle [2]. However, a wide debate regarding to this process exist for a long time.
Does the Golgi maintain its separate identity, or merge into the endoplasmic reticulum
(ER) during mitosis? It also raises the question whether the Golgi is an independent
organelle or a transient intermediate station with enzymes constitutively recycling

between the Golgi and the ER [78]. Two models have been proposed to explain the
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mitotic fragmentation of the Golgi apparatus: (1) the Golgi-ER recycling model, and (2)

the direct Golgi fragmentation model [78].

Figure 1.7. Golgi disassembly/ reassembly during the cell cycle in mammalian cells [79]. HeLa cells at
different stages of the cell cycle are stained for Golgi marker (A) Interphase, (B) Metaphase, (C)
Cytokinesis. Scale Bar, 5 um. Images are adopted from Dr. David Shima [79].
Two models explaining the mitotic Golgi fragmentation

The Golgi-ER recycling model (Fig. 1.8) proposes that the mitotic Golgi
disassembly resembles the phenotype of brefeldin A (BFA)-treated cells, in which the
Golgi fuses with the ER due to the inactivation of ARF1 GTPase [80]. This model has
been supported by the observation of redistribution of Golgi enzymes into ER by
expression of the dominant-negative form of Sarl GTPase, which blocks the formation of
COPII vesicles [81]. Zaal et.al. showed that Golgi enzymes have high diffusion mobility
and are recycling between the ER and the Golgi constantly using the microscopy
technique and GFP-tagged Golgi enzyme [31,4-galactosyltransferase; at steady state over
30% of the enzyme was found in the ER [82]. However, it is possible that the GFP tag
may change the behavior of Golgi enzymes and retain them in the ER.

The Golgi direct fragmentation model (Fig. 1.8) proposes that during mitosis, the

COPI vesicles bud from the Golgi continuously without membrane fusion, resulting in a
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pool of tubules and vesicles (Golgi “haze”) containing Golgi resident proteins [78, 80].
Earlier biochemical studies showed that the Golgi and ER proteins could be separated
using sucrose gradient [83, 84]. The mitotic Golgi membranes can be divided into two
classes according to the sizes of the fragments, and the major class comprises of vesicles
whose diameters are about 60 nm [83]. Mitotic Golgi membranes are morphologically
different from mitotic ER membranes. Immunofluorescent images showed that mitotic
ER remains as a fine reticulum that is excluded from the spindle-pole region, while
mitotic Golgi membranes are distributed throughout the cytoplasm [83], and appeared as
clusters or separate vesicles under electron microscope [85]. Surgically generated
cytoplasts without the Golgi failed to regenerate Golgi from the ER, nor could they
transport cargos to the cell surface, whereas re-introduction of a small quantity of the
Golgi reassumed exocytosis significantly, suggesting that the Golgi is an independent
organelle [86]. Another piece of evidence was provided by Malhotra’s group using a
novel trapping assay [87]. The author tagged an ER resident protein, the human invariant
chain, and a Golgi enzyme sialytransferase, with a pair of domains that rapidly interact in
the presence of rapamycin. While sialytransferase was trapped in the ER after BFA
treatment and washout, it was only found in the Golgi after mitosis, suggesting that there
is no recycling of Golgi enzymes to the ER at any time of mitosis [87]. Furthermore,
Warren’s group has studied the dynamic characteristics of the Golgi “haze”. They treated
the cells with the drug filipin that fragments ER membranes into large but immobilized
pieces, and monitored the diffusion pattern of Golgi markers. Although the diffusion of
ER proteins was largely reduced, the diffusion of Golgi markers remained unaffected,

indicating the Golgi remains independent from the ER during mitosis [88]. In addition,
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our previous experiments demonstrated that the small GTPase ARF1 that is required for
the generation of COPI vesicles, remains active during mitosis, and its activity is required
for mitotic Golgi fragmentation [89]. Our results confirm the role of COPI vesicles in

mitotic Golgi disassembly and support the Golgi direct fragmentation model.
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Figure 1.8. Two models explaining the Golgi fragmentation during mitosis [78]. In interphase cells, the
Golgi receives cargos from the ER via COPII vesicles. The retrograde transport within the Golgi and from
Golgi to ER is mediated by COPI vesicles. Two models have been proposed to explain the fragmentation of
the Golgi apparatus in mitosis. The Golgi-ER recycling model hypothesizes that both anterograde and
retrograde transport are blocked and Golgi enzymes are redistributed into the ER via tubular structures. The
direct fragmentation model states the forward transport by COPII vesicles is blocked, but COPI vesicles
continue to bud in the absence of membrane fusion, which generates a pool of tubules and vesicles.
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Golgi disassembly/reassembly during the cell cycle

The mitotic Golgi fragmentation is a complicated and multi-step process (Fig. 1.9)
[90]. The Golgi ribbon first breaks down to separated stacks in G2 phase, which requires
the membrane-fission proteins CtBP3/BARS [91], as well as the activity of the mitogen-
activated protein kinase kinase 1 (MEK1) [92]. Once the cell has passed the mitotic
checkpoint, the duplicated centrosomes migrate to opposite sides of the nucleus and
subsequently, the microtubules are rapidly rearranged to form the mitotic spindle [77].
The elevated Cdkl/cdc2 activity causes Golgi unstacking [77]. The stacking of Golgi
cisternae is mediated by two homologous proteins GRASP65 and GRASP5S5, which form
mitotic regulated oligomers to link adjacent Golgi cisternae together. Upon on the
phosphorylation by mitotic kinases, the oligomers of GRASP65 and GRASP55 break
down, therefore, the Golgi is unstacked [17, 18]. The isolated Golgi cisternae further
break down into vesicles and tubules termed as mitotic Golgi fragments (MGF) via COPI
mediated budding in the absence of membrane fusion [77].

The Golgi reassembly is a reverse process of disassembly involving cisternal
regrowth via membrane fusion and cisternal restacking (Fig. 1.9) [77]. In vitro
reconstitution assay demonstrated that the membrane fusion depends on two AAA
ATPase, N-ethylmaleimide-sensitive factor (NSF) and p97 [93]. NSF is well known as an
ATPase that separates SNARE (soluble NSF attachment protein receptor) complexes
formed during the membrane fusion, thereby releases them for another round of fusion
[94]. NSF functions together with a-SNAP, y-SNAP, and pl115 [93]. However, the
ATPase activity of NSF is dispensable for Golgi reassembly [95], whereas the ubiquitin-

like protein GATE-16, which regulates SNARE pairing, is involved in this process [96].
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In the other pathway, p97 cooperates with its adaptor protein p47, which links it to the t-
SNARE, syntaxin-5 [97]. p47 also contains a ubiquitin-associated domain, this UBA
domain binds ubiquitin and is required for its activity in Golgi reassembly [98]. Indeed,
ubiquitination in mitosis is required for post-mitotic regrowth of Golgi cisternae, and
another cofactor of p97, VCIP135, acts as a deubiquitinating enzyme during p97-p47-
mediated post-mitotic Golgi reassembly [99]. However, the substrate and E3-ligase of
ubiquitination remain unknown. In chapter V, we have identified a potential Golgi
localized E3-ligase HACE]1 that may regulates this process, and syntaxin-5 as a potential
ubiquitination substrate. The initial and transient restacking of cisternae is mediated via
pl15 by binding to GM130 and giantin that localize on opposite cisternae [100]. After
that, the alignment and stacking between cisternae are strengthened by GRASP65 and
GRASPS55, which are dephosphroylated by protein phosphatase 2A (PP2A) after mitosis

[77, 90].
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Figure 1.9. Illustration of the Golgi disassembly and reassembly process [90]. Golgi disassembly can
be divided into two processes: unstacking and vesiculation. Two mitotic kinases, Cdkl/cdc2 and plk,
phosphorylate GRASP65 and thus disrupt GRASP65 oligomers and unstack the Golgi. ARF1 and the
coatomer complex are the minimal components needed for the budding of COPI vesicles and thus the
vesiculation of Golgi membranes. After mitosis, Golgi reassembly could also be divided into two
processes: cisternal regrowth and restacking. Cisternal regrowth mediated by membrane fusion requires
two AAA ATPases, p97 and NSF. NSF functions together with syntaxin-5, a-SNAP, y-SNAP, and p115.
p97 cooperates with adaptor proteins p47 and VCIP135. The cisternae regrowth mediated by p97 pathway
requires mono-ubiquitination of Golgi membrane proteins during mitosis, and deubiquitination in the
reassembly process by VCIP135. Restacking of the cisternae depends on the dephosphorylation of Golgi
matrix proteins by protein phosphatase PP2A.
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GRASP65 and GRASPSS

As mentioned before, in most animal, plant and fungi cells, the Golgi apparatus is
consisted of flattened cisternae that are arranged in stacks embedded in a ribosome-free
zone, and functions as the hub in the secretory pathway [3]. In animal cells, these Golgi
stacks are further connected to form a ribbon-like structure that localizes adjacent to the
nuclei, whereas in plant cells and fungi, the Golgi stacks are dispersed throughout the
cytoplasm [8, 101]. How the Golgi maintains this unique architecture is far from clear.
Early morphological and biochemical studies revealed that there were “proteinaceous
cross-bridges” linking adjacent Golgi cisternae [102, 103]. Warren and colleagues
isolated a protein complex that was resistant to detergent and salt, and raised the concept
of Golgi matrix proteins for the first time [103]. Tens of components of the Golgi matrix
have been identified, including GRASPs and golgins, both have major roles in
maintaining the structural organization of the Golgi apparatus, and regulating traffic

through the Golgi [104].

Golgins

Golgins are a family of Golgi-associated coiled-coil proteins that are necessary for
vesicle docking and Golgi integrity. Many Golgins interact with Rab-family small
GTPases, and these interactions may recruit golgins to the Golgi or other organelles, or
regulate their function [105]. Golgins localize to different compartments of the Golgi
apparatus, for example, GM130 is found in the central region of the CGN and cis-
cisternae [106], whereas Golgin-84 localizes to the rims [107], GMAP210 is a cis-Golgi

localized golgin [108], and golgin-97 localizes to the trams-side [109]. The extended
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configuration of the coiled-coil domain makes golgins ideal for tethering membranes
over a relative long distance [104]. In addition, spaces between predicted coiled-coil
domains allow golgins to make conformational changes, which may be needed to bring
two membranes close enough for fusion [104]. Tethering may be followed by membrane
fusion, such as membrane traffic, Golgi cisternae formation, and ribbon formation;
tethering may occur without fusion, for example, the formation of Golgi stacks [104].

The most well-characterized golgin is GM130. GM130 is cis-Golgi localized
peripheral membrane protein that form stable complex with GRASP65 [110]. GM130
contains 6 coiled-coil domains and exhibits an extended rod-like configuration [106].
GM130, together with its interacting protein p115, is involved in both anterograde and
retrograde transport. pl115 is recruited onto COPII-coated vesicles via interaction with
Rabl GTPase to mediate ER-to-Golgi transport [38], or alternatively onto COPI-coated
vesicles via interaction with integral golgin giantin [100]. p115 then interacts with
GM130 and its interacting partner GRASP65 to link these vesicles to the cis-Golgi [110].
In the giantin/p115/GM130 pathway, it has been shown that the tethering precedes and
directs the cognate SNARE complex assembly that is necessary for membrane fusion [38,
111]. Consistent with the role in the tethering event, a recent study showed that depletion
of GM130 by RNA interference causes fragmentation of Golgi ribbon and aberrant
glycosylation of the plasma membrane proteins. It is speculated that knockdown of
GM130 inhibits the lateral fusion of Golgi cisternae and disrupts the uniform distribution
of Golgi enzymes that are responsible for proper glycosylation of proteins [22]. GM130
also regulates the microtubule cytoskeleton. GM130 recruits y-tubulin complex to the cis-

Golgi via A-kinase anchoring protein 450 (AKAP450) and nucleates non-centrosomal

25



microtubules. These Golgi originated microtubules function in Golgi ribbon formation,
cell polarity establishment and directed cell migration [21]. In addition, GM130 controls
centrosome organization by binding to a cdc42 GEF, Tuba. Depletion of GM130 results
in multiplication of centrosomes, aberrant multi-polar spindles, and improper cell
division [112]. Similar to GM130, many golgins have been shown to have functions other
than membrane tethering (table 1.1), for instance, the trans-Golgi localized GCC-185

also recruits non-centrosomal microtubules via its interaction protein CLASP [113].

GRASPs

GRASPs (Golgi Reassembly Stacking Proteins) are peripheral membrane proteins
that attach to the Golgi membranes via the N-terminal myristic acid [15]. Two
homologous proteins GRASP65 and GRASPS5S5 (Fig. 1.10), localizing to cis- and
medial/trans-Golgi, respectively, have been identified in mammalian genome [16].
Homologues in other organisms, including yeasts [114], flies [115], Dictyostelium [116],
etc. have also been identified and characterized. GRASPs have been shown to participate
in Golgi cisternal stack formation, Golgi ribbon formation, unconventional secretion,
cargo transport, cell cycle regulation, apoptosis, mitotic spindle formation, cell polarity

establishment, etc [15, 18, 22,29, 117-119].
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Figure 1.10. Comparison of the rattus norvegicus GRASP65 and GRASP55 sequences. Alignment of
the GRASPS55 (NP_001007721.1) and GRASP65 (NP_062258.2) sequences: black background indicates
identity and the shading indicates these residues are conserved.

GRASPs are originally identified as Golgi stacking factors using the in vitro Golgi
disassembly and reassembly assay [15, 16]. Purified rat liver Golgi can be fragmented
upon the incubation of mitotic cytosol extracted from spinner HeLa cells, and these
mitotic Golgi fragments (MGF) are able to reassemble to cisternae and Golgi stacks when
further incubated with interphase cytosol. Adding antibodies against GRASP65 or
GRASPS55 or soluble recombinant proteins inhibits the reassembly of Golgi stacks, but
not the regrowth of Golgi cisternae, suggesting that GRASP65 and GRASPS5S5 are
involved in the formation of Golgi stacks [15, 16]. Microinjection of GRASP65
antibodies into mitotic cells blocks the reassembly of the Golgi apparatus in post-mitotic
daughter cells, confirming the in vitro results [17]. However, the in vivo experiments
revealed controversial observations. The initial RNA interference (RNAi) experiment
confirmed that GRASP65 is involved in the cisternal stacking process [118], whereas
another group reported that GRASP65 participates in the ribbon formation rather than the

stack formation [22]. Similar arguments applied to GRASPS55, too [23]. We have
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performed a systematic electron microscopic analysis of HeLa cells depleted of
GRASP65, or GRASPSS, or both GRASPs, and found that depletion of a single GRASP
protein led to partially unstacking of the Golgi, which could be rescued by the exogenous
expression of GFP-tagged RNAI resistant GRASP65 or GRASPSS; depletion of both
GRASPs resulted in a more complete disassembly of the Golgi stacks; exogenously
expressing GRASP65 or GRASP5S5 could only partially rescue the knockdown effects
[18]. We did observe a mild fragmentation of the Golgi ribbon in 22-24% of the cells
depleted of GRASPS55 [18], suggesting that GRASPS55 may be also involved in the Golgi
ribbon formation, or the ribbon unlinking is a secondary effect of the unstacking of
cisternae.

GRASP65 and GRASPS5 form stable dimers, which further form phosphorylation
regulated oligomers that link adjacent cisternae into a Golgi stack [17, 18, 120]. Both the
dimerization and oligomerization are mediated through the highly conserved N-terminal
GRASP domain (Fig. 1.11), which consists of two predicted PDZ domains [17, 18, 120].
The PDZ domain is a common protein module involved in protein-protein interaction,
which typically contains two a-helices (a1-2) and five to six p-strands (f1-6). A ligand
inserts between the a2 and 2, and form a sheet with B2 and 3 [121]. It is the first PDZ
domain in the GRASP domain that mediates the homotypic interaction of GRASP
proteins [122]. The C-terminuses of GRASP65 and GRASPS5S, although less conserved,
contain multiple proline-directed serines/threonines, thereby termed the Serine/Proline-
rich (SPR) domain (Fig. 1.11) [120]. Both GRASP65 and GRASPS55 are phosphorylated
during mitosis through the SPR domain, which disrupts the oligomerization of GRASP

proteins, and leads to the unstacking of Golgi during mitosis [17, 18, 120]. GRASP65 is a
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target of the mitotic kinase Cdk1/cdc2 and polo-like kinase 1 (plkl) [17, 18, 120, 123].
plkl docks onto GRASP65 after the latter has been phosphorylated by Cdkl1/cdc2 [124].
A combination of purified Cdkl1/cdc2 and plkl kinases phosphorylates GRASP65 to the
same extend as mitotic cytosol does, and leads to the unstacking of purified rat liver
Golgi [17]. Therefore, a combination of the Cdkl/cdc2 and plk is used to mimic the
mitotic cytosol to generate the phosphorylated GRASP65. Expression of the C-terminus
of GRASP65 delays the mitotic progression, suggesting that the C-terminal SPR domain
of GRASP65 may function as a mitotic checkpoint [118]. GRASPS5S5, on the other hand,
is phosphorylated by the MAPK ERK2 [125], whereas it is only mildly phosphorylated
by Cdkl/cdc2, but not by plkl [18], suggesting that GRASP65 and GRASPS55 are
regulated by different signaling pathways.

GRASP65 interacts with the vesicle docking receptor protein GM 130 via amino acid
189-201 (Fig. 1.11) [110]. GRASP65 and GM130 were found in a detergent extracts of
Golgi membranes under both interphase and mitotic conditions. This interaction is
thought to anchor GM 130 on the Golgi membrane and participate in the docking of p115
tethered COPII vesicles [110]. It has also been shown that the GM130/GRASP65
complex recycles between the cis-Golgi and the late intermediate compartment, the
membrane station that dynamically protrudes from the Golgi and undergoes homotypic
fusion with intermediate compartments [117]. Similarly, GRASP5S5 interacts with a Golgi
localized coiled-coil protein, golgin-45. Golgin-45 is a Rab2 effector, depletion of golgin-

45 disrupts the Golgi structure and inhibits secretory cargo transport [126].
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Figure 1.11. GRASP65 and GRASPSS structures. Rat GRASP65 and GRASPS55 are composed of the
GRASP domain on the N-terminus and the Serine/Proline-rich (SPR) domain on the C-terminus. The
GRASP domain of GRASPS55 is 66% identical and 80% similar to that of GRASP65, and mediates the
dimerization and oligomerizaiton of the proteins. The PDZ domains within the GRASP domain are
predicted using the SMART database (http://smart.embl-heidelberg.de/). The SPR domains contain
multiple potential phosphorylation sites, as indicated by asterisks, and regulate the oligomerization status of
these proteins via phosphorylation. Asterisks: predicted phosphorylation sites, myr: myristoylation site. The
phosphorylation sites of GRASP65 are S216/S217/T220/T224/S277/S367/S376; the phosphorylation sites
of GRASPSS are T222/T225/S245/S249/T435.

In addition to cisternal stacking and ribbon formation, GRASPs also participate in
other cellular processes, such as unconventional secretory pathway [116, 127], specific
cargo transport [128-130], apoptosis [131], cell cycle control [119, 131], mitotic spindle
formation [118], centrosome orientation [27], etc.

During Dictyostelium idscoideum development, prespore cells secrete acyl-CoA
binding protein (AcbA). AcbA lacks a signal sequence, thereby it is not secreted via the
conventional secretory pathway. Recent studies reported that depletion of the putative
GRASP orthologue in Dictyostelium idscoideum inhibited the secretion of AcbA [116,
127], suggesting that GRASP is involved in the unconventional secretion, although the

mechanism is unclear. This result is supported by the observation that depletion of the
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yeast homologue of GRASP, Grhl, also caused the failure of AcbA secretion [127]. In
addition, the single drosophila homologue of GRASP65 and GRASPS55, dGRASP,
mediates the nonconventional integrin secretion that is required for Drosophila epithelial
remodeling [132].

GRASP65 and GRASPSS5 are also involved in specific cargo transport and enzyme
retention by binding to their cytosolic domains. Both GRASP65 and GRASPS5S5 interact
with p24 cargo receptor family, which is required for the efficient retention of p24 cargo
receptors in the Golgi apparatus [133]. GRASPS5S interacts with the cytoplasmic domain
of the transforming growth factor-alpha (TGF-a) via its first PDZ domain, and this
interaction is required for the traffic of TGF-a, as mutation in the GRASP55-binding
motif at the C-terminus of TGF-o impairs its transport to the cell surface [130]. D'Angelo
et.al. also investigated the role of GRASP65 and GRASPS5S5 in the transport of a specific
class of cargos bearing the C-terminal valine, such as CD8a and Frizzled 4, and they
found that GRASP65 and GRASP55 both bind to these receptors via the PDZ domains
and are required sequentially for their efficient transport to the plasma membranes
through the Golgi [129]. Therefore, mutation of the C-terminal valine leads to a dominant
form of autosomal human familial exudative vitreoretinopathy [129].

During apoptosis, the Golgi apparatus is fragmented into dispersed clusters of
tubulovesicular membranes, and several Golgi matrix proteins are cleaved by caspases
[134]. It is reported that GRASP65 cleavage by caspase 3 is required for the Golgi
fragmentation during apoptosis, and expression of caspase-resistant mutant partially

preserved cisternal stacking and inhibited the breakdown of Golgi ribbon [119, 131].
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GRASP65 and GRASPS5S5 also participate in the cell cycle control. Over-expression
of the GRASP domain of GRASP65 that is resistant to phosphorylation regulation delays
mitotic entry [18], probably by inhibiting the mitotic Golgi fragmentation. Expression of
the C-terminal SPR domain of GRASP65, or microinjection of the phosphorylation sites
bearing peptides of GRASPS55 also inhibit the mitotic progression [29, 118], possibly by
sequestering or consuming kinases that are needed for mitotic phosphorylation of other
cellular components.

GRASP65 was also reported to participate in the formation of spindles during
mitosis, as depletion of GRASP65 resulted in multiple aberrant spindles and defective
cell division [118]. Bisel et al. found that the reorientation of centrosome depends on the
phosphorylation of GRASP65, and the expression of non-phosphorylatable mutants
prevented cells from polarizing and migrating in the wound-healing assay [27], indicating
that GRASPG6S5 is a critical factor in the regulation of cell polarity.

Homologues of GRASP65/GRASPS55 have been identified in other eukaryote,
including flies, yeasts, plants, etc. The single Drosophila homologue of
GRASP65/GRASPSS5, dGRASP, which localizes to both tER sites and Golgi membranes,
has been reported to participate in cisternal stacking. Depletion of dGRASP and its
interacting protein dGM130, the homologue of GM130, converts the Golgi stacks into
clusters of vesicles and tubules in Drosophila S2 cells [115]. The yeast homologue of
GRASP65/GRASPSS, Grhl, lacks the N-terminal myristoylation site; it is targeted to the
cis-Golgi via the acetylation site on the N-terminal amphipathic helix. Grh1 interacts with

the COPII coat component Sec23/24, as well as a coiled-coil protein Bugl. The
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Grh1/Bugl complex is dispensable for traffic and cell growth, it may optimize membrane
traffic in the early Golgi [114].

Given the Golgi exhibits as single disks, but not stacks in S.cerevisiae, the
evolutional conservation of GRASP proteins in the cisternal stacking has been doubted.
However, the yeast homologue Grhl does not contain the first PDZ domain that is
required for the oligomerization of GRASP65/GRASPS55, nor have yeast the homologue
of GRASP65 interacting protein GM130, suggesting the role of Grhl can be quite

different from its mammalian homologue [114].

Table 1.1. Golgi matrix proteins

Names Features GTPase Interaction Functions and Reference
GRASP65  N-myr GM130, p24, * stacking[15, 18, 115, 119]
*  ribbon formation [22]
*  apoptosis [131]
¢ cell cycle control [119]
*  mitotic spindle formation [118]
*  unconventional secretion [116, 127]
* transport of specific cargos [129]
* 24 cargo receptor retention [133]
*  centrosome orientation [27]

GRASP55 N-myr Golgin-45, p24, *  stacking [16, 18]
TGF-a *  ribbon formation [23]
* cell cycle control [29]
* transport of specific cargos [129, 130]
*  p24 cargo receptor retention [133]
GM130/ P rabl, pl115, GRASP65 *  ER-to-Golgi traffic, COPII vesicle tethering
golgin-95 rab2, [110], syntaxin 5, [135, 136]
rab33b AKAP450, Tuba *  Golgi ribbon formation [22]
*  non-centrosomal microtubules organization
[137]
*  centrosome regulation [21, 112]
*  apoptosis [138]
*  spindle formation
e cell migration [139]
pl15 P rabl GM130, Giantin, *  membrane tethering [39, 111, 136, 140, 141]
syntaxin 5, GOS-28, ¢  post-mitotic Golgi reassembly[142]
Betlp *  apoptosis [143]
*  Nuclear import [144]
Golgin-45 P rab2 GRASP55 *  membrane tethering [126]
Golgin-67/ TMD" *  uncharacterized [145, 146]
GM88
Golgin-84 TMD rabl CASP, COG membrane tethering [65]
complex Golgi integrity [24]

intra-Golgi retrograde transport [147]
Bacteria infection [148]
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Golgin-97/  GRIP ARL1/3  FIP1/RCP *  TGN-to-plasma membrane traffic of E-cadherin
GOLGALI [109] [149]
¢  endosome-to-TGN [150, 151]
*  retrograde transport from recycling endosomes
to the trans-Golgi network [152]
*  poxvirus morphogenesis [153]
Golgin- P GCP60, GCP16, *  plasma membrane transport of renal ROMK
160/ mea- betal AR, ROMK, channel [154]
2/ GCP170 PIST *  apoptosis [155-157]
Golgin- GRIP ARL1/3 *  TGN-to-plasma membrane traffic [158]
230/245/25
6/GOLGA4
Giantin/ TMD rabl, pl15, GCP60 *  membrane tethering [100, 159-162]
GCP372/ rab6 *  apoptosis [160]
macrogolgi
n
Bicaudal-D P rab6 Dynactin, p50- *  recruits the dynein—dynactin complex [163]
dynamitin *  COPI-independent Golgi-to-ER transport [164]
CASP TMD Golgin-84 *  membrane tethering [65]
GCC88 GRIP ARL1/3  CPSF7, FBF1 * trans-Golgi network organization, early
endosoms to TGN traffic [165]
GCC185 GRIP ARL1/3, syntaxin 16, CLASP ¢ membrane tethering [167, 168]
rabl, *  MPRrecycle [168]
rab2, * attachment of non-centrosomal microtubules
rabo, [169]
rab9 *  Golgi ribbon formation [167]
[166]
GCP16 acylation GCP170 *  transport from Golgi to PM[170]
GCP60/ P Giantin, Golgin-160 ¢  ER-to-Golgi transport [171]
ACBD3 [157], Numb e asymmetric cell division [172]
*  anti-apoptosis [157]
GCP364 *  Golgi ribbon formation and perinuclear
localization [173]
CG-NAP protein kinase PKN, *  scaffold protein for kinases/phosphatases [174]
RlIlalpha, protein
phosphatase 2A
(PP2A), protein
phosphatase 1
GMAP210/ GRAB ARF1 ITF20, y-tubulin, *  membrane tethering [175]
Trip230 thyroid receptor, *  ER-to-Golgi traffic [176]
retinoblastoma *  ribbon formation [177]
protein *  y-tubulin recruitment [177]
*  sorting to primary cilia [178]
* interacts with thyroid hormone receptor beta
[179]
IIGP165 P *  anti-apoptosis [114]
NECC1/2 TMD * uncharacterized [180]
SCOCO P *  uncharacterized [181]
SCYL1BP1 P rab6 Scyll *  loss of function causes Gerodermia
osteodysplastica [182] [183]
TMP/ P rab6 hSNF2a, hSNF2b, ¢ traffic from early/recycling endosome to TGN,
ARF160 Fer, AR, Stat3 Golgi enzyme retention [104, 184]

N-Mye: N-terminal myristoylation; P: peripheral membrane protein; TMD: transmembrane domain; TMD":
predicted transmembrane domain; GRIP: golgin-97, RanBP2alpha, Imhlp and p230/golgin-245 domain;
GRAB: GRIP-related ARF-binding domain.
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Function of the Golgi apparatus

Localizing at the central position in the secretory pathway, the Golgi apparatus
receives and modifies posttranslationally newly synthesized proteins from the ER, and
sorts these proteins to their ultimate destinations [2]. Resident Golgi enzymes conjugate
secretory proteins and lipids with various glycans, which are highly diverse compared
with glycans added in the ER [185]. The Golgi apparatus is also the major site of
sphingolipid biosynthesis and assembly of triglyceride with apolipoproteins within cells
[3]. In addition, the Golgi apparatus separates the glycerolipid-rich ER from the
cholesterol/sphingolipid-rich plasma membrane. It exchanges membrane components
with other organelles, including endosomes, caveosomes, autophagosomes, etc., thereby
connects multiple membrane traffic pathways [3]. Other cellular processes involve the
Golgi apparatus include apoptosis, cell cycle control, cytoskeleton organization, signaling

pathway, transcription, etc.

Glycosylation

Protein glycosylation encompasses N-glycans, O-glycans, and proteoglycans [186].
N-glycans are conjugated onto a subset of asparagine residues within the Asn-X-Ser/Thr
motif of proteins, whereas O-glycans are linked to a subset of serines and threonines [42].
While O-glycosylation occurs exclusively in the Golgi, N-glycosylation of proteins is
initiated in the ER by the transfer of the 14-residue precursor of N-linked
oligosaccharides onto nascent proteins (Fig. 1.12) [42]. Three glucose (Glc) and one
mannose (Man) residues are removed from the glycan, and glycoproteins bearing 10-

residue oligosaccharides (Man)g(GlcNAc), are transported to cis-Golgi [42].
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Glycosylation enzymes are sequentially arranged along the cis-trans axis of the Golgi

apparatus [12]. In the cis- and medial-Golgi, five more mannoses are removed and N-

acetylglucosamines are added to the extending glycan; galactoses and sialic acids are
added to the N-glygan in the frans-Golgi; the number of branches of glycans, as well as
the number and identity of carbohydrates conjugated, are variable [42].

The N-glycosylation occurring in the ER is uniform, and mainly functions to
facilitate the correct folding of nascent polypeptides, whereas the glycosylation that
occurs in the Golgi is much more complicate with elaborate and highly diverse glycans
conjugated to glycoproteins [185]. The complexity of glycosylation conferred by Golgi
localized glycosyltransferases and glycosidases bestows functional diversification of
glycoproteins, including the adaptive and innate immune response [187, 188].
Glycosylation can be regulated by the transcription and intracellular localization of
glycosylation enzymes, the synthesis and transport of donor sugar, enzyme accessibility
to substrates, proteolysis within the lumen of Golgi, and glycan turnover at the plasma
membrane [186]. In chapter III, I studied whether the Golgi cisternal stacking regulates

the glycosylation process.
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Figure 1.12. Biosynthesis of N-linked glycans [185]. Synthesis starts on the cytosolic surface of the ER
membrane by addition of sugars to dolichylphosphate'. After N-acetylglucosamine (GIcNAc) and five
mannose residues are added, the precursor is flipped to the luminal side of ER membrane?, and more sugars
are added®. After the last three Glucoses are added, the oligosaccharide is transferred to the asparagine
residues of nascent polypeptide chains by the oligosaccharyltransferase enzyme®. The three glucoses are
trimmed by glucosidase I and II°. The ER localized glucosyltransferase reglucosylate glucose-free chains,
and the glucosidase II deglucosylate the sugar chain, until the glycoprotein has folded®. A terminal
mannose is trimmed by ER localized mannosidases’, and the folded glycoprotein is transported to the cis-
Golgi®, where three additional terminal mannoses are further trimmed’, followed by the addition of a
GlecNAc". Two more terminal mannoses are cleaved in the medial Golgi", followed by the addition of
GlcNAc residues'. Galactose, sialic acid, and fucose residues are added to the glycan in the frans-Golgi
1314 Shown is one of many possible terminal glycosylation pathways; the number of branches, as well as
the number and identity of sugars added, varies.

Cell cycle regulation

In mammalian cells, the Golgi apparatus undergoes extensive fragmentation during
mitosis: the Golgi ribbon first disassembles into separated stacks in late G2 and prophase,
and the Golgi stacks break down to isolated cisternae, which are further fragmented,

generating vesicular/tubular membranes [77]. The first step, ribbon unlinking, requires
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kinases plk3 [189], MEK1 [92], and the fission protein BARS [28], while the second step,
unstacking, depends on mitotic kinase plkl and Cdkl [17, 120, 123, 124, 190]. The
mitotic disassembly of the Golgi apparatus was originally proposed to facilitate the
inheritance of this organelle by equally distributing Golgi fragments into daughter cells
[2]. However, recent studies implicate unexpected link between mitotic Golgi
fragmentation and cell cycle progression.

First, the breakdown of Golgi ribbon may function as a check point for mitotic
progression [7], interfering with mitotic Golgi disassembly by microinjection of the C-
terminus of GRASP65 [191] or GRASPS55 [29], or blocking the activity of Golgi fission
protein BARS [91], results in cell cycle arrest in G2 phase. These inhibitory effects are
not caused by the activation of DNA damage check point [91, 191], therefore, it is
proposed that the fragmentation of Golgi ribbon is a mitotic check point to ensure the
Golgi fragments can migrate to the two poles of dividing cells with spindle microtubules
[7]. This Golgi checkpoint may employ a similar mechanism as the spindle check point,
that is, by monitoring the attachment of spindle microtubules to individual Golgi stacks
after the unlinking of the Golgi ribbon to regulate the entry into mitosis [7].

Recent studies have demonstrated that several Golgi-associated proteins are required
for the formation of the bipolar spindles [7], including GRASP65 [118], GM130 [21,
112], poly-ADP ribosyl transferase, tankyrase-1 [192], RINT-1 (spindle checkpoint
regulator) [193], and the phosphatidylinositide phosphatase, Sacl [194]. Depletion of any
of these proteins causes aberrant multipolar spindles and mitotic cell death [7]. For
example, knockdown of GRASP65 by RNA interference leads to the formation of

multipolar spindle and mitotic arrest [118]. Similarly, GM130 controls centrosome
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organization by binding to a cdc42 GEF, Tuba; depletion of GM130 results in multiple
centrosomes, aberrant multi-polar spindles, and improper cell division [21, 112].

In addition, mitotic Golgi disassembly may regulate mitotic progress by releasing
factors from Golgi membranes. Those factors, such as clathrin [195], ACBD3 [172],
Rab6A’ [196], are required for cell division [7]. For example, clathrin, which is needed to
stabilize mitotic spindle fibers, is released from the Golgi complex and endocytic vesicles
and translocated to the spindle pole [195]. The Golgi associated protein ACBD3 is also
released during mitotic Golgi fragmentation to activate Numb, and this translocation of
ACBD3 is required for asymmetric cell division [172]. Inhibition of translocation of
Rab6A’ leads to mitotic arrest via the activation of spindle checkpoint [196]. It is
proposed that the pericentriolar localization or the formation of Golgi ribbon may confer
some inhibitory effects on cell division, which is relieved by the mitotic Golgi

disassembly [172].

Apoptosis

The Golgi apparatus undergoes an extensive fragmentation during apoptosis, the
Golgi ribbon is first unlinked and Golgi stacks break down into tubulovesicular clusters,
which are morphologically similar to mitotic disassembly of the Golgi complex [134].
Several Golgi matrix proteins are cleaved during apoptosis by caspases, including
GRASP65 [131], golgin-160 [155], giantin [160], GM130 [138], vesicle transport protein
pl15 [143], the t-SNARE syntaxin-5 [160], the intermediate chain of dynein, and the
p150G1ueq subunit of dynactin [197]. Expression of noncleavable mutants of these proteins

delays Golgi disassembly after pro-apoptotic stimuli [6]. Cleavage of Golgi matrix
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proteins and subsequent disassembly of the Golgi apparatus could simply be the result of
the apoptotic process, and is required to pack the remnants of this organelle into apoptotic
blebs for disposal [6].

However, recent studies raise intriguing possibilities that the cleavage of Golgi
proteins and the disassembly of the Golgi may regulate the apoptotic process [6]. First,
the cleavage of Golgi proteins may occur in the upstream of apoptotic signaling events
[6]. The expression of the non-cleavable golgin-160 delays response to some apoptotic
stimuli that cause ER stress, even when the Golgi was disrupted with drugs before the
induction of ER stress [156]. However, this delayed apoptotic response was not observed
with other apoptotic stimuli, such as staurosporine treatment, suggesting that the cleavage
of golgin-160 may be required for the progression of apoptosis induced by specific
stimuli in the secretory pathway [6]. Second, the fragments of Golgi matrix proteins may
influence the apoptotic process by regulating gene expression to either alleviate stress, or
promote apoptosis [134]. The vesicle transport protein pl15 is cleaved by caspase 3
during apoptosis and the C-terminal fragment is translocated and accumulated in the
nucleus; over-expression of this fragment promotes both Golgi fragmentation and
apoptosis [143]. Similarly, the fragment of golgin-160 generated by caspase 2 cleavage,
also translocates and accumulates in the nucleus. Although its role in regulating
apoptosis-related gene expression has not been tested, it does contain several sequence
motifs conserved in transcription factors [198]. Caspase 2 is partially localized on the
cytoplasmic side of the Golgi apparatus and understanding how it regulates apoptotic

Golgi disassembly may reveal the role of the Golgi in apoptotic progression [134].
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Centrosome orientation and directed transport

In the mammalian cells, the Golgi apparatus localizes adjacent to centrosomes
during interphase by interacting with microtubules and microtubule associated motor
proteins. Recent studies implicated that this Golgi-centrosome association is important
for centrosome positioning and directional protein transport, which are required for cell
polarization and migration [7]. The Golgi apparatus may regulate the directional protein
transport through two means: (1) centrosome positioning, (2) non-centrosomal
microtubules. Both the Golgi apparatus and centrosome undergo repositioning to the
leading edge upon stimulation [7]. It is reported that centrosome reorientation requires
the phosphorylation of a Golgi matrix protein GRASP65 by MAPK; expression of
nonphosphorylatable mutants of GRASP65 prevents Golgi and centrosome reorientation
and inhibits cell migration [27]. In addition, non-centrosomal microtubules also
contribute to the directional transport [169]. Several Golgi matrix proteins have been
reported to nucleate the assembly of Golgi emanating microtubules, including GMAP-
210 [25, 199], GCC185 [169], GM130 [137], etc. GMAP-210 recruits y-tubulin complex
to the cis-Golgi membrane, which facilitates the formation of the Golgi ribbon [199].
Depletion of GMAP-210 causes Golgi ribbon unlinking and also inhibits directional cell
migration [25]. The trans-Golgi localized golgin GCC185 interacts with CLASP and is
involved in non-centrosomal microtubules polymerization from the TGN. These Golgi-
emanating microtubules preferentially orient toward the leading edge in motile cells and
contribute to asymmetric cargo transport [169]. GM130 recruits y-tubulin complex to the
cis-Golgi via A-kinase anchoring protein 450 (AKAP450) and nucleates non-centrosomal

microtubules [137]. These Golgi-originated microtubules play a role in Golgi ribbon
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formation and cell polarity establishment. A most recent study reported that two signaling
pathways influence Golgi morphology to regulate the polarization of neuronal cells via
GM130. The Stk25 kinase may phosphorylate GM130 and promotes a condensed Golgi
and axon development, while the Reelin-Dab signaling pathway antagonizes the Stk25
pathway and leads to the extended morphology of the Golgi, subsequently promote

dendrite development [200].
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Chapter II. GRASPSS and GRASP6S play complementary and

essential roles in Golgi cisternal stacking

Abstract

In vitro studies have suggested that Golgi stack formation involves two homologous
peripheral Golgi proteins, GRASP65 and GRASPS5S5, which localize to the cis and
medial-trans cisternae, respectively. However, no mechanism has been provided on how
these two GRASP proteins work together to stack Golgi cisternae. Here we show that
depletion of either GRASP55 or GRASP65 by siRNA reduces the number of cisternae
per Golgi stack, while simultaneous knockdown of both GRASP proteins leads to
disassembly of the entire stack. GRASPS5 stacks Golgi membranes by forming
oligomers through its N-terminal GRASP domain. This process is regulated by
phosphorylation within the C-terminal serine/proline-rich domain. Expression of non-
phosphorylatable GRASP55 mutants enhances Golgi stacking in interphase cells and
inhibits Golgi disassembly during mitosis. These results demonstrate that GRASPS55 and

GRASP65 stack mammalian Golgi cisternae via a common mechanism.
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Introduction

The Golgi complex is a membrane-bound organelle that serves as a central conduit
for the processing of membrane and secretory proteins in all eukaryotic cells. It
comprises stacks of flattened cisternae that are laterally linked to form a ribbon in
mammalian cells. Formation of stacks is thought to be significant that it facilitates the
accurate localization and function of enzymes that modify N- and O-linked
oligosaccharides [201]. However, the mechanism that mediates stacking is poorly
understood. GRASP65 (Golgi Reassembly Stacking Protein of 65 kDa), a peripheral
Golgi protein that is associated with membranes via N-terminal myristoylation, was
identified as the first Golgi stacking factor through the use of an in vitro assay that
reconstitutes the cell-cycle regulated Golgi disassembly and reassembly process. Adding
either GRASP65 antibodies or a soluble GRASP65 mutant inhibited restacking of newly
formed Golgi cisternae in this assay [15]. Consistent with this finding, microinjection of
anti-GRASP65 antibodies into mitotic cells inhibited subsequent Golgi stack formation in
the daughter cells [17]. Knockdown of the sole GRASP protein in Drosophila, dGRASP,
and its interacting protein dGM130 led to the disassembly of the Golgi stacks into single
cisternae and vesicles [115]. In one study, depletion of GRASP65 in mammalian cells
reduced the number of cisternae per stack from 6 to 3 [118], although a separate study
reported that knockdown of GRASP65 resulted in unlinking of the Golgi ribbon [22].
Further biochemical studies revealed that GRASP65 forms stable homodimers, and that
homodimers residing on adjacent Golgi membranes form oligomers. These trans-
oligomers are capable of holding the cisternal membranes together into stacks [17, 120].

Oligomerization is regulated by cdc2- and polo-like kinase (plk)-mediated
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phosphorylation [90, 202]. Taken together, these results provided strong evidence that
GRASP65 is essential for Golgi structure formation. However, as GRASP65 is localized
only at the cis Golgi [16], the molecular machinery that links medial-trans cisternae into
stacks remains unknown.

GRASPS55, a homolog of GRASP65 primarily localized to the medial-trans
cisternae, was identified by database searching [16]. As was the case for GRASP65,
recombinant GRASPS55 and anti-GRASPS55 antibodies blocked the stacking of Golgi
cisternae in vitro. GRASPS55 exhibits a high level of sequence identity with GRASP65.
Its N-terminal GRASP domain is 80% similar and 66% identical to that of GRASP65 in
rat. Its C-terminal Serine/Proline-Rich (SPR) domain, like that of GRASP6S5, also
contains a number of potential phosphorylation sites. The sequence similarity and
distinct localizations suggest that two GRASP proteins may contribute to the stacking of
different regions of the Golgi [203]. However, whether GRASPS55 plays a direct role in
stacking in vivo and what the underlying mechanism is remain unclear. In this study, we
provide evidence that GRASPSS5 is directly involved in Golgi stacking in a manner
similar to GRASP65, in particular that mitotically regulated trans-oligomerization of
GRASPSS5 plays a role in medial-trans Golgi stack formation. Our results define the
mechanism by which GRASPS55 functions as a Golgi stacking factor and provide
evidence that GRASP65 and GRASPSS5 function collaboratively to stack Golgi cisternal

membranes.
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Results
Knockdown of GRASP55 reduces the number of cisternae per stack

To determine the function of GRASPS5S5 in vivo, we depleted GRASP55 in HelLa
cells using an siRNA strategy published previously [23]. Both Western blotting and
immunofluorescence microscopy showed that the knockdown efficiency was time-
dependent. It was most efficient (> 98% reduction based on Western blotting) 96 hours
(h) after transfection (Fig. 2.SIA-E). GRASP55-depletion had no effect on the
expression level of other Golgi proteins, GRASP65, GM130, and Gos28. Using GM130
(Fig. 2.1A, B) and mannosidase II (Manll, not shown) as Golgi markers, no obvious
change in Golgi morphology or localization was detected in majority of the cells. As
light microscopy lacks the necessary resolution to determine Golgi stacking, we analyzed
the cells by electron microscopy (EM). Cells transfected with GRASP55 siRNA
exhibited a reduced number of cisternae in individual stacks (Fig. 2.1 F vs. E). The
average number of cisternae per stack dropped from 5.7 + 0.2 in cells transfected with
control siRNA to 3.7 + 0.1 in GRASP55-depleted cells (Fig. 2.1J). Most of the stacks in
GRASP55-depleted cells contained 3-4 cisternae, a significant reduction from 5-6 in cells
treated with control siRNA (Fig. 2.1K). Taken together, these results suggest that

GRASPS5S5 is involved in Golgi stacking in vivo.
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Figure 2.1. Knockdown of GRASP55 reduces the number of cisternae per stack. (A-B) Confocal
fluorescence images of GRASP55 knockdown cells. HeLa cells transfected with indicated siRNA were
fixed after 96 h and immunostained for GRASP55 and GM130. (C-D) Fluorescence images of HeLa cells
in which endogenous GRASPS55 was replaced by exogenous GRASP55. HelLa cells expressing GFP or rat
GRASP55-GFP using an inducible retroviral expression system were transfected with control siRNA or
siRNA specific for human GRASPS55. Doxycycline was added 48h after transfection. Cells were fixed and
stained for GM130. (E-H) Representative EM micrographs of cells described in A-D. Arrowheads indicate
Golgi stacks. Note that the number of cisternae in the stacks was reduced in GRASP55 knockdown cells
(F), which was restored by the expression of rat GRASP55 (H), but not by GFP (G). (I) Immunoblots of
cells described in C-D. Duplicate samples were loaded; * indicates a non-specific band. End. p55,
endogenous GRASPS55. (J) Quantitation of the EM images in E-F from 3 sets of independent experiments.
Results expressed as the mean + SEM. (K) The numbers of cisternae per stack from one representative
experiment were presented in a histogram format. Note that most stacks contained 5-6 cisternae in control
RNAI cells, which was reduced to 3-4 in GRASP55 RNAI cells. (L) Quantitation of G-H. Note that

GRASPS55 knockdown significantly reduced the number of cisternae per stack, while expression of rat
GRASPS55 restored it. ***, p<0.001.
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Figure 2.S1. Depletion of GRASP55 and GRASP65 over time. (A-D) Confocal fluorescence images of
GRASP55 knockdown cells at different time points. HeLa cells transfected with control or GRASP55
siRNA were fixed at indicated time and immunostained for GRASP55 and GM130. (E) Immunoblot of
HeLa cells transfected with GRASPS5 siRNA for indicated time. The numbers below the GRASP55 blot
indicate the percentage of protein depleted after siRNA transfection. (F-I) As in A-D, but with control or
GRASP65 siRNA, and stained for GRASP65 and GM130. (J) As in E, with cells transfected with
GRASP65 siRNA.
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The effect of GRASPS5 knockdown was rescued by expression of exogenous GRASP55

To ensure that the observed effects of GRASP55 siRNA on Golgi stacking were
directly caused by GRASPS55 depletion, we expressed rat GRASP55 in HeLa cells in
which endogenous GRASPS55 was depleted. We generated HeLa cell lines that stably
expressed GFP-tagged rat GRASPS55 using an inducible retroviral expression system
[204]. This allowed us to control the expression time and the level of the exogenous
protein and to avoid possible effects of continuous over-expression of this protein (or its
mutants) on cell growth [29]. In addition, this approach ensured that all cells expressed
rat GRASPSS5, thus permitting EM analysis. These cells were transfected with control or
GRASPS55 siRNA, and 48 h later, doxycycline was added to induce expression of rat
GRASPS55. In the presence of control siRNA, cells expressing rat GRASP55 showed little
change in the expression of other Golgi markers, such as GM130 and Gos28, although
the levels of endogenous GRASP55 and GRASP65 were reduced. The total GRASP5S in
the cell line was about 2-fold that of endogenous GRASP55 in the GFP cell line (Fig.
2.11). After transfection with siRNA targeted to human but not rat GRASPSS, the
endogenous GRASP55 was efficiently knocked down (> 98% depletion), while both rat
GRASP55-GFP and GFP were well expressed (Fig. 2.1I). When examined under a
confocal microscope, GRASP55-GFP colocalized with GM130, while GFP was
cytosolic. Overall Golgi morphology was not significantly affected in cell lines
expressing either GFP or rat GRASP5S, with or without endogenous GRASP55 (Fig.
2.1C, D). When examined by EM, depletion of GRASPS55 in the GFP cell line

significantly reduced stacking (Fig. 2.1G). Expression of GRASP55-GFP restored the
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average number of cisternae per stack to 5.6 = 0.2 (Fig. 2.1H, L). These results

confirmed that the reduced Golgi stacking was caused by GRASPS55 depletion.

Effects of GRASP55-depletion on Golgi ribbon formation

Recently it was shown that GRASP55-depletion led to fragmentation of the Golgi
ribbon [23], although this effect was not observed in a similar study by a different group
[29]. To address this discrepancy, we carefully analyzed Golgi morphology in
GRASP55-depleted cells by fluorescence microscopy. We divided the cells into 3 groups
according to Golgi morphology (Fig. 2.2 A-C): 1) intact, with all the membranes linked
in a compact structure; 2) mildly fragmented, with mini Golgi elements less connected,
but still clustered and adjacent to the nucleus; and 3) scattered, with Golgi elements
dispersed in the cytoplasm, as previously observed [23]. Using GM130, GRASP65 and
Gos28 as Golgi markers, most cells treated with control siRNA (96-97%) had intact
Golgi, with a small number of cells containing either mildly fragmented (~1%) or
scattered (~1%) Golgi (Fig. 2.2D). Depletion of GRASP55 led to mild fragmentation of
the Golgi in 22-24% of the cells (Fig. 2.2D). However, a majority (~75%) of the cells
had intact Golgi, and the number of cells with scattered Golgi (1-2%) did not increase,
indicating a mild effect of GRASP55-depletion on Golgi ribbon formation. To determine
more precisely whether GRASP55-depletion affects the continuity of Golgi membranes,
we performed fluorescence recovery after photobleaching (FRAP) analysis [23, 29].
HeLa cells were transfected with ManII-GFP 72 h after the initial siRNA transfection and
analyzed 24 h later. A region of the Golgi was bleached with an argon laser at maximal

intensity, and the recovery of fluorescence in this area was recorded for 480 s by time-
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lapse imaging. As shown in Fig. 2.2 E-G, cells treated with GRASP55 siRNA exhibited
a reduced recovery rate compared to cells treated with control siRNA. It is necessary to
note that significant variation existed among cells with different Golgi morphologies
(Fig. 2.2 A-C). Nevertheless, this experiment demonstrated that GRASP55-depletion
affected the continuity of the Golgi membranes, indicating a role for GRASP55 in Golgi

ribbon linking, which may be directly or indirectly caused by Golgi unstacking.
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Figure 2.2. Effect of GRASPS5-depletion on Golgi ribbon linking. (A-C) Enlarged confocal
fluorescence images of the Golgi with classified morphology in GRASP55 knockdown cells stained for
GM130. Bar = 10 um. mild frag., mildly fragmented. (D) Quantitation (mean + SEM) of classified Golgi
morphology in HeLa cells treated with control or GRASPSS5 siRNA from 3 independent experiments.
GM130, GRASP65 and Gos28 were used as Golgi markers and 300 cells were counted. (E-F) FRAP
analysis of ManlI-GFP-expressing HeLa cells transfected with indicated siRNAs. The indicated regions
(arrows) were photobleached with laser pulses and fluorescence recovery was recorded. Representative
images at indicated times are shown. Bar, 5 pm. (G) Quantitation of FRAP results. Fluorescence recovery
was represented by the ratio of GFP fluorescence intensity in the bleached area to that of the entire Golgi.
Normalization was set between the values before bleaching and the first time point after bleaching. Results
represent mean = SEM from two independent experiments, with more than 17 cells quantified in each case.
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Knockdown of both GRASP55 and GRASP6S5 leads to disassembly of the entire Golgi
stack

Because GRASPS55 and GRASP65 localize to different compartments of the Golgi,
we suspected that the two homologues might stack different parts of the Golgi, and
therefore, knockdown of both proteins might lead to complete unstacking of the Golgi.
To test this, we transfected HeLa cells with siRNAs for both GRASP55 and GRASP65.
Both fluorescence microscopy (Fig. 2.3A, B) and Western blotting (Fig. 2.3C, F) showed
that depletion of both proteins was efficient (~95%). We also noticed that the level of
GM130 was reduced when both GRASPs were depleted, while Gos28 was unaffected
(Fig. 2.3C). Using Gos28 (Fig. 2.3A, B) and GM130 (Fig. 2.S4K) as Golgi markers,
simultaneous depletion of both GRASP proteins had only minor effects on organization
and localization of the Golgi ribbon at the level of fluorescence microscopy, much as was
seen with depletion of GRASP55 alone.

Strikingly, however, EM analysis showed that simultaneous depletion of GRASP55
and GRASP65 led to complete disassembly of the Golgi stacks (Fig. 2.3 D-E), an effect
much more dramatic than depletion of GRASP55 or GRASP65 alone (Fig. 2.3F). The
Golgi membranes were transformed into single cisternae (Fig. 2.3D, arrowheads) and
tubulovesicular or dilated structures. There were no detectable normal Golgi stacks in
most (>80%) cells that were examined. The effects of GRASP55/65 double depletion
could be partially rescued by expression of GRASPS55 (or its mutants) or GRASP65, as
described later (Fig. 2.8). These data provide strong evidence that GRASP55 and

GRASP65 play complementary and essential roles in Golgi cisternal stacking.
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Figure 2.3. Depletion of both GRASPS5 and GRASP6S5 leads to disassembly of the entire Golgi stack.
(A-B) Confocal fluorescence images of GRASP55 and GRASP65 double knockdown cells. HeLa cells
were transfected with a mixture of GRASP55 and GRASP65 siRNA (B) or with control siRNA (A). Cells
were fixed and immunostained for both GRASPS55 and GRASP65 (anti-GRASP55/65), and for Gos28. (C)
Immunoblots of HeLa cells transfected with indicated siRNA. (D-E) Representative EM micrographs of
cells transfected with indicated siRNAs. Arrowheads in D indicate single cisternae and Golgi fragments.
Arrows in E indicate normal Golgi stacks. (F) Quantitation (mean = SEM) of GRASP55 and GRASP65
knockdown efficiency and effects on Golgi stacking from 3 independent experiments. Statistical
significance was assessed by comparison with the control siRNA cells. *, double knockdown cells were not
quantified due to the complete disassembly of the Golgi stacks.
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GRASPSS is phosphorylated by MAP kinase during mitosis

We next addressed the molecular mechanisms of GRASP55 function in Golgi
stacking. We hypothesized that, as in the case of GRASP65, cell cycle-regulated
GRASPS55 phosphorylation may be essential for Golgi disassembly during mitosis and
reassembly in telophase and cytokinesis. Phosphorylation of GRASPS55 in the cell cycle
was first confirmed by [y-"*P] ATP labeling (Fig. 2.S3A). We then developed a band-
shift assay to analyze GRASPS55 phosphorylation. When Golgi membranes were treated
with mitotic cytosol (MC), GRASP55 exhibited a sharp decrease in mobility on SDS-
PAGE. This shift was caused by phosphorylation, because treatment of mitotic Golgi
fragments (MGF) with calf intestine alkaline phosphatase (CIP), a non-specific protein
phosphatase, largely restored the original SDS-PAGE mobility. The mobility shift was
abolished by adding (-glycerophosphate, a general phosphatase inhibitor (B-GP, Fig.
2.4B). Unlike GRASP65 [17, 123], GRASPS55 was not phosphorylated by plk and was
only slightly phosphorylated by cdc2 (Fig. 2.4C). Treatment of Golgi membranes with a
combination of mitogen-activated protein kinase ERK2 and constitutively active MEK1
(Mitogen-activated protein kinase kinase 1) shifted GRASPS55 to a similar extent as MC,
consistent with previous reports that GRASP55 is phosphorylated by ERK2 [125].
Phosphorylation of GRASP55 by ERK2 was confirmed using both recombinant
GRASPS55 and endogenous GRASPS5S5 in cell lysates (Fig. 2.S3 B-D). In addition,
GRASPS55 phosphorylation was inhibited by the MEKI1 inhibitor U0126 and was
reversed when mitotic Golgi fragments were treated with interphase cytosol (Fig. 2.S3 C-
E). These data suggest that GRASPS55 is subjected to phosphorylation and

dephosphorylation during the cell cycle.
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The phosphorylation sites on GRASP5S5 are located in the C-terminal SPR-domain

GRASPS55 contains an N-terminal GRASP domain (aal-212) and a C-terminal SPR
domain (aa213-454) (Fig. 2.4A). To identify the phosphorylation sites, recombinant
GRASPS55 fragments were treated with mitotic or interphase cytosol and analyzed by the
band-shift assay. As shown in Fig. 2.4D, no mobility shift was observed for the GRASP
domain when treated with MC, while the SPR domain exhibited a sharp band shift. In
addition, deletion of a portion of the SPR domain, aa213-231, significantly reduced the
molecular weight shift (Fig. 2.4D), indicating that this segment contains a majority of the
phosphorylation sites, or that it may function as a prerequisite for phosphorylation of
other sites.

To map more precisely the phosphorylation sites in the SPR domain, potential
phosphorylation sites, T222, T225, S245, T249 and T435, some of which were
previously identified [29, 125], were mutated to alanines, either individually or in
combination. As shown in Fig. 2.4E, phosphorylation of GRASP55 by mitotic cytosol
was largely abolished when T222 and T225 were mutated, and further mutation of S245
or T249 almost completely abolished the phosphorylation. Mutation of T435 had no
detectable effect on GRASP55 phosphorylation. These data suggest that S245, T249, and
particularly T222 and T225, are the key phosphorylation sites on GRASPS55 during
mitosis. As shown below, a T222A/T225A/S245A mutant was constructed to probe
GRASP55 function in vitro and in vivo. In addition, T222 and T225 were also mutated to

glutamates to mimic the phosphorylated state of the protein (Fig. 2.4E).
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Figure 2.4. GRASP5S is phosphorylated during mitosis. (A) GRASP55 schematic with phosphorylation
sites indicated. Predicted phosphorylation sites (1222, T225, S245, T249, T435) are indicated by asterisks.
myr: myristoylated N-terminal glycine. (B) Detection of GRASP55 phosphorylation using a band-shift
assay. Golgi membranes were either treated with buffer (lane 1) or mitotic cytosol (MC, lanes 2-4).
Membranes were re-isolated and further treated with calf intestine alkaline phosphatase (CIP) in the
absence (lane 3) or presence (lane 4) of a general phosphatase inhibitor, 3-glycerophosphate (f-GP). Note
the increase in molecular weight of GRASPS55 under mitotic conditions was reversed by CIP. (C)
GRASPS5 phosphorylation by ERK2. Golgi membranes were incubated with indicated proteins followed
by Western blotting. Note that ERK2 /MEKI1 phosphorylated GRASPS5 to a similar extent as MC. (D)
The mitotic phosphorylation sites of GRASP55 are in the SPR domain. GST-tagged GRASP55 constructs
were incubated with buffer (lane 1), or interphase (IC, lane 2) or mitotic (MC, lane 3) cytosol and analyzed
by immunoblotting. Note that the SPR domain (213-454), but not the GRASP domain (1-212), exhibited a
band shift after MC treatment, while deletion of aa213-231 largely abolished the phosphorylation. (E)
Mapping the phosphorylation sites of GRASP55. Potential sites (asterisks in A) in His-GRASP55 were
mutated to alanines or glutamates and the purified proteins were analyzed as in D.
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Figure 2.S3. GRASPS5 phosphorylation, dephosphorylation and oligomerization. (A)
Phosphorylation of native GRASPS55 by mitotic cytosol. Purified Golgi membranes were incubated in the
presence of [y-32P]ATP with either interphase (IC, lane 1) or mitotic cytosol (MC, lane 2). GRASP55 was
immunoprecipitated from solubilized membranes and analyzed by SDS-PAGE and autoradiography. (B)
GRASPS5 phosphorylation in mitotic cells. Interphase (non-synchronized) or mitotic HeLa cells
synchronized by nocodozole were analyzed by Western blotting. (C) Inhibition of GRASP55
phosphorylation by U0126. Purified Golgi membranes were incubated with buffer (lane 1) or MC in the
absence (lane 2) or presence (lane 3) of U0126. (D) Inhibition of GRASP55 phosphorylation by MAPK
with U0126. Purified Golgi membranes were incubated with buffer (lane 1) or ERK2/MEKI in the
absence (lane 2) or presence (lane 3) of U0126. (E) Dephosphorylation of endogenous GRASPS55. Purified
Golgi membranes (4 pg) were first treated with MC (400 pg) as indicated. Membranes were reisolated by
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centrifugation through a 0.4 M sucrose cushion and further incubated with increasing amount of interphase
cytosol (IC) and immunoblotted for GRASPS55. Note the downshift of the GRASP55 band after the
treatments. (F) Longer time exposure of Figure 5B of a non-reducing gel probed for GRASP55. (G) Two
dimensional gels to analyze oligomerization of native GRASP55. Purified Golgi membranes were treated
as indicated and solubilized. Samples were analyzed by first dimensional non-denaturing gels followed by
second dimensional denaturing gels and Western blotting for GRASPS55. Note that the high molecular
weight structures can be seen with no treatment or interphase incubation, but not with mitotic cytosol or
kinase treatment.

GRASPS5S5 forms higher order oligomers in a cell cycle-dependent manner

In analogy to GRASP65, we hypothesized that the stacking activity of GRASPSS5
might involve dimerization and oligomerization [17, 120]. To test whether GRASP55
interacts with itself, MBP-GRASP55 and His-GRASP55 recombinants were separately
purified, mixed and incubated with either buffer or mitotic cytosol. Protein complexes
were isolated using nickel beads for His-GRASPS5S5, or amylose beads for MBP-
GRASPS5, and analyzed by SDS-PAGE and immunoblotting for GRASP55. As shown
in Fig. 2.5A, the two tagged forms co-purified under control conditions, but this was
abolished by treatment with mitotic cytosol, regardless of the beads that were used,
indicating that GRASPS5S5 interacts with itself and that this interaction is abolished by
mitotic cytosol.

Oligomerization of GRASP55 was also analyzed by electrophoresis on non-
denaturing gels. As shown in Fig. 2.5B, His-GRASP55 exhibited four bands, with
apparent molecular weights of 130, 194, 288 and 418 kDa, respectively (lane 1,
arrowheads). These bands were more visible after longer exposure (Fig. 2.S3F).
Because the apparent molecular weight of the most rapidly migrating band was twice that
of GRASPS55 on denaturing gels (64 kDa), this result suggested that GRASPS5 formed
both homodimers and higher oligomers. After kinase treatment, His-GRASP55 exhibited

only one major band (139 kDa), most likely representing the phosphorylated dimer. All
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of these bands were shown by analysis on second dimensional denaturing gels to
correspond to GRASPS5S5 rather than contaminants (data not shown). Similar experiments
showed that the endogenous GRASPS55 in Golgi membranes formed oligomers under
interphase conditions, but remained as dimers when the Golgi membranes were treated
with ERK2/MEKI1 or mitotic cytosol (Fig. 2.S3). Further analysis by gel filtration and
protein cross-linking also confirmed this conclusion (data not shown). Taken together,
these results demonstrate conclusively that GRASP55 forms phosphorylation-regulated

oligomers.

Trans-oligomerization of GRASPSS is sufficient to link surfaces together

We then used an established bead assay [17] to test whether GRASP5S5 oligomers
could link adjacent Golgi cisternae. Purified GRASP5S5, or bovine serum albumin (BSA),
was covalently linked to the surface of magnetic Dynal beads. After treatment with BSA
solution (control), interphase cytosol (IC) or mitotic cytosol (MC), beads were placed on
glass slides and observed under bright-field illumination. As shown in Fig. 2.5C,
GRASPS55-coated beads aggregated after BSA treatment (27.7 + 1.5%). Aggregation was
enhanced upon IC treatment (85.7 £ 5.5%), but inhibited by MC (2.4 £ 1.4%). In
contrast, BSA-coated beads did not aggregate regardless of the treatment (Fig. 2.5C, E).
To test whether the aggregation was regulated by phosphorylation, we sequentially
treated GRASPS55-coated beads with IC followed by MC (IC->MC) or purified
ERK2/MEK1 kinases (IC>K). Both treatments led to disaggregation of the beads (22.6

+ 8.3% and 14.1x12.9%, respectively, Fig. 2.5D, E).
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To determine the effect of GRASPS55 phosphorylation on stacking of Golgi
membranes, we treated purified Golgi stacks with these kinases (Fig. 2.5F) and quantified
the EM images. 47.4 + 2.6% of the cisternae were found in stacks when Golgi
membranes were treated with buffer alone. Treatment with either ERK2 or MEKI
slightly reduced the percentage of cisternae in stacks (30.6 = 2.2 % for ERK2; 33.1 =
7.5% for MEK1). This reduction may result from the weak kinase activity of wild type
ERK2, or the activation of membrane-bound ERK kinase by the addition of constitutively
active MEK1 [92, 205]. When Golgi membranes were incubated with both ERK2 and
MEKI1 together, the percentage of cisternae in stacks dropped to 10.6 + 2.5%, a level
similar to cdc2/plk treatment (14.8 = 3.0%) that resulted in GRASP65 phosphorylation
[17]. When the four kinases were all included in the reaction, the percentage of cisternae
in stacks was reduced to 8.6 = 2.3% (Fig. 2.5F). It is necessary to note that the effects of
ERK2/MEKI1 treatment may also be partially due to GRASP65 phosphorylation, as
ERK2 also phosphorylates GRASP65, at least on S277 [27, 206]. Nevertheless, these
results show that phosphorylation of Golgi proteins such as GRASP55 by ERK2/MEK1

leads to Golgi membrane unstacking.
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Figure 2.5. Cell cycle regulated GRASPSS5 oligomerization is sufficient to link adjacent surfaces. (A)
Co-purification of MBP-GRASP55 and His-GRASP55. Differently tagged proteins were separately
purified, mixed and incubated in the presence of buffer (control) or mitotic cytosol (mitotic). The protein
complex was isolated using either amylose (lanes 1-3) or nickel beads (lanes 4-6). Equal proportions of
input (I), unbound (U) or bound (B) fractions were analyzed by immunoblotting for GRASP55. Note the
co-purification of the two proteins under control but not mitotic conditions. (B) Analysis of GRASP55
oligomerization by non-denaturing gels. His-GRASP55 was incubated in the absence (-, lane 1) or
presence (+, lane 2) of ERK2/MEKI kinases followed by non-denaturing electrophoresis and Western
blotting. Molecular weight standards are indicated on the left. Note that the higher molecular weight bands
in lane 1 (arrowheads) diminished after kinase treatment. (C) Aggregation of GRASPS55 coated beads.
Purified His-GRASP55 or BSA was covalently coupled to the surface of magnetic Dynal beads and
incubated with bovine serum albumin (BSA), interphase cytosol (IC), or mitotic cytosol (MC). After
incubation the beads were placed on glass slides and random fields photographed. A representative image
of each condition is shown. Note that GRASP55 coated beads aggregated slightly in the presence of BSA;
this was enhanced by IC, but inhibited by MC. (D) As in (C) except that GRASP55 beads were first
aggregated using IC and then treated with either MC (IC->MC) or with purified ERK2/MEK1 kinases
(IC>K). Note that aggregates were reversibly disassembled by MC and kinases. Bar, 100 pm. (E)
Quantitation (mean + SEM) of C-D, n=3. (F) Treatment of Golgi membranes with purified kinases leads to
cisternal membrane unstacking. Purified Golgi stacks were treated with either buffer or indicated kinases,
and analyzed by EM. Shown are the quantitation results from a representative experiment. Statistical
significance was assessed by comparison of kinase treatment with buffer treatment. *, p<0.05; **, p<0.01,
*** p<0.001.

Mapping the domain structure of GRASPSS for oligomerization and mitotic regulation
To map the domain of GRASP55 required for oligomerization, purified GRASP

domain (aal-212, His-tagged) was coupled to the surface of Dynal magnetic beads and

61



sequentially treated with interphase cytosol (IC) and mitotic cytosol (MC). These beads
aggregated extensively upon IC treatment (70.6 = 3.2%), but the aggregates were not
dispersed by MC (79.4 = 4.7%, Fig. 2.6A, E). Further experiments using gel filtration
confirmed that the GRASP domain alone could form oligomers (data not shown). In
addition, when a soluble form of the GRASP domain, or full-length GRASP55 (FL), was
added into the reaction, it inhibited aggregation of beads coated with full length
GRASPS55. The percentage of aggregated beads dropped from 76.3 + 6.1% to 20.6 =
3.6% with FL-GRASPS55 and to 20.5 = 7.6% with the GRASP domain. In contrast, the
SPR domain (aa213-454) had no significant effect (67.5 = 8.0%, Fig. 2.6D, G). These
results demonstrate that the GRASP domain alone is sufficient for oligomerization and
that its oligomerization is not mitotically regulated.

We then determined the phosphorylation sites that regulate GRASPSS
oligomerization. Beads coated with the non-phosphorylatable T222A/T225A/S245A
mutant formed aggregates upon IC treatment (83.5 £+ 6.0%), and the aggregates largely
remained after further treatment with MC (80.3 + 5.7%, Fig. 2.6B, E). In contrast, beads
coated with the T222E/T225E mutant aggregated slightly when treated with IC (28 =
10.2%), a level significantly reduced compared to beads coated with wild type GRASP55
(85.7 = 5.5%, Fig. 2.6C, F). Taken together, these data demonstrate that the GRASP
domain of GRASPS5S5 is both necessary and sufficient for oligomerization, while the SPR

domain plays a role in mitotic regulation.
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Figure 2.6. Mapping the domain structure of GRASPSS for oligomerization and mitotic regulation.
(A) Purified His-tagged GRASP domain (1-212) was coupled to Dynal beads and sequentially incubated
with interphase cytosol (IC) and mitotic cytosol (IC>MC). Note that aggregates of beads formed by IC
treatment were not dispersed by MC. (B) As in (A) using the T222A/T225A/S245A mutant. Beads
aggregated under both conditions. (C) Beads coated with the T222E/T225E mutant were incubated with
BSA or IC. Note that beads did not aggregate after IC treatment. (D) Wild type GRASP55-coupled beads
were incubated with IC in the presence of soluble full length (FL) GRASP55, the GRASP domain (1-212),
or the SPR domain (213-454) recombinants. Bar, 100 pm. Note that the aggregation was suppressed by
the soluble full length protein and the GRASP domain, but not by the SPR domain. (E) Quantitation of A-B
from 3 independent experiments (mean = SEM). (F) Quantitation of C. Aggregation of the beads coupled
with the T222E/T225E mutant was significantly reduced compared to those coated with wild type
GRASPS5 when treated with interphase cytosol (IC). (G) Quantitation of D. **, p<0.01; ***, p<0.001.
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Expression of non-phosphorylatable GRASP55 mutants enhances Golgi stack
formation in interphase cells

To test the function of GRASPS5S in vivo, we generated HeLa cell lines that stably
expressed various rat GRASPS5 constructs using an inducible promoter [204]. Western
blot analysis showed that each of the constructs was expressed at relatively equivalent
levels upon doxycycline induction (Fig. 2.7H). Fluorescence microscopy showed that the
GFP-tagged wild type GRASPS55, the GRASP domain, and the T222A/T225A/S245A
and the T222E/T225E mutants localized to the Golgi in interphase cells, as shown by co-
staining for GRASP65 (Fig. 2.S4, A-F) and GM130 (data not shown). The SPR domain
lacked a Golgi localization signal and was largely cytoplasmic. Expression of GRASP55
and its mutants did not significantly affect the overall organization of the Golgi as judged
by fluorescence microscopy.

When examined by EM, however, alignment of the cisternal membranes was
improved in cells expressing the GRASP domain or the non-phosphorylatable
T222A/T225A/S245A mutant compared to cells expressing GFP alone (Fig. 2.7, C and D
vs. A). The number of cisternae per stack increased from 5.7 = 0.2 in cells expressing
GFP to 6.9 + 0.1 and 6.7 = 0.1 in cells expressing the GRASP domain or the
T222A/T225A/S245A mutant, respectively (Fig. 2.7G). Expression of wild type
GRASPS55 (5.7 + 0.1), the T222E/T2225E mutant (5.5 + 0.1) or the SPR domain (5.5 +

0.1) did not significantly affect the number of cisternae per stack.
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Figure 2.7. Over expression of non-regulatable GRASPSS5 mutants enhances Golgi stack formation in
interphase cells. (A-F) Representative EM images of interphase cells expressing indicated GRASPSS5
constructs. Bar, 0.5 pm. Note that the Golgi structures in cells expressing the GRASP domain (C) and the
T222A/T225A/S245A mutant (D) are better organized than those in the GFP cell line (A). (G) Quantitation
(mean = SEM) of 20 cells from conditions indicated in A-F. Statistical significance was assessed by
comparison to the GFP cell line. ***, p<0.001. (H) Cells in A-F were lysed in SDS-buffer and analyzed by
Western blotting.

65



50 Tcontrol RNAI G2 50TGRASP55/65 RNAI

40 | +GFP 40 | +GRASP55WT-GFP
30 30
20 20
10 10
0| 0]
B2 °0Tcontrol RNAI H 2 °0[GRASP55/65 RNAI+GRASPESWT
40 | +GRASP55WT-GFP 40 GFP
30 30
20 20
10 10
0| 0
50

GRASP55 RNAIl | 50 [GRASP55/65 RNAI

40 | +GRASP55(T222A/T225A/S245A)

% of Golgi stacks % of Golgi stacks % of Golgi stacks % of Golgi stacks

40 +GFP
-GFP
30 30
20 20
10 10
0 0
D2 %0 [GRASPS55 RNAI J £ S0[GRASP55/65 RNAI+GRASP55(1-212)
40 1 +GRASP55WT-GFP 40 -GFP
30 30
20 20
10 10
. 0l
E 2 50 [GRASPS5 RNAI 2 3 4 5 6 7 8
40 {+GRASP55(T222A/T225A Number of cisternae per stack

5o | /S245A)-GFP
20
10

0

50 TGRASP55 RNAI

40 { +GRASP55(1-212)
-GFP

% of Golgi stacks % of Golgi stacks % of Golgi stacks % of Golgi stacks % of Golgi stacks % of Golgi stacks

2 3 4 5 6 7 8
Number of cisternae per stack
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Rescue of the Golgi structure in GRASP55 and GRASP65-depleted cells by expression
of wild type or mutant GRASP55 and GRASP65

Further experiments showed that Golgi structure in GRASP55-depleted cells could
be rescued by expressing GRASPSS5 or its mutants (Fig. 2.S5). Expression of the GRASP
domain or the T222A/T225A/S245A mutant increased the average number of cisternae
per stack to 6.0 £ 0.1 and 6.1 + 0.1, respectively, slightly higher than expression of wild
type GRASP55 (5.6 £ 0.1).

To understand whether GRASP55 and GRASP65 have redundant functions in Golgi
stacking, we tested whether expression of a single GRASP protein (or its mutant) could
rescue Golgi structure in cells with both GRASPs depleted. By fluorescence microscopy,
all the exogenous GRASP constructs were localized at the Golgi in the absence of
endogenous proteins (Fig. 2.S4, K-O). When examined by EM, Golgi stacks were
observed in most cells expressing exogenous GRASP proteins, but not in cells expressing
GFP. The number of cisternae per stack was 4.7 + 0.2 and 4.5 = 0.2 in cells expressing
wild type GRASPS55 and GRASP65, respectively (Fig. 2.8), suggesting that expression of
a single GRASP protein can only partially rescue the phenotype caused by the depletion
of both endogenous GRASP proteins. Expression of the GRASP domain (5.2+ 0.2) and
the T222A/T225A/S245A mutant (4.9 = 0.2) of GRASP55 rescued Golgi stacking to a
greater extent than expression of the wild type protein, but rescue was still incomplete.
These results indicate that the GRASP proteins have complementary functions in Golgi

stacking in mammalian cells.
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Figure 2.54. Confocal images of HeLa cells expressing GFP-tagged GRASP5S or GRASP65, or/and
transfected with indicated siRNA. (A-F) Expression of GRASP55 and its mutants does not affect Golgi
morphology. Interphase HeLa cells stably expressing indicated GRASP55 constructs using an inducible
retroviral expression system were treated with 1 pg/ml doxycycline for 48 h. Cells were fixed, stained for
GRASP65 and observed by confocal microscopy. Note that the expressed GRASPSS5 constructs, except the
SPR domain, are localized on the Golgi membranes. Scale bar, 20um. (G-J) Expression of GFP-tagged
GRASP55 and its mutants in GRASP55-depleted HeLa cells. Cells were stained for GM130. (K-O)
Expression of GFP-tagged GRASP55 and its mutants or GRASP65 in HeLa cells with both endogenous
GRASP55 and GRASP65 depleted. WT, wild type.
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Figure 2.S5. Rescue of the Golgi structure in GRASP55-depleted cells by expression of GRASP55S
and its mutants. (A-D) EM images of HeLa cells expressing GFP (A), GFP-tagged wild type (WT)
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as mean + SEM. Statistical significance was assessed by comparison to the GFP cell line. ***, p<0.001.
(F) Immunoblot of cells from A-D. * indicates a non-specific signal. End. p55, endogenous GRASPSS.
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Expression of non-phosphorylatable GRASP55 mutants inhibits mitotic Golgi
fragmentation

Because the non-phosphorylatable GRASP55 mutants form oligomers that are
resistant to mitotic regulation, these mutants were expected to inhibit Golgi disassembly
at the onset of mitosis. To test this, Golgi structure in mitotic cells was analyzed. By
confocal microscopy, exogenous GRASPS55 co-localized with GRASP65 (Fig. 2.9B-E)
and other Golgi markers, such as GM130 (not shown), on the mitotic clusters, whereas
GFP alone (Fig. 2.9A) was evenly distributed throughout cells. Interestingly, mitotic
cells expressing the GRASP domain or the T222A/T225A/S245A mutant increased in
number and size of mitotic clusters compared to those expressing wild type GRASPSS,
the SPR domain, or GFP alone (Fig. 2.9A-D). Notably, the Golgi in cells expressing the
T222E/T225E mutant exhibited more extensive fragmentation than that in GFP-
expressing cells (Fig. 2.9E).

When observed by EM, a considerable amount of Golgi membranes in cells
expressing the GRASP domain or the T222A/T225A/S245A mutant remained as Golgi
remnants (e.g. mini stacks, short cisternae and tubular structures) (Fig. 2.9F-I). Some
membranes were vesiculated, but these vesicles were presumably held together by non-
phosphorylatable GRASPS55 proteins, which remain oligomeric during mitosis.
Quantitation of EM images showed that the number of Golgi clusters in each profile for
mitotic cells expressing the GRASP domain (7.5 + 0.9) and the T222A/T225A/S245A
mutant (6.9 £+ 0.8) was at least three times greater than the number in cells expressing
wild type GRASPS55 (1.9 + 0.3), the T222E/T225E mutant (1.7 + 0.3), the SPR domain

(1.9 £ 0.3), or GFP (1.6 £ 0.2) (Fig. 2.9J). These results substantiate the in vitro data
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(Fig. 2.6), suggesting that the lack of mitotic regulation of GRASPS55 prevents the
breakdown and dispersal of Golgi membranes during mitosis. Taken together, these
results provide strong evidence that GRASPS55 functions together with GRASP65 to link

Golgi membranes into stacks and outline a molecular mechanism for GRASPS55 function.
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Figure 2.9. Expression of non-phosphorylatable GRASP55 mutants inhibits mitotic Golgi
disassembly. (A-E) Confocal images of mitotic cells of indicated HeLa cell lines stained for DNA and
GRASP65. Note that cells expressing the GRASP domain (C) and the T222A/T225A/S245A mutant (D)
had more mitotic clusters, while Golgi fragmentation in cells expressing the T222E/T225E mutant (E) was
more complete compared to that in GFP-expressing cells (A). Bar, 20 um. (F-I) Representative EM
images of mitotic cells expressing indicated GRASPSS5 constructs. Mitotic cells were collected by shake-
off after release from a double-thymidine block and processed for EM. Bar, 0.5 um. Note the remaining
Golgi cisternal membranes or stacks (arrows) and vesicle clusters (arrowheads) in the GRASP domain- (H)
and the T222A/T225A/S245A mutant- (I) expressing cells. Asterisks indicate condensed chromosomes.
(J) Quantitation of the number of Golgi clusters in mitotic cells expressing indicated proteins. 20 cells
were examined in each case. Results expressed as the mean + SEM. Statistical significance was assessed
by comparison to the GFP cell line. ***, p<0.001.
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Discussion

The role of GRASP55 in Golgi stack formation was first indicated by an in vitro
Golgi reconstitution assay [16]. However, siRNA-based depletion experiments in other
studies led to inconsistent conclusions [23, 29]. To address these discrepancies, we
performed systematic EM analysis of GRASP55-depeleted cells. Our results showed that
GRASP55 knockdown significantly reduced the number of cisternae per stack and that
this effect was rescued by the expression of exogenous rat GRASPS5 or its mutants.
When GRASPS55 was depleted, GRASP65 expression and Golgi targeting were not
affected, and vice-versa, indicating that the two homologues might function and target to
the Golgi independently. Strikingly, simultaneous depletion of both GRASP proteins led
to the disassembly of the entire Golgi stack, an effect that was partially rescued by the
expression of GRASP55 or GRASP65. Given that GRASP55 and GRASP65 localize to
different parts of the Golgi stack, these results strongly suggest that GRASP55 and
GRASP65 play complementary and essential functions in Golgi stacking.

It has been reported that GRASPS5S5 depletion results in scattered Golgi and therefore
that GRASP55 plays a role in Golgi-ribbon linking [23]. In our study, however, the
majority of the cells with depletion of GRASP55 contained intact Golgi as judged by
fluorescence microscopy, only 22-24% cells had partially fragmented Golgi. The
heterogeneity of Golgi morphology may account for the inconsistent observation made
by the other studies [23, 29]. FRAP analysis confirmed that the Golgi ribbon was
affected by GRASP55-depletion, suggesting that either GRASPS5S5 is directly involved in
Golgi-ribbon linking, or the observed effect is caused by Golgi unstacking. The

mechanism for Golgi ribbon formation is so far unclear, but disruption of many factors

73



can potentially affect the Golgi ribbon. For example, depletion of the cargo receptors
Surf4 and ERGIGS53, p25, golgin 84, or the microtubule-binding protein CLASP all lead
to Golgi fragmentation [24, 113, 207]. In addition, it has been shown that Golgi
disassembly affects protein trafficking [208], which may indirectly affect ribbon
formation. Therefore, whether GRASP55 plays a direct role in Golgi ribbon formation in
addition to stacking requires further investigation.

Further biochemical experiments demonstrated that GRASP55 formed oligomers in
a mitotically regulated fashion, and that these oligomers are sufficient to link Golgi
membranes together, a mechanism shared with GRASP65 [17, 120]. GRASP65 is
phosphorylated by cdc2 and plk during mitosis, while GRASP55 is mainly
phosphorylated by MAPK. This difference may allow for accurate regulation of the
alternating oligomeric status of the two proteins to fulfill physiological functions. For
example, it has been shown that expression of a S277A mutant of GRASP65 in tissue
culture cells inhibited Golgi orientation towards the leading edge in a would healing
assay [27]. A similar mechanism may exist for GRASP55 to allow cells to react to
different conditions. Indeed, phosphorylation sites on GRASP55 responsible for mitotic
regulation were identified in this and previous studies, and phosphorylation at these sites
is required for mitotic Golgi disassembly and cell cycle progression [29, 125].

When expressed in cells, the non-phosphorylatable mutants of GRASPS55 (i.e., the
GRASP domain and the T222A/T225A/S245A mutant) enhanced Golgi stacking in
interphase cells and inhibited Golgi unstacking and disassembly at the onset of mitosis,
consistent with the biochemical and knockdown results. Mitotic disassembly of the

Golgi in those cells was clearly not complete, as Golgi remnants (short cisternae and
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stacks) were often seen in mitotic cells by EM. In addition, the Golgi remnants in those
cells were clustered, presumably reflecting tethering by the exogenous GRASP55 mutant
proteins. Overall Golgi disassembly was not blocked, consistent with a previous report
[23], and possibly due to the fact that other Golgi structural proteins such as GRASP65
still responded to mitotic regulation. Taken together, the results in this study demonstrate
that GRASPSS5, like GRASP6S5, plays a critical role in Golgi stacking and that the two
proteins function collaboratively to maintain cisternal membranes stacking through a
common mechanism, by forming mitotically-regulated trans-oligomers. Future studies
will determine how differential targeting of the two GRASP proteins leads to the
establishment of the polarized structure of the Golgi stack.

Important unanswered questions remain concerning the mechanism of Golgi
structure formation. For example, it is unclear why the budding yeast Saccharomyces
cerevisiae has a GRASP homologue but lacks Golgi stacks, while plants have Golgi
stacks but no GRASP proteins. First, different organisms may have evolved different
mechanisms for Golgi structure formation. Because the organization of the secretory
pathway in plant differs from that in mammalian cells, e.g., there is no ERGIC, no Golgi
ribbon and no mitotic Golgi fragmentation, it is possible that an alternative mechanism
for Golgi stacking may have developed [209]. Alternatively, plant cells may have
evolved highly divergent and as yet undiscovered GRASP-related proteins. Indeed, plant
golgins have been found only in the last a few years [20, 210, 211]. A second possibility
is that GRASP has gained different functions during evolution. In addition to stacking,
other functions have been reported for GRASP55, GRASP65 and their homologues,

including roles in protein trafficking in budding yeast [114] and mammals [126, 129, 130,
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133], unconventional secretion in Dictyostelium [116] and noncanonical secretion in
Drosophila [132] and Golgi ribbon linking [22, 23, 122], as well as cell cycle regulation
[29, 118, 191, 206] in mammals. The sole GRASP protein in the budding yeast, Grhlp,
lacks the first PDZ domain that mediates the oligomerization of mammalian GRASP [16,
114, 122]. Therefore, it is possible that GRASPs may have gained different functions in
yeast and animal cells. Third, the proposed functions are not mutually exclusive; some of
these functions may be related to Golgi stack formation. For example, GRASP
oligomerization may mediate either stacking or ribbon linking depending on whether it is
localized on the flat region or on the rims of the Golgi cisternae. Furthermore, the Golgi
in budding yeast forms stacks under special conditions [212], and the role of the yeast
GRASP homolog has not been tested under such conditions. These questions could be
answered only through further experiments. For example, it will be interesting to test
whether the Golgi structure in GRASP55/65-depleted HeLa cells could be rescued by the

expression of yeast or fly GRASP proteins.
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Materials and methods
Reagents

All reagents were from Sigma Co., Roche or Calbiochem, unless otherwise stated.
The following antibodies were used: monoclonal antibodies against o-actin (Sigma),
Gos28 and GM130 (Transduction Laboratories), GRASP65 (G. Warren), and o-tubulin
(K. Gull); polyclonal antibodies against ERK2 (Upstate), green fluorescence protein
(GFP, J. Seemann), GM130 (N73, J. Seemann), human GRASP55 (Proteintech Group,
Inc.), rat GRASPS55 (Susan, against rat GARSP55 aal-212; Rich, against rat GRASP55
aa232-454; both from J. Seemann), human GRASP65 (J. Seemann), rat GRASP65 [120],

a-Mannosidase II (K. Moremen), and MEK 1 (Upstate).

Preparation of kinases, cytosol, Golgi membranes and GRASPS5S5 fusion proteins

Golgi membranes [213], constitutively active cdc2 and polo-like kinase [17], and
interphase (IC) and mitotic (MC) cytosol [214] were prepared as previously described.
cDNA constructs for wild type ERK2 and constitutively active MEKI
(S218E/S222D/AN3) were provided by K. Guan. GRASP55 ¢cDNAs (provided by J.
Seemann, GenBank accession # NM_001007720.1) were cloned into pMAL-c2X (New
England Biolabs), pET30a, pET23a (Novagen) or pGEX (GE Healthcare) vectors by
PCR or restriction digestion and confirmed by DNA sequencing. GRASP55 point
mutations were introduced using the QuikChange mutagenesis kit (Stratagene) and
confirmed by DNA sequencing. Proteins were expressed in BL21-CodonPlus(DE3)RILP
bacteria and purified on amylose (New England Biolabs), nickel (Qiagen), or glutathione-

Sepharose (GE Healthcare) beads.
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Phosphorylation assay

Five pg of purified Golgi membranes, or 500 ng of recombinant GRASP55, were
mixed with 500 pg of mitotic HeLa cell cytosol or with 1 ug ERK2 and 1 pg MEK1, and
an ATP-regenerating system (10 mM creatine phosphate, 0.1 mM ATP, 20 pg/ml
creatine kinase, 20 pg/ml cytochalasin B) was added in MEB buffer (50 mM Tris-HCI,
pH7.4, 0.2 M sucrose, 50 mM KCI, 20 mM B-glycerophosphate, 15 mM EGTA, 10 mM
MgCl,, 2 mM ATP, 1 mM GTP, 1 mM glutathione, and protease inhibitors), for a final
volume of 50 ul. In some reactions, MEK inhibitor U0126 (200 uM, Promega) was
included. Similar reactions were carried out with interphase cytosol in KHM buffer (20
mM Hepes-KOH, pH7.0, 0.2 M sucrose, 60 mM KCI, 5 mM Mg(OAc),, 2 mM ATP, 1
mM GTP, 1 mM glutathione, protease inhibitors) to determine GRASPS55
dephosphorylation. Phosphorylation of GRASP55 was analyzed by a band-shift assay.
To ensure that the band-shift was caused by phosphorylation, 5 pug of mitotic cytosol-
treated Golgi membranes were further treated with 20 U of calf alkaline phosphatase
(CIP, Invitrogen) in the absence or presence of a phosphatase inhibitor, B-
glycerophosphate (50 mM) for 60 min at 37°C; the membranes were then analyzed by
immunoblotting. For [y-*P] ATP labeling, 0.5 pCi/ul of [y-**P] ATP and 5 pM ATP
were used. After 60 min incubation at 37°C, the membranes were pelleted through 0.4 M
sucrose at 55,000 rpm for 30 min in a TLASS rotor (Beckman). Samples were analyzed

by immunoprecipitation, SDS-PAGE and autoradiography.

GRASPSS5 dimerization and oligomerization
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To measure GRASP55 oligomerization, recombinant MBP-GRASP55 and His-
GRASPS55 were separately expressed in bacteria and purified, and mixed followed by
treatment with mitotic cytosol or buffer as described for the phosphorylation assay. The
protein complex was isolated using amylose beads or nickel beads and analyzed by
immunoblotting for GRASP55. For non-denaturing electrophoresis, purified His-
GRASPS55 was incubated with purified ERK2 and MEK1, or buffer, at 37°C for 60 min.
Non-denatured samples were loaded onto a 4-12% NuPAGE Novex Bis-Tris mini gel
(Invitrogen) [215]. After electrophoresis, the gel was soaked with 0.1% SDS followed by

immunoblotting.

Golgi disassembly assay and aggregation of GRASP55-coated beads

Purified rat liver Golgi membranes were treated with kinases at 37°C for 20 min.
For a reaction using 20 pg Golgi membranes, the amounts of the kinases used were
equivalent to the activity found in 2 mg mitotic cytosol. Normally about 20 pg cdc2 and
30 pg plk were used, based on the quality of preparation. For MEK1 and ERK2 activity,
we have determined the protein amount in the cytosol by Western blotting using purified
kinase as the standard. Normally there are about 4 ug MEK1 and 2 pg ERK2 in 2 mg
interphase or mitotic cytosol. Accordingly, we used 4 pg MEKI1 and 2 pg ERK2 to treat
20 pg purified Golgi membranes. After the treatment, the membranes were collected by
centrifugation and processed for EM. At least 10 random regions were photographed for

each condition and membrane profiles were quantified using the intersection method

[214].
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His-tagged, full-length GRASPS55, the GRASP domain, or bovine serum albumin
(BSA, Invitrogen) were cleared by centrifugation and cross-linked to Dynal beads
(M500, Invitrogen) following the manufacturer’s instructions [17, 120]. The beads (8 x
10°) were incubated for 60 min at 37°C with 0.5 mg (25 pl) cytosol or kinase mixture
(ERK2/MEKI1, 2 ng each) in the presence of 4 ug/ml nocodazole in a 50 ul reaction
system and observed under a bright field microscope. In some experiments, beads were
sequentially treated with interphase and mitotic cytosol or kinases [17, 120]. For
quantitation of the beads, 15 random phase contrast digital images of each reaction were
captured with a 20X lens and a Spot Slider2 Camera (Diagnostic Instruments). Images
were analyzed using MATLAB7.4 software to determine the surface area of objects,
which was used to calculate the number of beads in the clusters. Aggregates were defined
as those with > 6 beads. For large aggregates, only visible surface beads were counted;
therefore, the number of beads in these aggregates was underestimated. Results were
expressed as the mean + SEM from 3 independent experiments; statistical significance

was assessed using Student’s z-test.

Cell culture, transfection and microscopy

HeLa cells transfections were performed using published siRNAs for human
GRASP55 (AACTGTCGAGAAGTGATTATT, Ambion) [23] and GRASP65
(CCTGAAGGCACTACTGAAAGCCAAT, Invitrogen) [118]. Lipofectamine
RNAIMAX was used according to the manufacturer’s recommendations (Invitrogen).
Control non-specific siRNAs were purchased from Ambion. Assays were performed 96

h after transfection. To establish stable cell lines, GFP ¢cDNA was first cloned into
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pRevTRE2 vector using HindIIl and Notl sites. GRASP55 ¢cDNA was then inserted at
the N-terminus of GFP using BamHI and HindIII sites. To generate retroviral particles,
HEK293 cells were transfected with pRevTRE2-rGRASP55-GFP, viral DNA pV Pack
GP and pV Pack Eco, using lipofectamine 2000. 36 h after transfection, the virus
supernatant was collected and filtered via MILLEX ® GV (0.45 pum) and the undiluted
supernatants were used to infect rtTA HeLa m2 cells, a tet-on cell line [204]. Infected
cells were selected with 500 ug/ml hygromycin for 2 weeks, and GRASP55-GFP positive
cells were sorted by flow cytometry. The expression of GRASP55-GFP was induced
with 1 pg/ml doxycycline (DOX) for 48 h, and protein expression was determined by
immunoblotting for GRASP55 and/or GFP. For the gene replacement experiment,
GRASP55- or GFP-expressing cell lines were transfected with siRNA for 48 h followed
by induction with doxycycline for 48 h. Immunofluorescence microscopy and collection
of mitotic cells were previously described [89]. Pictures were taken with a Leica SP5
confocal laser-scanning microscope using a 100X oil lens. Each image was a maximum
projection from a z-stack. Pictures were assembled in Adobe Photoshop.

For EM analysis, Golgi stacks and clusters were identified using morphological
criteria and quantified using standard stereological techniques [120]. For interphase cells,
the profiles had to contain a nuclear profile with an intact nuclear envelope; only stacked
structures with 2 or more cisternae were counted. For mitotic cells, the profile had to
contain one or more profiles of condensed chromosomes lacking a nuclear envelop.
Quite often, multiple condensed chromosomes were aligned at the center of the cell. A
low magnification (normally 1600x) image and a series of higher magnification images

were taken to cover the entire cell. More than 20 cells were quantified for each reaction.
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Fluorescence recovery after photobleaching (FRAP)

HeLa cells were first transfected with siRNA. After 48 h, the cells were trypsinized
and plated on chambered coverglasses (Thermo Scientific Nunc Lab-Tek II). After 24 h
incubation, cells were transfected with a ManlI-GFP cDNA using lipofectamine 2000 and
further cultured for 24 h until they were used for FRAP analysis. FRAP was performed
using an OLYMPUS FluoView ™MFV500/IX Laser Scanning Confocal Microscope
equipped with an environmental control system set to 37°C and 5% CO2. Cells were
cultured in phenol red-free Opti-MEM (Invitrogen) with 10% FBS and visualized using
the argon laser line (488nm) with a 60X, 1.0 numerical aperture water immersion
objective. Images were taken every 10 s for 30 s (2% laser power) and the selected area
of the Golgi was bleached using 15 laser pulses of the 488-nm laser line at maximal
intensity. Fluorescence images were then recorded every 10 s for 480 s. After background
correction, the recovery of the fluorescence was calculated as the ratio of the average
intensity of the bleached region to that of the entire Golgi. Normalization was set
between the values before bleaching and the first time point after bleaching. More than
17 cells were quantified in each experiment. The average of two independent experiments

is shown (Fig. 2. 2).
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Chapter III. Golgi cisternal stacking acts as a quality control

mechanism for cargo sorting and modification

Abstract

A unique feature of the Golgi apparatus is the formation of Golgi stacks, however,
the biological significance of cisternal stacking has not been tested due to the lack of
molecular tools to control Golgi stacking. Previous work showed that the Golgi stacking
proteins GRASP65 and GRASPS55 play complementary and essential roles in Golgi
cisternal stacking by forming mitotically regulated frans-oligomers. In this study, we
demonstrate that Golgi unstacking by the depletion of GRASP65/55 accelerates protein
trafficking, which impairs protein sorting and alters the glycosylation of cell surface
proteins. Subsequently, cell adhesion and migration are attenuated when the Golgi is
unstacked, which is probably the result of reduced aS5/Bl integrin expression.
Furthermore, total protein synthesis and proliferation of cells with unstacked Golgi are
enhanced. Our results demonstrate that Golgi cisternal stacking regulates protein
transport and modification, which are important for cell attachment, migration and

proliferation.
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Introduction

The Golgi complex is a membrane-bound organelle that plays a central role in the
processing of membrane and secretory proteins, in the endocytic pathway, as well as in
multiple recycling routes in all eukaryotic cells. It is comprised of stacks of flattened
cisternae in almost all eukaryotic cells, and these stacks are laterally linked to form a
perinuclear ribbon-like structure in mammalian cells [8]. Previous studies have explored
the mechanism of the stack formation. Two homologous peripheral proteins GRASP65
(Golgi Reassembly Stacking Protein of 65 kDa) and GRASP55, which associate with the
Golgi membranes via N-terminal myristoylation, were first identified as the Golgi
stacking factors using an in vitro assay that reconstitutes the cell cycle regulated Golgi
disassembly and reassembly process [15, 16]. Antibodies against GRASP65 or GRASP55
or soluble recombinant proteins inhibited stacking of newly formed cisternae in the in
vitro assay [15, 16]. Consistently, microinjection of anti-GRASP65 antibody into mitotic
cells inhibited subsequent Golgi stack formation in the daughter cells [17]. Depletion of
GRASP65 or GRASP55 by small interference RNA (siRNA) in mammalian cells
reduced the number of cisternae per stack [18, 118, 119], and simultaneous depletion of
both GRASP65 and GRASPS5S5 resulted in complete disassembly of Golgi stacks [18].
Consistent observation was made in fly that depletion of the sole GRASP protein
dGRASP and its interacting protein dGM130 in Drosophila S2 cells led to the
disassembly of the Golgi stacks into single cisternae and vesicles [115]. Biochemical
studies revealed that both GRASP65 and GRASP55 form stable homodimers, and those
dimers from adjacent cisternae form trans-oligomers to link the cisternae into stacks [17,

18]. Both dimerization and oligomerization are mediated via the N-terminal GRASP

86



domain, which is highly conserved between GRASP65 and GRASPS55. Oligomerization
of GRASP65 and GRASPS55 is regulated by mitotic phosphorylation. GRASP65 is
phosphorylated by the Polo-like kinase Plkl and Cdkl [17, 123], while GRASPS5S5 is
phosphorylated by ERK2 and Cdk1 [18, 125]. As GRASP65 and GRASPS55 localize to
the cis- and medial-to-trans Golgi, respectively [16], both are required for the formation
of the polarized stacked structure [18, 203].

Although stack formation is a conserved feature in most eukaryotic cells, its
physiological role remains elusive. It has been speculated that cisternal stacking improves
the efficiency of vesicular transport because the close spatial arrangement of cisternae in
a Golgi stack minimizes the distance that vesicles have to travel [140]. In addition,
tethering complexes hold the vesicles to the target cisternae and enhances membrane
fusion [216]. However, the exact role of Golgi stacking has not been tested due to the
lack of molecular tools to manipulate Golgi stack formation. Previously we have shown
that microinjection of GRASP65 antibodies inhibits Golgi stack formation, which results
in an increased rate of protein transport due to the acceleration of vesicle formation from
unstacked cisternae, suggesting that cisternal stacking regulates the cargo flow through
the Golgi [208]. This study used an artificial marker, CDS, to monitor protein trafficking,
therefore additional proteins especially endogenous ones are needed to test this
hypothesis.

Protein glycosylation is one of the main functions of the Golgi apparatus. The Golgi
harbors various glycosyltransferases and glycosidases in different compartments, and
cargos are modified sequentially as they travel through the Golgi complex. Protein

glycosylation encompasses N-glycans, O-glycans, and glycosaminoglycans. Most
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secreted and cell surface proteins such as the cell adhesion molecule, integrins, are
glycosylated. By binding to lectins and other interaction molecules, cell surface
carbohydrates participate in a variety of cellular activities, including cell adhesion and
migration, cell-cell communication, signal transduction, protein folding and stability,
molecular trafficking and clearance, as well as endocytosis [186]. Therefore, aberrant
glycosylation could affect multiple cellular functions and serve as pathological markers.
It is known that glycosylation can be regulated by multiple factors, including the
transcription and intracellular localization of glycosyltransferases and glycosidases, the
synthesis and transport of nucleotide sugar donors to the endoplasmic reticulum (ER) and
Golgi, etc [186]. An interesting unknown question is whether the Golgi cisternal stacking
is required for proper glycosylation of cargo molecules, since different carbohydates are
added to the growing glycan chain in the same sequence as the oligosaccharide
processing enzymes localized in different Golgi cisterane.

In this study, we have manipulated Golgi stacking by the depletion of GRASPS5S,
GRASP65, or both proteins with siRNA to determine the biological significance of Golgi
stacking. Our results showed that Golgi unstacking increased the rate of cargo transport,
altered the glycosylation pattern on the cell surface, and caused missorting of lysosomal
proteins. In addition, other cellular functions, such as cell adhesion, migration, and
proliferation were subsequently affected. Our results implicate that cisternal stacking
regulates cargo flux through the Golgi and functions as a quality control machinery for

protein sorting and modifications.
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Results
Golgi unstacking accelerates VSV-G transport

To determine the effect of Golgi unstacking on protein trafficking, we monitored the
transport of vesicular stomatitis virus glycoprotein (VSV-G) temperature-sensitive
mutant (ts045). This mutant is unfolded at 39.5°C and thus is blocked in the ER; upon the
reduction of the temperature to 32°C, the protein is released from the ER and travel
through the secretory pathway. A HeLa cell line that stably expressed the GFP-tagged
VSV-G using an inducible retroviral expression system [18] was generated and the Golgi
membranes were unstacked by the depletion of GRASP55, GRASP65 or both [18]. These
cells were then induced by doxycycline to express the VSV-G protein at 40.5 °C for 16 h
and then shifted to 32 °C in the presence of cycloheximide to allow the release of VSV-G
from the ER. The VSV-G on the cell surface was labeled with an antibody against the
extracellular domain of VSV-G, while total VSV-G level was indicated by the intensity
of GFP signal. The intensity of total cellular VSV-G and surface-bound VSV-G were
assessed by flow cytometry 2 h after release. As shown in Fig. 3.1A, the ratio of surface-
to-total VSV-G was increased in the cells depleted of GRASP55, GRASP65 or both,
suggesting that VSV-G transport to the plasma membrane is accelerated upon Golgi
unstacking. This result is consistent with previous observation that the CDS trafficking is

accelerated in NRK cells with unstacked Golgi [208].

Golgi unstacking leads to cathepsin D secretion

To determine the effect of Golgi unstacking on protein sorting, we monitored the sorting

and processing of the lysosomal hydrolase cathepsin D. Cathepsin D is synthesized in the
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ER as a polypeptide precursor of 53 kDa; it is transported through the Golgi to the
lysosomes, where the precursor is converted to a 47 kDa intermediate and then a 31 kDa
mature form [217, 218]. It has been shown previously that the precursor of cathepsin D
was missorted to the extracellular space when the Golgi structure was disrupted by
depletion of the actin-depolymerizing factor (ADF)/cofilin [219]. Therefore, cathepsin D
was used as a marker for protein sorting in this study. Cells treated with control or
GRASP siRNAs were incubated within serum-free media for 2 h, and cathepsin D in the
cell lysate and media were analyzed by western blot. As shown in Fig. 3.1B, 3 bands of
cathepsin D were detected in the cell lysate, with the 31 kDa mature form as the major
band; while only the 53 kDa immature form was detected in the media. In the control cell
lysate, the ratio between the intermediate and the immature form was about 2, while this
ratio increased to 3-4 when the Golgi was unstacked by GRASP-depletion (Fig. 3.1B,
1C). As cathepsin D processing occurs in the lysosomes, these results showed that the
transport from TGN to endosomes/lysosomes is accelerated when the Golgi is unstacked.
In addition, the total protein amount of cathepsin D in the cell also reduced to 35-55%
upon the depletion of GRASPs, especially in GRASP55 knockdown cells (Fig. 3.1B,
1D). When both GRASP55 and GRASP65 were depleted, the amount of immature
cathepsin D in the medium increased to 2 folds, compared to that of control cells (Fig.
3.1B, 1E). The increase of cathepsin D in the medium of GRASP-knockdown cells was
not due to cell lysate contamination, as -actin was not detected in the medium of these
cells. These results suggest that Golgi unstacking leads to the missorting of cathepsin D

to the extracellular space instead of the endosomes/lysosomes.
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Figure 3.1. GRASP-depletion accelerates VSV-G trafficking and impairs cathepsin D sorting. (A)
GRASP-depletion accelerates VSV-G trafficking. HeLa cells stably expressing VSV-G-ts045-GFP under
an inducible promoter were transfected with control (ctrl), GRASP55 (55), GRASP65 (65), or both
GRASP55 and GRASP65 (55+65) siRNAs. 80 h after transfection the cells were incubated at 40.5°C for 16
h in the presence of doxycycline to induce VSV-G expression. Cells were then treated with 100 mM
cycloheximide at 40.5°C for 1 h and shifted to 32°C for 120 min to release the VSV-G from the ER. The
VSV-G on the surface was stained with an antibody against the extracellular domain of VSV-G followed
by incubation with fluorescently labeled secondary antibodies. Total VSV-G and surface-bound VSV-G
were assessed by flow cytometry. Shown are the ratios of surface-to-total VSV-G normalized against
control cells (mean+SEM). (B) Missorting of cathepsin D in cells with unstacked Golgi. HeLa cells
transfected with indicated siRNAs were washed with PBS and incubated in serum-free DMEM for 2 h. The
secreted proteins in the medium were TCA precipitated and normalized according to the total protein
amount in the cell lysate. Equal proportion of the cell lysate and medium were analyzed by SDS-PAGE
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followed by western blot for cathepsin D. Immature form: 53 kDa; intermediate form: 47 kDa; mature
form: 31 kDa. Asterisk indicates a nonspecific band. (C) Ratio of intermediate vs. immature cathepsin D in
cells transfected with indicated siRNAs. (D) The amount of cathepsin D in the cell lysate, normalized to the
cells transfected with control siRNA. (E) The amount of immature cathepsin D in the medium, normalized
to the cells transfected with control siRNA. Bar in all the panels represents the average of four independent
experiments. Error bar = SEM. *, p<0.05, **, p<0.01, ***, p<0.001.

Golgi unstacking alters cell surface glycosylation pattern

As glycosylation occurs in the Golgi in a sequential manner, we determined whether
unstacking affects protein glycosylation by assessing the glycosylation pattern on the
surface of HeLa cells depleted of GRASP55, GRASP65 or both using fluorescently
labeled lectins. Maackia amurensis (MAA) binds to a (2,3) sialic acids, one of the
terminal carbohydrates found in glycoproteins [220], while Erythrina cristagalli (ECA)
binds to terminal 3-galactose, a glycan structure that is rarely found in properly modified
surface glycoproteins [220]. When the cells were stained with these lectins before
fixation, the intensity of MAA staining decreased in cells depleted of GRASPSS,
GRASP65, or both, compared with cells treated with control siRNA (Fig. 3.2, A-C vs.
D). In contrast, the ECA signal increased (Fig. 3.2E-H). In addition, the cell surface
signal for Wheat germ agglutinin (WGA), a lectin that selectively binds to N-Acetyl
glucosamine (GIcNAc) groups and sialic acid, was significantly reduced in GRASP-
depeleted cells compared to those transfected with control siRNA (Fig. 3.S1). These
results suggest that unstacking causes incomplete glycosylation of cell surface proteins.
To assess the glycosylation pattern quantitatively, cells were stained with fluorescently
labeled lectins without permeabilization and analyzed by flow cytometry. Consistent with
the microscopy result, the MAA staining decreased when GRASP55, GRASP65 or both
were depleted (Fig. 3.2I), while the ECA staining increased (Fig. 3.2K). The staining of

another sialic acid binding lectin, Sambucus nigra (SNA), which specifically binds to o
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(2,6) sialic acids [220], also decreased (Fig. 3.2J). The staining pattern of Maclura
pomifera (MPA) that binds to galactose and N-acetyl-D-galactosamine did not change
(Fig. 3.2L). The effects of GRASP-depletion on protein glycosylation were not due to the
deprivation or displacement of the glycosylation enzymes from the Golgi membranes,
since the exogenous expressing Mannosidase II (Manll, Fig. 3.S2A),
galactosyltransferase I (GalT, Fig. 3.S2B), and the endogenous galactosyltransferase I

(GalT, Fig. 3.S3) were correctly localized to the Golgi apparatus.
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Figure 3.2. Depletion of GRASP results in altered glycosylation pattern on the cell surface. (A-D)
Surface staining of fluorescence-conjugated lectin MAA, specific for a (2,3) sialic acid, was reduced upon
the depletion of GRASPs. Non-permeabilized HeLa cells treated with indicated siRNAs were exposed to
TRITC-conjugated MAA. The cells were then fixed, stained with GRASP antibodies, and visualized with
confocal microscope. Scale bar, 50 um. (E-H) Surface staining of fluorescence conjugated lectin ECA that
is specific for terminal (-galactose. (I-L) Lectin staining on the plasma membrane of cells treated with
indicated siRNAs was determined with flow cytometry. The result was normalized against control siRNA
treated cells, and represents the mean+=SEM of three independent experiments. *, p<0.03; **, p<0.01. Note
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that MAA, SNA staining decreased, while ECA staining increased upon the depletion of GRASPs.
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Figure 3.S1. Golgi unstacking impacts glycosylation of cell surface proteins. HelLa cells transfected
with control siRNA and with siRNAs for GRASP65 and 55 were stained for GRASP65, GRASP55 (green)
and WGA (red). Scale bar, 20 um.
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Figure 3.S2. GRASP-depletion does not affect the localization of Golgi enzymes. (A) Mannosidase 11
(ManlI)-GFP localizes on the Golgi in GRASP-depleted cells. HeLa cells treated with indicated siRNAs
were transfected with a ManII-GFP plasmid and analyzed by immunofluorescence microscopy for GM130.
Note that ManII-GFP colocalized with GM130 in all cells. (B) Galactosyltransferase (GalT)-GFP localizes
on the Golgi in GRASP-depleted cells. Scale bars in (A) and (B), 10 um.
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Figure 3.S3. GRASP-depletion does not affect the Golgi localization of the endogenous
Galactosyltransferase (GalT). HelLa cells treated with indicated siRNAs were stained for GalT1 and
GM130. Scale bar, 10 pm

Golgi unstacking reduces cell attachment and migration

Proper glycosylation of cell surface proteins is important for cell adhesion and
migration. When examined under the phase contrast microscope, we noticed that cells
transfected with GRASP65 or both GRASP55 and GRASP65 siRNAs spread less well on
the dish compared with cells transfected with control or GRASP55 siRNAs, they
appeared to be rounder and formed clusters (Fig. 3.3C, D vs. 3A, B). To further assess the
effect of GRASP-depletion on cell adhesion, we detached HelLa cells with EDTA and
placed the cells on fibronectin-coated plates. After incubation with serum-free medium at
37°C for 30 min, attached cells were counted. Compared to the control cells of which

55+4% were attached to the dish, only 38+1% cells depleted of GRASP55 and 31+3% of
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those depleted of GRASP65 bound to the dish (Fig. 3.3E). When both GRASP55 and
GRASP65 were depleted, the percentage of cell attachment was reduced to 22+4% (Fig.
3.3E). This effect was rescued by expression of EGFP-tagged GRASP65 or GRASPS5S,
but not by EGFP alone (Fig. 3.3, F and G). These results demonstrate that Golgi

unstacking decreases cell adhesion.
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Figure 3.3. GRASP-depletion reduces cell attachment. (A-D) Phase contrast images of HeLa cells
transfected with indicated siRNAs. Scale bar, 20 pm. Note that GRASP-depleted cells are generally
rounder than control siRNA treated cells. (E) The attachment of cells on fibronectin coated plate was
reduced upon GRASP-depletion. 300,000 siRNA-treated cells were seeded on fibronectin coated plates and
incubated in serum-free medium for 30 min. After the removal of unbound cells, the attached cells were
collected and counted. Each bar represents the mean of three independent experiments, error bar = SEM.
** p<0.01. (F) The reduced attachment of GRASP55-depleted cells could be rescued by expressing
GRASPS55-EGFP but not by EGFP alone. As in (E), except that HeLa cells transfected with indicated
siRNA were induced to express EGFP or GRASP55-EGFP. The result represents the average of two
independent experiments, error bar = SEM. **, p<(.01. (G) The reduced attachment of GRASP65-depleted
cells depleted could be rescued by expressing GRASP65-EGFP.

We then determined the effect of Golgi unstacking on cell migration using the well-
developed wound-healing assay [221]. The human breast tumor cell line MDA-MB-231
was used in the study. Both GRASP55 and GRASP65 were readily depleted when

transfected with siRNAs in this cell line (Fig. 3.4A). 72 h after siRNA transfection, fully
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confluent MDA-MB-231 cells were starved within serum-free DMEM for 24 h. A scratch
was made with a 200 pl pipet tip, and the cells were cultured in complete growth medium
for another 20 h to allow the cells to migrate into the wound region. When examined
under a microscope, cells transfected control siRNA almost completely covered the
wound region, while GRASP-depleted cells only covered part of the wound region (Fig.
3.4B). Control siRNA treated cells migrated at about 39+1 wm per hour, while cells
depleted of GRASP55, GRASP65, or both, migrate at about 33+1, 2542, and 1942 um
per hour, respectively, significantly slower than that of the control cells (Fig. 3.4C).

These results showed that Golgi unstacking reduces cell migration.
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Figure 3.4. GRASP-depletion reduces cell migration. (A) Western blot analysis of MDA-MB-231 cells
transfected with indicated siRNAs. (B) GRASP-depletion reduces MDA-MB-231 cell migration. Cells
transfected with indicated siRNAs were analyzed with wound assay. Images shown were taken at 0 h and
20 h after the scratch. Scale bar, 600 pm. (C) The migration rate is calculated using images obtained from

the experiment described in (B). The result is derived from three independent experiments, error bar =
SEM. *, p<0.05; **, p<0.01.
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GRASP depletion did not cause apoptosis and ER stress

To determine whether the effects above were caused by apoptosis, we stained the
non-permeabilized cells with annexin V-GFP that binds to phosphatidylserine, a
phospholipid that is translocated from the inner leaflet of the plasma membrane to the
outer leaflet at early stage apoptosis [222, 223]. As shown in Fig. 3.S4A, cells treated
GRASP siRNA lacked annexin V staining, while cells treated with staurosporine, a
known apoptosis inducer, were readily stained (Fig. 3.S4B). Furthermore, no
fragmentation of the nuclei was observed of GRASP-depleted cells, although they are
slightly smaller than control siRNA cells, possibly because these cells are relatively
rounder on the dish (Fig. 3.4). In addition, cleaved caspase 3, another widely used
apoptotic marker [224], was detected in staurosporine-treated cells but not GRASP-
depleted cells (Fig. 3.S4C). Finally, GRASP-depleted cells were not stained by the
TUNEL apoptosis-detection kit (data not shown). Taken together, these results showed
that that depletion of GRASP protein did not cause apoptosis in this study.

We have also determined whether GRASP-depletion causes ER stress by probing
the cell lysate with the anti-Bip antibody [225]. Bip expression level was increase by
tharpsigargin treatment that is known to induce ER stress, but not by GRASP-depletion

(Fig. 3.S5). This result excludes the possibility that Golgi unstacking leads to ER stress.
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Figure 3.S4. Depletion of GRASPs does not cause apoptosis. (A) HeLa cells transfected with indicated
siRNAs were stained with annexin V-GFP before fixation. Note that no obvious annexin V staining was
observed on GRASP-depleted cells. (B) HeLa cells treated with 2 uM staurosporine (ST) for 0 h or 2 h
were stained with annexin V-GFP before fixation. Note cells treated with staurosporine were stained by
annexin V-GFP. (C) HeLa cells transfected with indicated siRNAs, or treated with staurosporine (ST) were
analyzed by western blot. Note that the cleaved caspase 3 was detected after 4 h staurosporine treatment,
but not upon the depletion of GRASPs.
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Figure 3.S5. Depletion of GRASPs does not cause ER stress. HeLa cells transfected with indicated
siRNAs, or treated with DMSO or 2 uM tharpsigargin for 4h or 16h to induce ER stress, were analyzed by
SDS-PAGE and western blot. Note the protein level of Bip increased after tharpsigargin treatment but not
by GRASP depletion.
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Golgi unstacking reduces integrin level in the cell

The fact that Golgi unstacking reduces cell adhesion and migration (Fig. 3.3 and 3.4)
suggests that it may affect cell adhesion molecules such as integrins. Integrins are
heterodimers consisted of a and  subunits, both are type I transmembrane proteins with a
small cytosolic tail and a large extracellular domain. Integrins are major carriers of N-
glycans; 18 a and 8 P integrins have been identified in human and mouse genome [226].
The best characterized integrin is a5/B1 integrin, which mediates cell adhesion by binding
to fibronectin, which requires proper N-glycosylation of the integrins [227, 228].
Peptidase N-glycosidase F (PNGase F) that cleaves between the innermost N-
Acetylglucosamine (GIcNAc) and asparagine residues from a N-linked glycoprotein
blocked the formation of the a5/l complex and its interaction with fibronectin,
suggesting that the presence of N-glycans on integrins is critical for their functions [229].
Western blot analysis of HeLa cell lysate using an antibody against the C-terminal
cytosolic tail of Bl integrin detected two bands of about 130 kDa and 110 kDa (Fig.
3.5A). Both bands were glycosylated, as the treatment of PNGase F reduced both bands
to 95 kDa (Fig. 3.S6). The cell lysates have also been treated with Endoglycosidase H
(Endo H), an enzyme that cleaves within the chitobiose core of high mannose
oligosaccharides from N-linked glycoproteins, a conversion that occurs in the medial
Golgi region. The 130 kDa band was resistant to the treatment of Endo H, suggesting that
it is the mature form of 1 integrin. The lower 110 kDa band was downshifted by Endo H
treatment, indicating that it is the immature ER form (Fig. 3.S6). Similarly, a5 integrin

also existed as the mature form of 150 kDa and a precursor form of 135 kDa (Fig. 3.S6).
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The protein levels of a5/B1 integrin in cells depleted of GRASPs were assessed by
western blot. When GRASP65 or both GRASP55 and GRASP65 were depleted, the
protein levels of a5 and B1 integrins reduced to about 50% compared to control siRNA
treatment; while other surface proteins such as insulin-like growth factor receptor (IGF
R) did not change significantly (Fig. 3.5). This result is consistent with the conclusion

that Golgi unstacking reduces cell attachment and migration.
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Figure 3.5. Depletion of GRASP65 or both GRASPs causes a reduction of a5 and p1 integrins. (A)
Western blot analysis of HeLa cells transfected with indicated siRNAs. Note the reduction of both a5 and
B1 integrins. (B) Quantitation of (A), normalized with a-tubulin. Error bar = SEM, n=3. **, p<0.01.
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Figure 3.S6. Glycosidase treatment of a5/p1 integrins. HeLa cell lysates treated with EndoH or PNGase
F were analyzed by western blot. Note that the two bands of a5/B1 integrins detected at steady state were
both cleaved by PNGase F, while only the lower bands were sensitive to EndoH treatment.
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The synthesis of a5/B1 integrins is reduced in cells with unstacked Golgi

To determine whether the reduction of integrin protein level was due to decreased
protein synthesis, we assessed integrin synthesis using a pulse-chase assay. Cells
transfected with control or GRASP siRNAs were incubated within medium containing
3S-labeled methionines and cysteines for 1 h, and a5 and Pl integrins were
immunoprecipitated and analyzed by SDS-PAGE followed by autoradiography. The
newly synthesized a5 and B1 integrin existed as a single band of 135 kDa and 110 kDa,
respectively (Fig. 3.6A), corresponding to the immature ER forms. Notably, the amounts
of a5 and BI integrins were reduced by about 50% upon GRASP-depletion (Fig. 3.6A,
6B), consistent with the observation that a5 and 1 integrin protein levels were reduced
in GRASP-depletion cell in steady state (Fig. 3.5A, 5B).

We then tested integrin glycosylation and trafficking. siRNA treated cells were label
by **S-labeled methionines and cysteines for 1 h as described above followed by a chase
for different time periods. Integrins were then immunoprecipitated and analyzed by
autoradiography. At 0 h chase, all cells had both a5 and B1 integrins as a single immature
form (Fig. 3.6C). After 2 h chase, the mature form of a5 and B1 integrin began to appear.
About 40% of a5 integrin existed as the mature form in the cells treated with control
siRNA, while the mature form increased to 80 % in cells depleted of GRASPSS,
GRASP65, or both (Fig. 3.6C, 6D), suggesting that a5 integrin glycosylation in the Golgi
apparatus is accelerated when the Golgi is unstacked. At 4 h and 6 h chases, detectable
amounts of a5 integrin existed as the immature form in control cells; while almost all a5
integrin had matured in GRASP-depleted cells (Fig. 3.6C). The maturation of B1 integrin

is also faster in cells depleted of GRASP65. After 2 h chase, 50 % 1 integrin has
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matured to the fully glycosylated form in GRASP65 knockdown cells compared with 30
% 1in control cells (Fig. 3.6C, 6E). After 4 h chase, 80 % mature form of 1 integrin was
found in GRASP65 knockdown cells compared with 60 % in control cells (Fig. 3.6C,
6E), although this effect was less significant in cells depleted of GRASPS5S5, or both
GRASPs (Fig. 3.6C, 6E). The degradation of a5 and B1 integrins was also assessed using
the same pulse/chase method. The amount of integrins immunoprecipitated after 24 h and
48 h chases were compared with that at 12 h, when both integrins existed as the single

mature form. All cells showed similar trend in the reduction of the signals (Fig. 3.S7).
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Figure 3.6. Golgi unstacking reduces a5/p1 integrin synthesis but accelerates their trafficking. (A)
GRASP-depletion reduces a5/p1 integrin synthesis. HelLa cells transfectd with indicated siRNA were

104



labeled by 250uCi/ml TRANS **S-LABEL [*S] for 1 hour and lyzed. Both a5 and Pl integrin were
immunoprecipitated and analyzed with SDS-PAGE and autoradiography. (B) Quantitation of (A) from two
independent experiments. *, p<0.05, *** p<0.001. (C) GRASP-depletion increases a5/Bl integrin
trafficking. As in (A) but with a chase for indicated time periods. Note that mature form of a5/B1 integrin
appeared faster in GRASP-depleted cells. (D) Quantitation of the ratio of the mature form vs. total a5
integrin at indicated chase time of one representative result out of three independent experiments. Note that
the maturation rate of a5 integrin increased in GRASP-depleted cells. (E) Quantitation of the ratio of the
mature form vs. total Bl integrin at indicated chase time. Note that the maturation rate of Bl integrin
increased in GRASP65-depleted cells
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Figure 3.S7. Golgi unstacking does not affect a5/B1 integrin degradation. (A) HeLa cells transfected
with indicated siRNAs were labeled with TRANS **S-LABEL [**S] for 1 hour and lyzed at indicated chase
time. Both a5 and B1 integrin were immunoprecipitated and analyzed by SDS-PAGE and autoradiography.
Error bar = SEM, n=3. (B) Quantification of the amount of a5 integrin, normalized to the protein amount at
12 h chase. Result represents the average of three independent experiments. (C) Quantification of the
amount of B1 integrin.

Golgi unstacking enhances total protein synthesis and cell growth
To determine how Golgi unstacking affect cell proliferation, we examined the

growth rate of GRASP-depleted cells using the established crystal violet assay [119]. The
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cells were transfected with indicated control or GRASP siRNAs, and seeded to 24 well
plates 24 h after transfection. After 24 h incubation, the number of cells was assessed for
6 successive days. As shown in Fig. 3.7A, the increase of the cell number was
significantly higher in cells treated with GRASP siRNAs in comparison with those
treated with control siRNA. We then determined total protein synthesis in these cells.
Cells treated with control or GRASP siRNAs were labeled by *°S-labeled methionines
and cysteines for 1 h and lysed in detergent. Equal amount of total proteins were TCA
precipitated and total radioactivity incorporation was measure in a scintillation counter.
As shown in Fig. 3.7B, total protein synthesis increased when GRASPs were depleted
compared to control siRNA treated cells. This result is consistent with the observation
that Golgi unstacking increases cell growth, suggesting a link between protein synthesis,

trafficking, modifications and cell growth.
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Figure 3.7. Depletion of GRASPs enhances cell proliferation and total protein synthesis. (A) Growth
rates of HeLa cells transfected with indicated siRNAs, measured using crystal violet staining. The
measurement starts 48 hours after transfection. Shown are the averages of three independent experiments.
(B) Total protein synthesis is enhanced in GRASP-depleted cells. HeLa cells transfected with indicated
siRNA were labeled with TRANS *S-LABEL [*S] for 1h. Equal amount of total proteins were
precipitated by TCA and [*’S]-methinonine/ cysteine incorporation was assessed with scintillation
counting.
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Discussion

Golgi stacking is a pronounced feature of the vast majority of eukaryotic organisms
[230], however, whether it has any biological relevance on protein trafficking and
modifications is unclear. On one hand, the close spatial arrangement of cisternae in stacks
minimizes the distance the molecules have to travel, which may improve the efficiency of
cargo transport. On the other hand, Golgi stacking may limit the area of membranes for
vesicle formation and fusion to the Golgi rims. Therefore it was unclear how Golgi
stacking affects the rate of protein trafficking through the Golgi stack. In this study, we
use GRASP65 and GRASP55 RNA interference as the tool to manipulate Golgi stack
formation and determined the biological roles for Golgi stacking in protein trafficking,
sorting and glycosylation as well as cell attachment, migration and growth. Our results
demonstrated that cisternal stacking slows down protein trafficking and thus ensures
proper glycosylation of cargo proteins as they travel through the stack.

How Golgi cisternal stacking affects protein trafficking has been a long-standing
question in cell biology. In our earlier study, we inhibited Golgi stacking by
microinjection of GRASP65 antibodies into mitotic cells and monitored the transport of
CDS8 in post-mitotic daughter cells. We showed that CDS arrived at the plasma membrane
faster in cells with unstacked Golgi [208]. However, the microinjection technique did not
allow us to perform biochemical and cell biology experiments to determine protein
glycosylation, sorting and other cellular activities. In this study, we inhibited Golgi
stacking by the depletion of the Golgi stacking factors GRASP65 and GRASPS5S, and
showed that Golgi unstacking increased the trafficking of VSV-G and a5/B1 integrins,

using flow cytometry and radioactive pulse/chase labeling, respectively. Notably, at
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earlier time points of the VSV-G experiment, the differences of VSV-G on the cell
surface was less significant among control and GRASP siRNA treated cells; while at 120
min after the release, the difference became more obvious, and this effect was gradually
diminished after longer chase. This may explain why the earlier studies did not detect the
effect of GRASP65 or GRASPS55 depletion on VSV-G transport [29, 118]. A plausible
explanation for the increased trafficking is that when the Golgi cisterane are fully
stacked, vesicles can only form and fuse at the rims; Once the cisternae unstack, more
membrane area becomes accessible, thereby increasing the rate of vesicle budding and
cargo transport through the Golgi [208]. Consistently, in vitro budding assay revealed
that unstacking increased the rate of COPI vesicle formation from the Golgi membranes
[208].

Using fluorescence-conjugated lectins, we demonstrated that GRASP-depletion led
to a decrease of sialic acid and an increase of terminal -galactose on the cell surface,
especially when GRASP65 was knocked down (Fig. 3.2). Our results are in agreement
with the speculation that stacking ensures efficient and accurate post-translational
modifications of cargo proteins by the resident glycosylation enzymes [187]. These
enzymes are distributed across the stack in the order by which they operate [201, 231].
Each cisterna corresponds to a different reaction compartment in which specific enzymes
are concentrated. Unlike the ER that contains a high concentration of soluble chaperones
and folding enzymes, where improperly modified cargos are retained or degraded, the
Golgi apparatus lacks a rigorous system to control the fidelity for its biosynthetic
processes [185]. Even when the glycosidases or glycotransferases are inhibited or

mutated, membrane and secretory glycoproteins carrying defective glycans are still
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readily exported [232]. In addition, the concentration of cargo proteins inside the Golgi
apparatus is considerably higher than that in the ER, since the Golgi resident enzymes are
mostly transmembrane proteins. Therefore, a controlled slow cargo flow through the
Golgi apparatus could be critical for cells in which correct glycosylation is important. In
higher multicellular organisms such as vertebrates, particularly in mammals, accurate
glycosylation of cell surface proteins such as receptors and cell adhesion molecules is
essential for their cellular functions. Therefore, improper glycosylation could results in
significant consequences. Aberrant glycosylation is a hallmark of many cancers, and
Golgi fragmentation has been observed in some tumor cell lines [233] and tumor tissues
(unpublished data), although the causality between the two is undetermined. On the other
hand, Golgi stacking may not be required for protein trafficking as cells without proper
Golgi stacks survive. In the budding yeast S. cerevisiae, as one rare exception in which
Golgi membranes do not form stacks under normal growth conditions, N-glycosylation in
the Golgi, which only involves the addition of mannoses, is much simpler [234].
Therefore, Golgi stacking may be a gained feature during evolution to improve the
accuracy of protein modifications.

In addition to proper glycosylation, Golgi stacking is also essential for protein
sorting and higher cellular activities. Our results showed that unstacking resulted in
missorting of cathepsin D precursor to the extracellular space instead of
endosomal/lysosomal system. Similar observation has been reported in human mammary
cancer cells upon the induction of estrogen [235]. It is possible that stack formation
ensures that sorting of cargo molecules only occurs in the TGN but not other cisternae. In

addition, the ratio between the intermediate form and the precursor in cells with GRASP-

109



depletion increased, implicating that the hydrolase was sorted to the
endosomal/lysosomal system faster when the Golgi was unstacked, consistent with the
conclusion that the cisternal stacking functions as the flux regulator.

The reduction of cell adhesion and migration of the cells with unstacked Golgi may
be attributed to the alteration of the glycosylation on the cell surface and the reduction of
a5/B1 integrins. In multicellular environment, the glycans on the cell surface are usually
the first molecules to contact with other cells and extracellular environment, and they are
known to contribute to cell adhesion, migration and communication [186]. Altered
expression of cell surface N-linked oligosaccharides, for example, elevated 6GIcNAc side
chain branching, inhibits cell attachment and spreading [228], and is associated with the
oncogenic transformation of many types of animal cells. It is also conceivable that the
cells with unstacked Golgi grow faster as the protein synthesis and cargo transport are
enhanced, although the underlying mechanism is elusive.

A variety of cellular stresses, such as the disruption of post-ER protein modification
or folding, membrane traffic overload, changes in Golgi pH and ion content, and viral
assembly and budding at Golgi membranes, could results in Golgi fragmentation in the
cells [134], which may be referred to as “Golgi stress”. For example, changing the Golgi
pH interrupts the Golgi function and leads to aberrant glycosylation [233]. However, the
morphological and functional definition of “Golgi stress” is unclear. Whether Golgi
unstacking can be induced by “Golgi stress”, whether any signaling pathway is involved
in “Golgi stress”, or whether it contributes to aberrant glycosylation in a multicellular

environment remains to be determined.
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Materials and Methods

All reagents were from Sigma Co., Roche or Calbiochem, unless otherwise stated.
The following antibodies were used: monoclonal antibodies against B-actin (Sigma), a-
tubulin (DSHB), a5 integrin (BIIG2, DSHB), B1 integrin (P5D2, DSHB), Human 1,4
Galactosyltransferase I (CB002, CellMab AB), cleaved caspase 3 (Cell Signalling,
#9661), VSV-G extracellular domain (D. Sheff); polyclonal antibodies against human
GRASPS5S5 (Proteintech Group, Inc.) and GRASP65 (J. Seemann), a5 integrin C-terminus
(Millipore, AB1928), B1 integrin C-terminus (Abcam, EP1041Y), IGF-IR (Santa Cruz,

sc-713), GM130 (N73, J. Seemann), Bip (P. Arvan), cathepsin D (sc-6486, Santa Cruz).

Cell culture and transfections

HeLa and MDA-MB-231 cells were grown in DMEM (Invitrogen) containing 10%
fetal bovine serum and L-glutamine at 37°C in a 5% CO; incubator. Knockdown
transfections were performed with HeLa cells plated at 40% confluency following the
manufacture’s instruction. For cells in six-well plates, 3 pl of a 50 uM siRNA stock was
added to 250 ul Opti-MEM. In a separate tube, 5 pl transfectamine™ RNAIMAX
(Invitrogen) were mixed with 250ul Opti-MEM and incubated for 5 min at room
temperature (RT). The two mixtures were combined and incubated at RT for 20 min, and
added to the cells in 2 ml DMEM containing 10% fetal bovine serum. siRNAs for human
GRASP55 (AACTGTCGAGAAGTGATTATT) [23] and GRASP65
(CCTGAAGGCACTACTGAAAGCCAAT) [118] were purchased from Ambion and

Invitrogen, respectively. Control non-specific siRNAs were purchased from Ambion.
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Microscopy

Fluorescence images were captured with a Leica SP5 confocal laser-scanning
microscope using a 100X oil lens or Zeiss Observer Z1 epifluorescence microscope using
a 63X oil lens. Phase contrast images were taken with a Zeiss Observer Z1 microscope
using a 40X lens. Bright field images of the MDA-MB-231 cells were taken with
OLYMPUS 1X81 microscope, using a 4X lens and IMAGING ERTIGA 1300R camera.
For images taken with the confocal microscope, each image was a maximum projection

from a z-stack. Pictures were assembled in Adobe Photoshop.

VSV-G transport

A population of HeLa cell that stably express VSV-G-GFP (zs045) in an inducible
manner was established using the retroviral system as described previously [18] and
enriched by FACS sorting. Cells were transfected with control, GRASP55, GRASP65, or
both GRASP55 and GRASP65 siRNAs, and incubated at 37°C. Eighty hours after
transfection, 1 pg/ml doxycycline was added and cells were transferred to 40.5°C. Fifteen
hours later, 100 uM cycloheximide was added to inhibit protein synthesis. One hour after
the addition of cycloheximide, the cells were shifted to 32°C to release the VSV-G
proteins from the ER. After 120 min incubation at 32°C, the cells were harvested with
PBS containing 20 mM EDTA, and fixed with 3.7% paraformaldehyde. Cells were
blocked with PGA (PBS containing 0.2% gelatin and 0.04% azide) buffer, and surface
VSV-G-GFP was labeled with the antibodies specifically against its extracellular domain
[236] at 4°C overnight. After washing with the PGA buffer, cells were incubated with

Cy5 conjugated Goat-anti-mouse IgG antibody (Jackson ImmunoResearch Laboratories)
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for 30 min at room temperature. The fluorescence intensity of GFP and Cy5 were
analyzed on a FACScalibur flow cytometer (BD Biosciences). The amount of VSV-G on

the cell surface after subtracting the background was normalized by the GFP intensity.

Lectin staining

For the immunofluorescence analysis, HeLa cells growing on cover slides were
fixed with 3.7% paraformaldehyde. After blocking with 1% BSA (in PBS), surface
glycosylated proteins were labeled with TRITC-conjugated lectins such as MAA or ECA
(EY laboratories) in dark for 30min at 4°C. After washing with 1% BSA, the cells were
permeabilized with 0.3% Triton X-100 and processed for immunofluorescence wFor the
flow cytometry analysis, HeLa cells were harvested with PBS/20 mM EDTA, blocked
with cold BSA buffer, and labeled with FITC-conjugated lectins (EY laboratories) in the
dark at 4°C, for 30 min. After washing, the cells were fixed with 3.7% paraformaldehyde

and analyzed on a FACScalibur flow cytometer (BD Biosciences).

Pulse/chase labeling and immunoprecipitation

HeLa cells growing on 60 mm dishes were incubated in methionine/cysteine-free
DMEM medium (Invitrogen) for 1 h and labeled with 1 ml medium containing 250
uCi/ml TRANS **S-LABEL [*°S] (MP BIOMEDICALS) for 1 h. After washing with
PBS, cells were either collected immediately on ice, or after incubating with 4 ml
complete growth medium containing 2 mM L-cysteine and L-methionine for indicated
time periods. 0.8 ml lysis buffer (PBS containing 1 mM CaCl,, 0.5 mM MgCl,, 1%

TritonX-100, cocktail Protease inhibitors, 1 uM pepstatin A) was added to lyze the cells.
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After centrifuge at 14,000 rpm for 15 min, the protein concentration of the supernatant
was measured using the Bio-Rad protein assay (Bio-Rad Laboratories, Inc., CA). 60 ng
B1-integrin antibody P5D2 and 50 ng a5 integrin antibody BIIG2 were added to 2 mg
supernatant of the cell lysate, and incubated at 4°C, overnight. The antibodies were
precipitated with 30 pl protein G beads (Roche Diagnostics GmbH, Germany) at 4°C for
2 hours. Beads were washed five times with the lysis buffer, and the immunoisolated
materials were eluted by boiling for 5 min in nonreducing SDS sample buffer. Integrins
were resolved by 6.5% nonreducing SDS-PAGE.

To determine the total protein synthesis, 40 ul of the cell lysate were precipitated
with 10 pl 100% (w/v) Trichloroacetic acid (TCA) at 4°C for 10 min. The protein pellets
were washed with acetone, dissolved in 0.2 M NaOH, and neutralized with 0.2 M HCI.
The radioactivity intensity was analyzed by scintillation counting (Fisher scintiverse ™

BD cocktail), and normalized with the total protein amount.

Attachment assay

The 12 well plates were coated with fibronectin from human plasma (Sigma, F0895)
at 1 mg/ml in Tris-buffered saline (pH7.5) at 4 °C for 16 h, and blocked with 2% BSA.
HeLa cells transfected with indicated siRNA were detached with PBS containing 20 mM
EDTA and the cell numbers were counted with hemocytometer. Cells were pelleted and
resuspended in serum-free DMEM. 300,000 cells were seeded per well on fibronectin
coated 12 well plates (3 wells for each condition), and cultured with serum-free DMEM

at 37°C for 30 min. Cells were then rinsed 4 times with PBS, attached cells were
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collected and counted. The attachment is represented as the percentage of attached cells

out of the total number of cells.

Wound-healing assay

The wound-healing assay was performed using the protocol described by Jun-Lin
Guan and colleagues [221]. MDA-MB-231 cells were transfected with indicated siRNAs.
Fourth-eight hours after transfection, the cells were re-plated in 12 well plates at 80%
confluency in complete growth medium. Twenty-four hours later, after the cells became
confluent and formed monolayer, the medium was replaced with serum-free DMEM.
Twenty-four hours later, the cell monolayer was scraped in a straight line to create a
““scratch’” with a p200 pipet tip. The cells were washed once with DMEM, and images
were taken using inverted bright field microscope with a 4X lens and an IMAGING
ERTIGA 1300R camera. The cells were then allowed to grow in complete growth
medium for 20 h, and images of the same area were taken. Images were analyzed with the

NIH Image J software.

Growth rate analysis

HeLa cells transfected with indicated siRNAs were trypsinized 24 hours after
transfection. 10000 cells were added into each well of 24-well plates and incubated in
complete growth medium. One day later, the cell numbers were measured every 24 h for
6 days by crystal violet staining as described previously [119]. Briefly, cells were washed
with PBS, fixed in 3.7% paraformaldehyde for 30 min and stained with 0.5% crystal

violet (in 30% methanol) for 15 min, followed by extensive wash with H,O. The DNA-
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bound dye was extracted using 1 ml 10% acetic acid for 5 min, and measured for optical
density (OD) at 590nm. The cell numbers at different time were normalized to the cell

number from the first measurement (Day 0).

Annexin V assay

HeLa cells grown on cover slides were incubated at room temperature in dark with
annexin V-EGFP diluted at 1:100 in the binding buffer provided by the manufacturer
(BioVision, K104-25). After wash with PBS, the cells were fixed, permeabilized and
stained with Hoechst. Images were taken using the Zeiss inverted microscope Observer

71 with 40X lens.

Endo H and PNGase F treatment

Both Endo H and PNGase F were purchased from New England BioLabs. 100 ug of
HeLa cell lysate were denatured with 100 pl denaturing buffer at 100 °C for 10 min, 11
ul 10X reaction buffer was added to the lysate after cooling down at RT. 500 unit Endo H
or PNGase F diluted in 90 pl 1X reaction buffer was added to the cell lysate and
incubated at 37 °C for 1 h. Reactions were stopped with 50 ul 5X SDS sample buffer. 1%

NP-40 was included in the PNGase F reaction.
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Chapter IV. Active ADP-ribosylation factor-1 (ARF1) is

required for mitotic Golgi fragmentation

Abstract

In mammalian cells the Golgi apparatus undergoes an extensive disassembly process
at the onset of mitosis that is believed to facilitate equal partitioning of this organelle into
the two daughter cells. However, the underlying mechanisms for this fragmentation
process are so far unclear. Here we have investigated the role of the ADP-ribosylation
factor ARF1 in this process to determine whether Golgi fragmentation in mitosis is
mediated by vesicle budding. ARF1 is a small GTPase which is required for COPI
vesicle formation from the Golgi membranes. Treatment of Golgi membranes with
mitotic cytosol or with purified coatomer together with wild type ARF1 or its constitutive
active form, but not the inactive mutant, converted the Golgi membranes into COPI
vesicles. ARF1-depleted mitotic cytosol failed to fragment Golgi membranes. ARF1 is
associated with Golgi vesicles generated in vitro and with vesicles in mitotic cells. In
addition, microinjection of constitutive active ARF1 did not affect mitotic Golgi
fragmentation or cell progression through mitosis. Our results show that ARF1 is active

during mitosis and that this activity is required for mitotic Golgi fragmentation.
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Introduction

The Golgi apparatus is a membrane-bound organelle that serves as a central conduit
for protein and lipid modification, processing, trafficking and secretion in all eukaryotic
cells. The central and unique feature of the Golgi is a stack of flattened cisternal
membranes with dilated rims [8]. The stack carries out post-translational processing of
newly synthesized proteins as they pass through this organelle after assembly in the
endoplasmic reticulum (ER) [1]. Processing enzymes, which include those involved in
modifying bound oligosaccharides, are arranged across the stack (in the cis to trans
direction) in the order in which they function [201]. In animals, stacks are often
interconnected to form a ribbon that is localized adjacent to the nucleus. Despite its
complicated morphology and function, the Golgi apparatus is dynamic, capable of rapid
disassembly and reassembly during mitosis [2] or upon drug treatment [80, 237-239].
Mitotic fragmentation of the Golgi apparatus was first observed in the early 1900s. One
particularly good example is the study by Ludford in 1924, in which the Golgi was
described as forming ‘rodlets’ that were scattered throughout the dividing cell and that, at
a late stage in cell division, re-associated to form two separate Golgi complexes, one in
each daughter cell [240]. Studies using electron microscopy showed fragmentation of the
characteristic stack-like organization of the Golgi at the onset of mitosis, and Golgi
fragments were subsequently distributed to each daughter cell [241, 242]. In the late
1990s, when green fluorescent proteins and live cell imaging techniques became
available, it was shown that early in mitosis, during prophase, the Golgi undergoes

extensive fragmentation along the cell cycle progression [79, 82, 88, 243]. During
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cytokinesis, the dispersed Golgi fragments are converted into larger Golgi fragments that
finally re-form the pericentriolar ribbon structure.

Several reasons have been put forward to explain the biological significance of
mitotic Golgi fragmentation. The first concerns the mechanism of Golgi partitioning
between the two daughter cells during the cell cycle. The distribution of Golgi
membranes over a larger space of the cell is expected to aid in the even distribution of
this organelle into the daughter cells [2]. The second hypothesis concerns the release of
“mitotic” components stored on the Golgi during interphase, which are important in the
promotion of cytokinesis [244, 245]. For example, Nir2, a Golgi-associated protein in
interphase cells, has been shown to move to the cleavage furrow and is essential for
cytokinesis [246]. Thus, in addition to directly providing membrane for cleavage furrow
invagination [247], it is likely that the Golgi mediates the coordinated release of proteins
required for cytokinesis and other cytoplasmic events as the cell progresses through
mitosis.

The underlying mechanisms mediating Golgi disassembly during mitosis are so far
unclear. One possibility is that disassembly is achieved through a similar mechanism as
Brefeldin A (BFA) treatment, a fungal metabolite known to redistribute the Golgi
membranes, at least partially, into the ER. BFA exerts its effects by inactivating the
ADP-ribosylation factor-1 (ARF1) recruitment to Golgi membranes. ARF1 is a small
GTPase that is membrane-associated in its active GTP-bound form and recruits coatomer
onto the membrane to form COPI vesicles. Inactivation of ARF1 in turn prevents
recruitment of coatomer (and hence the formation of COPI vesicles) and leads to the

redistribution of Golgi membranes to the ER [80]. The central idea of this hypothesis is
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that mitosis phenocopies BFA treatment in terms of Golgi breakdown by inactivation of
ARFI1. Using live cell imaging, it has been shown that transiently overexpressed ARF1-
GFP disappears from the Golgi region in the early stages of mitosis and that the
expression of the constitutively active ARF1 (Q71L) mutant blocks mitotic Golgi
disassembly as well as cell progression through mitosis [243, 245, 248], suggesting that
ARFI1 needs to be inactivated in order to disassemble the Golgi. However, whether the
endogenous ARF1 is inactivated during mitosis is so far unclear.

Another explanation for the mitotic Golgi disassembly is the continuous budding of
COPI vesicles. Isolated Golgi membranes, when treated with mitotic cytosol, undergo
extensive fragmentation that mimics mitotic Golgi fragmentation seen in vivo. The
fragmentation is mediated, in large part, by the continued budding of COPI vesicles
[249]. Budding requires ARF1, suggesting that ARF1 is active. Consistently, budding is
also enhanced in the presence of GTPyS, which is known to activate ARF1. However,
GTPyS also activates other GTPases (such as Rab proteins) and impairs cargo uptake in
the early stage of COPI vesicle formation [250]. So far there is no direct evidence that
ARFTI itself is involved in mitotic Golgi fragmentation. Here we have examined the role
of ARF1 in mitotic Golgi fragmentation using a variety of techniques. Our results show
that ARF1 is active during mitosis and that this activity is required for mitotic

fragmentation of the Golgi.
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Results
Golgi fragmentation requires ARF1 activity

To test whether mitotic Golgi fragmentation requires ARF1 activity, we used a well-
characterized system for COPI-vesicle formation in vitro. The incubation of highly
enriched rat liver Golgi membranes (RLG) with coatomer and myristoylated ARF1 leads
to budding of COPI vesicles [65, 250, 251]. Three forms of myristoylated ARF1, the wild
type (WT), the constitutively active ARFI1(Q71L), or the inactivated mutant
ARFI(T31N) [252], were expressed in bacteria and purified following the established
methods [253]. We first examined whether treatment of Golgi membranes with these
purified ARF1 proteins, in the presence of purified coatomer, could lead to Golgi
fragmentation. As shown in Fig. 4.1, treatment of Golgi membranes with purified WT
ARFI1 and coatomer led to extensive fragmentation of Golgi membranes (Fig. 4.1A).
Quantitation of the results showed that about 43% of membranes were vesiculated in the
presence of WT ARF1, a significant increase compared to treatment with coatomer alone
(Fig. 4.11). A similar result was obtained with the constitutively active form
ARFI1(Q71L) (Fig. 4.1B), a mutant restricted to the GTP-bound form, with 41% of
membranes in vesicles (Fig. 4.11). In contrast, no fragmentation was observed when the
Golgi membranes were treated with the inactive form ARFI(T31N) (Fig. 4.1C), a mutant
which has a preferential affinity for GDP compared to the wild-type protein [252]. Only
about 13% of membrane in vesicles was observed, similar to untreated membranes (12%)
(Fig. 4.11). Detailed examination of EM images at higher magnification indicated that
most of the vesicles were coated in the presence of WT ARF1, or ARF1(Q71L) (data not

shown). Incubation of purified Golgi membranes with purified coatomer did not
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significantly fragment the membranes (Fig. 4.1E), with about 12% of membrane in
vesicles (Fig. 4.11), suggesting that ARF1 activity is required for the vesiculation. This
effect is due to the ARF1 protein added, since analysis of purified Golgi membranes by
Western blotting showed that essentially no endogenous ARF1 proteins were associated
with the membrane under the experimental conditions (data not shown).

To mimic mitotic conditions, we added purified mitotic kinases cdc2 (in complex
with cyclin B1) and polo-like kinase (plk). These kinases mimic mitotic cytosol to
phosphorylate most of the Golgi proteins known to be mitotically phosphorylated, such
as GRASP65 and GMI130 [17, 123, 254], which are involved in mitotic Golgi
disassembly. In the presence of mitotic kinases, fragmentation of the Golgi by wild type
(WT, Fig. 4.1F) and active ARF1(Q71L) (Fig. 4.1G) was significantly enhanced. The
number of vesicles increased about 2-fold compared to ARF1 and coatomer, resulting in
80% of the total membranes fragmented into COPI vesicles (Fig. 4.11). In contrast, the
inactive ARF1(T31N) did not fragment Golgi membranes even in the presence of mitotic
kinases (Fig. 4.11), suggesting that ARF1 is not inactivated under mitotic conditions, at

least not in this cell-free assay.
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Figure 4.1. In vitro Golgi fragmentation using purified coatomer and ARF1. EM photographs showing
fragmentation of purified Golgi membranes using purified ARF1, coatomer and kinases. Purified rat liver
Golgi membranes were treated with wild type ARF1 and coatomer (A), constitutively active ARF1(Q71L)
and coatomer (B), or with inactivated ARF1(T31N) and coatomer (C) at 37°C for 20 min. Untreated (D) or
coatomer alone (E) were used as controls. In some experiments, purified cdc2 and plk were included (F-H).
Membranes were fixed and processed for EM. Bar, 0.5 um. 1. Quantitation of A-H, by the intersection
method, to estimate the percentage of membrane in vesicles. Results represent the mean of three
independent experiments = SEM. To access the statistical significance, the result for treatment with
coatomer alone was compared with that of no treatment; results for ARF1 WT, Q71L and T3 1N mutants in
the absence of kinases were compared with that of treatment with coatomer alone; and results for WT,
Q71L, and T3IN mutants in the presence of kinases were compared with those without mitotic kinases,
respectively. Note that the WT and the active Q71L mutant of ARF1 fragmented the Golgi but the inactive
T3 1N mutant did not. Fragmentation was enhanced by the presence of purified cdc2 and polo-like kinases
(kinases).

Active ARF1 associates with fragmented Golgi membranes

It has been shown that the active GTP-bound form of ARFI1 associates with
membranes, recruits coatomer and promotes vesicle budding. Upon GTP hydrolysis,
ARF1 is inactivated and disassociates from the membrane [252, 255]. To test whether
ARF1 is associated with the membranes after mitotic fragmentation of the Golgi
membranes, we pelleted the membranes including the Golgi remnants and vesicles by

high-speed centrifugation followed by analysis of ARF1 by Western blotting. As shown
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in Fig. 4.2A, total membranes were pelleted efficiently, as indicated by GRASP65 and
Gos28, two Golgi associated membrane proteins. Significant amounts of WT ARF1 and
ARFI1(Q71L) were found in the membrane pellets which contained COPI vesicles
indicated by the B-COP subunit, while no signal was detected in the pellet with the
inactive ARFI(T31N). Since recruitment of ARFI1-GTP to the membrane is essential for
COPI vesicle budding, this strongly suggests that ARF1 is active under mitotic
conditions; without ARF1 activity, no vesicles were generated. Coatomer was also
recruited onto the membrane by WT ARF1 or ARFI1(Q71L), but not the inactive
ARFI(T31IN) (Fig. 4.2A, lanes 3 and 6 vs. 9), which is consistent with the ARF1 results.
As B-COP was largely found in the pellet fraction with active ARF1 (Fig. 4.2), it
indicates that most of the vesicles are coated, which further suggests that ARF1 is
maintained in the GTP-bound form. The pattern of ARF1 association with membranes
was not changed in the presence of mitotic kinases cdc2 and plk (Fig. 4.2B), with
ARFI(WT) and ARFI(Q71L) largely associated with membranes and with no
ARFI(T31N) in the membrane fraction. This result shows that ARF1 remains activate in
the presence of these mitotic kinases.

The membrane binding property of ARF1 was then tested in the presence of BFA, a
chemical compound that is known to inactivate ARF1 [256]. BFA abolished the
membrane binding property of wild type ARF1 but not the Q71L mutant (Fig. 4.2C, lanes
6). This result confirms that only active ARF1 is associated with Golgi membranes under

the experimental conditions.
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Figure 4.2. Association of activated ARF1 with membranes after the budding assay. Purified rat liver
Golgi membranes were incubated with either wild type ARF1, constitutively active ARF1(Q71L), or with
inactive ARF1(T31N) and coatomer, in the presence of (B) or absence of (A) purified mitotic kinases cdc2
and plk, at 37°C for 20 min followed by isolation of the total membranes by centrifugation. Equal fractions
(by volume) of the total (T, the reactions before centrifugation), the supernatant (S, the soluble fraction)
and the pellet (P, the membranes) were analyzed by Western blotting for ARF1 and the membrane
associated proteins GRASP65 and Gos28. Note that a large proportion of wild type and active
ARFI1(Q71L) proteins were found in the pellets (lanes 3 and 6), but not the inactive ARF1(T31N) mutant
(lane 9). Note that addition of kinases did not reduce the amount of ARF1 bound to the membrane
fractions. C. Only active ARF1 can bind to Golgi membrane. Purified ARF1 was incubated with Golgi
membranes as in A except that Brefeldin A (BFA) was added in some reactions. Note that ARF1 WT and
Q71L can bind to Golgi membranes in the absence of BFA (lane 3) and only Q71L can bind to membranes
in the presence of BFA (lane 6).

To determine whether the ARF1 associated Golgi fragments are COPI vesicles, we
separated the Golgi membranes treated with ARF1, coatomer and mitotic kinases on a
0.5-1.6 M sucrose gradient. After centrifugation to equilibrium, membrane bound
proteins in each fraction were collected by high-speed centrifugation. Analysis by
Western blotting revealed that the Golgi remnants were found in fractions 2 to 3, as
indicated by GRASP65 (Fig. 4.3A), which is consistent with the density of Golgi
membranes, equivalent to 0.8 M sucrose (Fig. 4.3B) [251]. The coated vesicle fraction

peaked at fraction 8, as indicated by the B-COP subunit of the coatomer, which is
consistent with the reported density of coated COPI vesicles, equivalent to 1.2 M sucrose
(Fig. 4.3B) [65, 250]. With WT ARF1, the peak (fractions 7, 8 and 9) was broader than
with the constitutively active ARF1 (fractions 8 and 9) (Fig. 4.3A), suggesting that

uncoating of COPI vesicles occurs more frequently for WT ARFI1 than that for
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ARFI1(Q71L) during the reaction and/or the centrifugation. Consistent with this result,
the peak for B-COP was also broader with WT ARF compared with ARF1(Q71L) (Fig.
4.3A). The signal for WT ARF1 appeared stronger compared to ARFI1(Q71L) because
the antibody we used has a higher affinity to WT ARF1 and ARFI(T31N) compared to
ARFI1(Q71L) (Fig. 4.S1B). The inactive form of ARF1 was not found to be associated
with membranes in any fraction; there was also no 3-COP signal detected associated with
membranes (Fig. 4.3A). Analysis of non-membrane-bound proteins in each fraction
revealed that soluble ARF1 remained on the top of the gradient (Fig. 4.3A, sup),
consistent with the result that ARF1(T31N) does not bind to the membrane and does not
promote vesicle budding (Fig. 4.1). This result indicates that active ARF1 is associated
with COPI vesicles under mitotic conditions. Besides ARF1 and coatomer, several
membrane and secretory proteins were enriched in the vesicle containing fractions. These
include the Golgi SNARE protein Betl (Fig. 4.3C) and syntaxin 6 (not shown), Golgi
enzymes a-mannosidase I and II, Golgi structural protein Golgin-84 and Giantin, and the
secretory protein rat serum albumin (Fig. 4.3C).

To further confirm that the membranes in B-COP concentrated fractions are COPI
vesicles, we pooled fractions 1-3 and 7-9. Membranes in each pool were collected by
centrifugation and analyzed by EM. As shown in Fig. 4.3D, fractions 1-3 contained the
Golgi remnants, TGN membranes (indicated by the dense lipoproteins), and other
vesicular-tubular structures. Fractions 7-9 contained essentially pure COPI vesicles (Fig.
4.3E), with a uniform size of about 70 nm in diameter. Coat proteins were visible on the
vesicles at higher magnifications (Fig. 4.3F). Further measurements showed that the size

of the vesicles generated by ARF1 and coatomer treatment (69.9 £7.4 nm, n=50) was
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identical to those generated by mitotic cytosol treatment (72.1 £ 6.0 nm, n=50). This size

is consistent with the previous reports [257]. Taken together, these results show that

active ARF1 is associated with COPI vesicles even when the Golgi membranes are

mitotically fragmented.
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Figure 4.3. ARF1 binds to COPI vesicles. Purified rat liver Golgi membranes were treated with wild type
ARF1 in the presence of purified coatomer and mitotic kinases at 37°C for 20 min. Reactions were



fractionated by equilibrium centrifugation on a sucrose gradient (0.5-1.6 M). Membranes in each fraction
were pelleted and equal fractions (by volume) were analyzed by Western blotting for ARF1, 3-COP and
GRASP65 and shown in (A). ARF1 (sup) refers to ARF1 in the supernatant after membrane pelleting.
Sucrose concentrations were measured and shown in (B). Membrane and cargo proteins in samples from
(A) using wild type ARF1 were further analyzed by Western blotting and shown in (C). Manll, a-
mannosidase II; RSA, rat serum albumin. Membranes in fractions 1-3, which contained Golgi remnants,
and in fractions 7-9, which contained COPI vesicles, were collected, and processed for EM. EM images are
shown in (D) and (E), respectively. Golgi remnants are indicated by arrows and uncoated COPI vesicles by
arrowheads (D). Lipoprotein enriched TGN elements are indicated by asterisks (D). A large magnification
of vesicle enriched fraction is shown in (F) to illustrate the COPI coats, indicated by arrowheads. Bar, 0.5
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Figure 4.S1. Purification of myristoylated ARF1 WT and mutant proteins. Left panels show
Coomassie blue stained gels with 1 pg purified myristoylated ARF1 proteins in each lane. The right panel
shows a Western blot of ARF1 proteins using a monoclonal antibody.

ARF1-dependent Golgi fragmentation upon treatment with mitotic cytosol

To ensure that the results we obtained using purified mitotic kinases represent
mitotic conditions, we examined fragmentation of Golgi membranes when treated with
mitotic cytosol, or with interphase cytosol as a control. If mitotic Golgi fragmentation is
due to COPI vesicle budding, which requires ARF1 activity, Golgi membranes should be
fragmented upon treatment with mitotic cytosol treatment. Alternatively, no COPI
vesicles should be generated if fragmentation of the Golgi during mitosis is due to
inactivation of ARF1 [245]. As shown in Fig. 4.4, when Golgi membranes were treated

with interphase cytosol, the stacks remained intact, with only a few vesicles, which is
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similar to untreated Golgi membranes (Fig. 4.4D). However, when treated with mitotic
cytosol, the Golgi membranes were fragmented to tubular and vesicular structures.
Quantitation showed that about 50% of the membranes were found in vesicles (Fig. 4.4D)
after treatment with mitotic cytosol, which is significantly higher than interphase cytosol
treatment (22%). We then analyzed ARFI1 association with vesicles by sucrose
equilibrium centrifugation and Western blotting. The result showed that at least a fraction
of ARF1 was associated with COPI vesicles which were enriched in fraction 8 (Fig. 4.4,
E and F), as indicated by 3-COP. This is consistent with the result described in Fig. 4.3A
using purified proteins and shows that fragmentation of Golgi membranes upon mitotic
cytosol treatment requires ARFI1 activity. As noted in the figure legend, a higher
molecular weight form of $-COP showed up when purified Golgi membranes were
treated with cytosol (Fig. 4.4) or in living cells (Fig. 4.S3), especially under mitotic
conditions. It is not clear whether this is due to phosphorylation of B-COP [258], or a
different 3-COP isoform [259], or ubiquitination, since the migration shift is about 8 kD.
Our recent study indicated that a Golgi protein is ubiquitinated during mitosis, which is
required for the subsequent Golgi reassembly [99]. The nature of this modification and its
effect on COPI vesicle uncoating and/or fusion are worthwhile to explore.

To determine whether ARF1 activity is required for mitotic Golgi fragmentation, we
depleted ARF1 from mitotic cytosol using a DEAE-Sepharose column following a
procedure previously described [260]. The depletion efficiency for ARF1 was high (Fig.
4.4G, lanes 3 & 4 vs. 1 & 2). ARF1-depletion did not affect other proteins tested, such as
B-COP and o-tubulin (Fig. 4.4G). ARF1-depleted mitotic cytosol failed to fragment the

Golgi membranes, while replenishment of wild type ARF1 or the Q71L mutant, but not
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the T31N mutant, restored the activity of the cytosol and led to fragmentation of the
Golgi membranes to a similar extent as adding back the ARFI containing fraction
collected during the depletion procedures (Fig. 4.4H). This result showed that ARF1

activity in the mitotic cytosol is required for fragmentation of the Golgi membranes.
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Figure 4.4. Fragmentation of Golgi membranes by mitotic cytosol treatment is ARF1-dependent.
Purified Golgi membranes (A) were treated with interphase HeLa cell cytosol (IC) (B) or mitotic cytosol
(MC) (C) at 37°C for 20 min. Membranes were fixed and processed for EM. Golgi stacks (A and B) are
indicated by arrows and COPI vesicles (C) by arrowheads. Bar, 0.5 pum. D. Quantitation of A-C, by the
intersection method, to estimate the percentage of membrane in vesicles. Results represent the mean of
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three independent experiments + SEM. Note the increased number of vesicles after treatment with mitotic
but not interphase cytosol. E and F. Analysis of protein components of B and C using sucrose equilibrium
gradients. Membranes from B and C were loaded onto a 0.5-1.6 M (16-45%) sucrose gradient followed by
ultracentrifugation to equilibrium and fractionated from the top to the bottom. Membranes were pelleted
and equal proportions of membrane-bound proteins in each fraction were analyzed. A higher molecular
weight form of 3-COP appears after treatment with mitotic cytosol and peaks at COPI vesicle-containing
fractions 7/8 (1.2-1.3 M sucrose). G. Non-treated mitotic cytosol (MC, lanes 1 & 2), ARF1-depleted
cytosol (ARF dep. MC, lanes 3 & 4) and ARF1-enriched fraction (ARF F., lanes 5 & 6) collected during
ARF1 depletion were analyzed by Western blotting for ARF1, 3-COP and a-tubulin. H. Mitotic cytosol or
ARF1-depleted mitotic cytosol were tested for Golgi fragmentation as in A and quantified as in D. In some
reactions, purified ARF1 proteins or ARFI-enriched fraction (ARF F.) were added to ARF1-depleted
cytosols, as indicated. Values represent means =SEM (n=5). Statistical significance was analyzed against
ARF1-depleted cytosol.

ARF1 remains active during mitosis in cells

Next, we tested whether ARF1 remains active or is inactivated in mitotic cells.
Interphase or mitotic NRK cells (collected by nocodazole block and shake-off) were
subjected to subcellular fractionation. Membranes from the post-nuclear (PNS) or post-
chromosomal supernatants were pelleted by ultracentrifugation at 150,000 g for 60 min.
Proteins in the membrane and the cytosol (supernatant) were analyzed by Western
blotting. Under interphase conditions, about 22% of ARFI was associated with
membranes (Fig. 4.5A, B), indicating that this fraction of ARF1 is active in interphase
cells. Under mitotic conditions, about 60% of ARF1 was found in the membrane fraction,
which is significantly higher than under interphase conditions. To ensure that this result
was not an unspecific pharmacological effect caused by nocodoazol treatment, we
collected mitotic NRK cells by shake-off. NRK cells were first enriched in G1/S phase by
aphidicolin block and released. Cells that entered mitosis were collected by shake-off and
analyzed by a similar method described above. A significant amount of ARF1 was
associated with the membranes in mitotic cells, which was larger than the amount in

interphase cells (Fig. 4.S2). A similar result was obtained when a different cell line, HeLa
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cells, was used (data not shown). Taken together, these results indicated that a significant
amount of ARF1 is active in mitotic cells.

We then performed the subcellular fractionation experiment using mitotic cells
treated with BFA, which is known to inactivate ARF1 [256]. Treatment of mitotic cells
with BFA for 10 minutes was sufficient to remove essentially all ARFI from the
membrane fraction (Fig. 4.5C). Since the Golgi was already fragmented prior to BFA
treatment, this result indicated that the membrane—associated active ARF1 in mitotic cells
could be inactivated, but ARF1 inactivation is not a cause of mitotic Golgi fragmentation.

We then used sucrose gradients to analyze whether the membranes that ARF1
associated with are COPI vesicles. As shown in Fig. 4.S3, Golgi membranes were found
on the top of the gradient, which peaked in fractions 3 or 4, as indicated by the Golgi
matrix protein GM130, or the Golgi t-SNARE Gos28 (Fig. 4.S3). The Golgi v-SNARE
Betl, however, showed an additional peak in fraction 7 together with 3-COP especially
under mitotic conditions, suggesting that some of this protein was recruited into COPI
vesicles. ARF1 was found in two peaks under both interphase and mitotic conditions:
fractions 3-4, which contained Golgi membranes; and fractions 7-9, which contained
COPI vesicles with the density of about 1.2 M sucrose (Fig. 4.S3) and indicated by f3-
COP. This is consistent with our result using purified components (Fig. 4.3 A and B) and
further shows that ARF1 exists as the membrane—bound active form in mitotic cells and

is required for mitotic Golgi fragmentation.
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Figure 4.5. ARF1 is associated with membranes during mitosis. Non-treated interphase NRK cells or
mitotic NRK cells synchronized by treatment with nocodazole were homogenized and postnuclear and post
chromosomal supernatants centrifuged to separate membranes (P) and cytosol (S). Equal volume
proportions of each sample were separated by SDS-PAGE followed by Western blotting for the indicated
proteins. Quantitation of the bands showed that about 26% of ARFI1 is associated with membranes under
interphase conditions (Lane 3), and about 50% under mitotic conditions (Lane 6).
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Figure 4.S2. ARF1 is associated with membranes in mitotic NRK cells collected by shake-off. NRK
cells were blocked by aphidicolin and cultured in a fresh medium for 6-9 hours and mitotic cells were
collected by shake-off. Interphase or mitotic NRK cells were homogenized and postnuclear and post
chromosomal supernatants centrifuged to separate membranes (P) and cytosol (S). Equal volume
proportions of each sample were separated by SDS-PAGE followed by Western blotting for the indicated
proteins. Quantitation of the bands showed that about 15% of ARF1 is associated with membranes under
interphase conditions (Lane 3), and about 30% under mitotic conditions (Lane 6).
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Figure 4.S3. ARF1 is associated with COPI vesicles during mitosis. Post-nuclear and post chromosomal
supernatants from interphase and mitotic NRK cells were fractionated by equilibrium centrifugation using a
0.5-1.6 M sucrose gradient. Recovered membranes were analyzed by SDS-PAGE and Western blotting for
the indicated proteins. Note that ARF1 is enriched in fractions 3 and 4, which contain Golgi remnants, and
7 and 8, which contain COPI vesicles.

Microinjection of the constitutive active ARF1 does not block mitotic Golgi
fragmentation

Our data described above showed that ARF1 is active during mitosis and that this
activity is required for mitotic Golgi fragmentation. To test the effect of ARF1(Q71L) on
mitotic Golgi fragmentation in tissue culture cells, we microinjected purified
ARFI1(Q71L) into NRK cells enriched in G2 phase 60 min before the cells were about to
enter mitosis. Cells were fixed as soon as they entered mitosis and stained for GM130.
Microinjection of ARF1(Q71L) caused partial disassembly of the Golgi in interphase
cells (Fig. 4.6A); however, this did not seem to affect cell progression into mitosis, as
indicated by the condensed chromosomes in the metaphase plate and the round cell
shape. In most prometaphase and metaphase cells we observed (22 cells out of 26
counted), the Golgi was fragmented (Fig. 4.6 B+C). Later in telophase, the Golgi

reformed in both daughter cells (Fig. 4.6D). To demonstrate that the microinjected
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ARFI1(Q71L) was functional, injected interphase cells were treated for 5 min with BFA.
In 190 injected cells out of 191 counted, the COPI coat proteins still decorated the Golgi
(Fig. 4.6E, B-COP), indicating that ARF1(Q71L) could not be inactivated by BFA
treatment, which is consistent with the result described in Fig. 4.2C. In the same
experiment, 3-COP was stripped off the Golgi membrane in non-injected neighboring
cells (Fig. 4.6E). The results suggest that constitutively active ARF1 has no significant
effect on the mitotic fragmentation of the Golgi apparatus or on the mitotic progression of

the observed cells.
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injection marker

k.

Figure 4.6. Microinjection of ARF1(Q71L) does not block Golgi fragmentation and progression
through mitosis. NRK cells enriched in G2 were microinjected with purified ARF1(Q71L) protein
(together with an injection marker) 60 min before entering mitosis. As the cells entered mitosis they were
fixed and stained for the Golgi marker GM130 (left panels), DNA (middle panels) and the injection marker
(right panels). A. Interphase. Injection of ARF1(Q71L) led to partial fragmentation of the Golgi. B - C.
Prometaphase cells with condensed DNA showed that the Golgi was fragmented. D. Telophase/late
mitosis. Chromosome separation was completed and the injected cell divided into two daughter cells
containing a reformed Golgi apparatus. E. Control. Interphase NRK cells were injected with ARF1(Q71L).
After 30 min incubation in growth medium, they were treated for 5 min with BFA. Note that 3-COP is
removed from the Golgi in non-injected cells but not in the injected cell, suggesting that the injected
ARF1(Q71L) protein remained active in the presence of BFA. Bar = 15 um.
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Discussion

We have used several biochemical and cell biological approaches to determine the
contribution of ARF1 to the disassembly process of the Golgi apparatus at the beginning
of mitosis. Our results show that ARF1 remains active during mitosis and that this
activity is required for mitotic Golgi fragmentation. A previous study has shown that
vesicle budding is involved in mitotic fragmentation of Golgi membranes in a cell-free
system [249]. However, this study used mitotic cytosol and the role of COPI vesicle
formation was not confirmed. In the current study, we chose to use the well established in
vitro COPI vesicle budding assay using purified ARF1 and coat proteins and confirmed
the role of COPI vesicle budding in mitotic Golgi fragmentation. We used the mitotic
kinases cdc2 and plk to mimic mitotic conditions. Previous studies have shown that these
two mitotic kinases mimic mitotic cytosol by modifying most of the mitotically
phosphorylated Golgi proteins so far identified, including GRASP65 [17, 123], GM130
[254], Rllalpha regulatory subunit of cAMP-dependent protein kinase [261] golgin-67
[145], and Nir2 [246]. These kinases were also shown to mimic mitotic conditions for
mitotic Golgi fragmentation [17, 190, 262]. In the presence of mitotic kinases, the Golgi
was fragmented (Fig. 4.1, A and B), and the amount of ARF1 bound to membranes
remained high (Fig. 4.2), showing that ARF1 is not inactivated in the presence of mitotic
kinases. This evidence was further strengthened using mitotic cytosol, which fragmented
the Golgi membranes into vesicles much more efficiently than interphase cytosol. This
activity was abolished when ARF1 was depleted from the cytosol and was restored when
recombinant active ARF1 was replenished (Fig. 4.4). Therefore our in vitro experiments

provided strong evidence that ARF1 activity is required for mitotic Golgi disassembly.
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We then showed that this conclusion is also true in cells. Fractionation of interphase
and mitotic NRK cells showed that a fraction of ARF1 is associated with COPI vesicles
and Golgi membranes during mitosis (Fig. 4.5, 2S.2), suggesting that this population of
ARFI1 is active during mitosis. Compared with interphase cells, the membrane-bound
portion is more prominent in mitotic cells (Figure 4.5, 2S.2), suggesting that ARFI
remains active during mitosis. Furthermore, using sucrose gradient centrifugation we
confirmed that at least some of the ARF1-bound membranes are COPI vesicles (Fig.
4.S3). Therefore we conclude that mitotic Golgi fragmentation utilizes a different
mechanism than the effect caused by BFA. Our study combined a variety of techniques to
study the role in ARF1 in mitotic Golgi disassembly, both in vitro and in vivo, and
provided strong evidence that mitotic Golgi fragmentation requires ARF1 activity and
COPI vesicle budding. Further study on the machinery governing disassembly and
reassembly of the Golgi apparatus is essential for understanding the mechanism of Golgi
inheritance in mammalian cells.

Another study based on live cell imaging to localize ARF1 tagged with GFP in
mitotic cells [243, 245] showed that the distribution of ARF1-GFP on Golgi membranes
and in the cytosol changed as the cells entered mitosis, with the pool bound to the Golgi
decreasing and the pool in the cytosol increasing [245]. However, it is not clear whether
the diffused pattern of ARF1 during mitosis consists of soluble cytosolic ARF1, or if
ARF1 is bound to Golgi derived vesicles, since the size of these vesicles is well below
the spatial resolution of light microscopy [88, 243]. Another piece of evidence is the fact
that overexpression of ARF1(Q71L) blocks mitotic Golgi fragmentation [245].

ARF1(Q71L) was overexpressed by transient transfection over a long time period. Since
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ARFI1(Q71L) directly affects membrane trafficking, it is unclear whether mitotic Golgi
fragmentation is directly blocked by ARF1(Q71L) or by an unspecific effect caused by
its chronic overexpression. In fact, when we microinjected purified ARF1(Q71L) protein
into cells, mitotic Golgi fragmentation and cell cycle progression through mitosis
appeared essentially unchanged (Fig. 4.6). Since in this experiment the presence of
ARFI1(Q71L) in the cell was reduced to 60 min, this result provided more direct evidence
that ARF1 is not inactivated in the progress of mitotic Golgi fragmentation. In addition,
using a biochemical approach combined with electron microscopy, our result showed for
the first time that ARF1 is bound to vesicles when Golgi membranes are disassembled in
the presence of wild type or active ARF1, but not the inactive ARF1 mutant. This result
was further confirmed using mitotic cytosol and synchronized cells. Our results showed
that at least a portion of the endogenous ARF1 is associated with the membranes even
when the Golgi is fragmented and this association is abolished when cells were treated
with BFA (Fig. 4.5). ARF1 itself has a very low intrinsic GTPase activity and GTP
hydrolysis by ARF1 requires the GTPase activating proteins (ARF-GAP) [263, 264]. The
distribution and activity of ARF-GAP proteins during mitosis have not yet been
investigated. In addition, we observed a significant migration shift of 3-COP on the gel,
especially under mitotic conditions (Fig. 4.4, 2S.3), which might be due to the
modification of this protein. Whether this modification inhibits vesicle uncoating and
thus fusion during mitosis is an intriguing possibility. Nevertheless, our results strongly
suggest that ARF1 is not inactivated during mitosis, and that active ARF1 is required for

mitotic Golgi fragmentation.
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Materials and Methods
Reagents

All reagents were from Sigma Co., Roche Diagnostics or Calbiochem, unless
otherwise stated. The following antibodies were used: monoclonal antibodies against
ARF1 (1D9, Abcam), GM130 and Gos28 (Transduction Laboratories), GRASP65 (F.
Barr), B-COP (M3AS5, T. Kreis), a-tubulin (K. Gull); polyclonal antibodies against ARF
(D. Shields and D. Sheff), p-COP (EAGE, T. Kreis), GM130 (MLO7, M. Lowe),
GRASP65 [17], a-Mannosidase II (K. Moremen), Golgin-84 (A. Satoh), rat serum
albumin (G. Warren), TGN38 [265]. Secondary antibodies for immunofluorescence and
for Western blotting were from Molecular Probes and Jackson Immunoresearch
Laboratories, respectively. Brefeldin A (BFA) was obtained from Invitrogen and
Epicentre Biotechnologies and applied to the tissue culture medium at 5 pg/ml final
concentration. Nocodazole (Sigma) was prepared as 0.2 mg/ml stock in DMSO and used

at 0.5 pg/ml in the medium. Hoechst 33342 was purchased from Invitrogen.

ARF1 mutagenesis, expression and purification

cDNA constructs for wild type (WT) and the constitutively active mutant (Q71L)
ARF1 were obtained from J. Rothman [48, 252]. ARF1 inactive mutant (T31N) [252]
was made by site-directed mutagenesis and confirmed by DNA sequencing. For
preparation of myristoylated ARF1 proteins, BL21(DE3)Gold bacterial cells were co-
transformed with a second plasmid encoding the yeast N-myristoyltransferase [266].
Briefly, ARF1 expression was induced in the presence of 50 uM myristic acid.

Myristoylated ARF1 proteins were enriched by 35% saturation of ammonium sulfate
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followed by purification on a DEAE-Sepharose column as described previously [253].
Fractions containing myristoylated ARF1 eluted between 50-150 mM NaCl were pooled,
buffer exchanged and concentrated on an AmiconUltra-10 filter device (Millipore) in 50
mM Tris-HCI, pHS8.0, 1 mM MgCl,, 1 mM DTT, 2 uM GDP, to a concentration of 2-5
mg/ml and aliquots were stored at -80°C. SDS-PAGE analysis showed that ARF1 is
purified to over 90% homogeneity (Fig. 4.S1A). Western blot analysis using a
monoclonal antibody against ARF1 confirmed this result. This antibody, however, has

lower affinity to ARF1(Q71L) compared to wild-type or T31N mutant (Fig. 4.S1 B).

In vitro budding assay and analysis

Golgi membranes were purified from rat liver [213]. Interphase (IC) and mitotic
(MC) cytosols were prepared from HeLa S3 cells [249]. Cdc2 kinase (cdc2/ cyclin B1)
and plk kinase were expressed and purified as described and kinase activity was
measured [17]. Coatomer complex was purified from rabbit cytosol [267]. Golgi budding
assay was performed as previously described [65, 250]. Briefly, Golgi membranes (200
ng) were mixed with 10 mg IC or MC, or with purified coatomer (100 pg), recombinant
myristoylated ARF1 (50 pg), | mM GTP and an ATP regenerating system (10 mM
creatine phosphate, 1 mM ATP, 20 ug/ml creatine kinase, 20 ng/ml cytochalasin B), in
assay buffer (50 mM Tris-HCI, pH7.4, 0.2 M sucrose, 50 mM KCIl, 20 mM f-
glycerophosphate, 15 mM EGTA, 10 mM MgCl,, 2 mM ATP, 1 mM GTP, 1 mM
glutathione, and protease inhibitors), in a final volume of 1000 pul. After incubation for 20
min at 37°C, 250 mM KCl in cold assay buffer was added to stop the reaction and to

release the vesicles. In some experiments 50 pg/ml BFA (Invitrogen) was included. To
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separate the membranes from the soluble proteins, samples were centrifuged in a TLASS
rotor at 55,000 rpm for 60 min. To analyze the membranes by equilibrium gradients,
reactions were directly loaded onto a step gradient comprised of 1.0 ml 0.5 M, 1.5 ml 0.8
M,2ml1.2M,2ml 1.4 M and 2 ml 1.6 M sucrose in assay buffer containing 250 mM
KCl. Membranes were centrifuged to equilibrium at 200,000 g, 4°C for 3 h in a near
vertical rotor (NVT65, Beckman Instruments, 50000 rpm). COPI-coated vesicles
typically peaked at 1.2-1.3 M sucrose, while uncoated Golgi remnants peaked at about
0.8 M sucrose. Fractions were diluted 3-fold with a buffer without sucrose and
membranes in each fraction were pelleted by centrifugation in a Beckman TLASS rotor at
55000 rpm for 60 minutes followed by Western blotting analysis. Membrane samples
were also fixed and processed for EM. Vesicles were defined as round profiles of
approximately 70 nm in diameter. The percentage of membranes in cisternae was
determined by the intersection method [17]. The statistical significance of the quantitated
results was accessed by Student’s #-test.

ARF1 was depleted from mitotic cytosol on a DEAE-Sepharose column used for
ARF1 purification following the method previously described [260]. Briefly, mitotic
cytosol was loaded onto the column and three fractions were collected: ARF-depleted
pool 1 that did not bind to the column; ARF-enriched pool 2 that bound to the column but
was eluted with a buffer containing 65 mM KCI; and ARF-depleted pool 3 that contained
proteins eluted with a buffer containing 500 mM KCI. Pools 1 and 3 were mixed and
concentrated by on a centricon filter device to the original concentration as ARF1-

depleted mitotic cytosol.
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Cell Culture, synchronization and subcellular fractionation

NRK cells were routinely cultured in DMEM supplemented with 7.5% fetal calf
serum, 2 mM L-glutamine, penicillin (100 U/ml), and streptomycin (100 pg/ml). To
enrich NRK cells in M phase, subconfluent cells (~75% confluent) were washed by
phosphate buffer (PBS) and incubated in growth medium supplemented with 0.5 pg/ml
nocodazole for 15 hours (Sigma, St. Louis, MO). Mitotic cells were collected by shake-
off [83, 268]. Typically, the mitotic index was about 80% when examined under a
fluorescent microscope according to the condensation of the chromosomes stained with
Hoechst 33258. To avoid unspecific pharmacological effects of nocodazole on mitotic
cells, NRK cells were treated for 14 h with 2.5 pg/ml Aphidicolin (Calbiochem) to enrich
cells in G1/S-phase. Six to nine hours after removal of the drug, mitotic cells were
collected by shake-off. Confluent interphase (non-synchronized) cultures were cleaned by
shake-off method to remove mitotic cells, washed with PBS and harvested using a cell
scraper. Normally 8x 15 cm dishes of NRK cells were used for mitotic cell collection and
2 dishes for interphase collection. The mitotic index of interphase cells was lower than
1%. For Brefeldin A (BFA) treatment, mitotic cells were treated with 5 pg/ml BFA in
growth medium at 37°C for 10 min before the collection of the cells.

Spinner HeLa cells were cultured in RPMI1640 supplemented with 7.5% fetal calf
serum, 2 mM L-glutamine, penicillin (100 U/ml), and streptomycin (100 pg/ml). Cells
grown in suspension were synchronized by incubation in growth medium with 0.5 pg/ml
Nocodazole for 20-22 hours until the mitotic index reached 95% or higher. Synchronized
and non-synchronized HeLa cells were collected by centrifugation. 200 ml HeLa cells in

suspension culture were used for mitotic or interphase cell collection.
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NRK or spinner HelLa cells were washed with homogenization buffer (0.25 M
sucrose, | mM EDTA, 1 mM Mg acetate, 10 mM HEPES-KOH, pH 7.2 and protease
inhibitors) and resuspended in 800 pul homogenization buffer by pipetting (4x blue tip, 6x
syringe). Cells were cracked with a ball-baring homogenizer as monitored under a
microscope by Trypan-Blue exclusion to a breakage of 75-80%. The homogenate was
centrifuged for 10 min at 1000 g, 4°C. The postnuclear supernatant (PNS) was removed
and subjected to ultracentrifugation in a TLASS rotor at 120000 g for 1 hour. The
supernatant (cytosol) was removed and the membranes in the pellet were resuspended in
homogenization buffer. Equal volume fractions of the PNS, cytosol and membrane
fractions were analyzed by SDS-PAGE and Western blotting. Protein bands were
quantitated using the NIH ImagelJ software. The PNS was also fractionated on a sucrose

gradient as described above and fractions were analyzed by Western blotting.

Microinjection and immunofluorescence analysis

Capillary microinjection was performed with a semiautomatic system consisting of a
Transjector 5246 and a Micromanipulator 5171 (Eppendorf). NRK cells grown on glass
coverslips were treated for 14 h with 2.5 pg/ml Aphidicolin (Calbiochem) to enrich cells
in G1/S-phase. Eight hours after removal of the drug, the cells were injected with 1.2
mg/ml ARF1(Q71L) together with 2 mg/ml mouse IgG (Sigma) as an injection marker.
The cells were incubated for 60-90 min at 37°C and fixed and permeabilized for 10 min
in methanol at -20°C. For Brefeldin A treatments, the injected cells were incubated in
growth medium for 30 min followed by a 5 min incubation in the presence of 5 pg/ml

Brefeldin A. The cells were then labeled with polyclonal antibodies against GM130 or f3-
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COP followed by goat anti-rabbit secondary antibodies conjugated to Alexa Fluor 488
(Molecular Probes). The co-injected mouse IgG were stained with goat anti-mouse Alexa
Fluor 594 antibodies (Molecular Probes). DNA was stained with Hoechst 33342 and the
cells were mounted in Moviol 4-88 (Calbiochem). Fluorescence analysis was performed
using a Plan-Apochromat 63x/1.4 DIC objective (Zeiss) and an Axiovert 200M
microscope (Zeiss). Images were captured with an Orca-285 camera (Hamamatsu) and

the software package Openlab 4.02 (Improvision).
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Chapter V. The ubiquitin ligase HACET1 is involved in

regulating Golgi membrane dynamics during the cell cycle

Abstract

Partitioning of the Golgi membrane into each daughter cell after mammalian cell division
occurs through a unique disassembly and reassembly process that is regulated by
ubiquitination. However, the identity of the ubiquitin ligase and the ubiquitinated
substrates on the Golgi membrane are unknown. Here, we show that the HECT-domain
containing ubiquitin ligase HACE1 is targeted to the Golgi membrane through
interactions with Rab proteins. HACE1 ubiquitin ligase activity is involved in mitotic
Golgi disassembly and is required for subsequent post-mitotic Golgi membrane fusion.
Depletion of this protein using siRNAs and expression of an inactive HACE1 mutant
both affect Golgi membrane fusion. Further biochemical analysis indicated that syntaxin
5 is a substrate of HACE1 on the Golgi membrane. The identification of HACEI as a
Golgi-localized ubiquitin ligase, and syntaxin 5 as its substrate, provides evidence that

ubiquitin plays a critical role in Golgi biogenesis during the cell cycle.
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Introduction

Mitosis requires the duplication and even partitioning of all cellular components into
two daughter cells. In mammalian cells, inheritance of the Golgi apparatus during each
cell division occurs through a unique disassembly and reassembly process [2, 202]. The
Golgi is fragmented at the onset of mitosis to disperse the stacks, which then undergo
further vesiculation. This yields thousands of vesicles that are distributed throughout the
cytoplasm [269]. Studies using a cell free assay that reconstitutes mitotic Golgi
fragmentation [90, 214, 249, 270] showed that mitotic Golgi disassembly involves two
processes: cisternal unstacking and membrane vesiculation. Unstacking is mediated by
mitotic kinases that phosphorylate the Golgi stacking proteins GRASP65 and GRASP55
[17, 18, 119, 120]. In interphase cells, GRASP proteins form oligomers between adjacent
cisternal membranes and hold the membranes in stacks. During mitosis, phosphorylation
of GRASPs leads to de-oligomerization of the proteins and cisternal unstacking.
Vesiculation of the unstacked cisternae occurs through continuous formation of COPI
vesicles, which is mediated by the small GTPase ARF1 (ADP-ribosylation factor 1) and
the coatomer complex [89]. Phosphorylation of Golgi tethering proteins, such as GM130,
disrupts membrane fusion, and continuous COPI vesicle budding without membrane
fusion results in vesiculation of the Golgi membranes during mitosis [254]. During
telophase, Golgi vesicles are distributed equally between daughter cells, where they are
assembled into stacks and ribbons. Post-mitotic Golgi reassembly is mediated by
membrane fusion to form single cisternae and cisternal stacking. Post-mitotic Golgi
membrane fusion is mediated by two AAA (ATPases Associated with various cellular

Activities) ATPases, N-ethylmaleimide-sensitive factor (NSF) and p97 (also referred to
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as valosin-containing protein, VCP, or Cdc48 in yeast), which work together with their
adaptor proteins [93, 97, 271-274]. Golgi membrane restacking is mediated by
dephosphorylation and subsequent re-oligomerization of Golgi stacking proteins [17, 18,
90, 99, 119, 120, 202].

Several converging lines of evidence have suggested that ubiquitination, a process
often associated with protein degradation, plays an essential role in the regulation of post-
mitotic Golgi membrane fusion. First, the p97/p47 complex binds to mono-ubiquitin
through the UBA domain of the adaptor protein p47. Inhibition of the p47-ubiquitin
interaction suppresses p97-mediated Golgi membrane fusion [98]. Second, mono-
ubiquitination occurs during mitotic Golgi disassembly and is required for subsequent
Golgi reassembly [98]. Third, VCIP135, a cofactor of the p97/p47 complex, is a
deubiquitinating enzyme whose activity is required for post-mitotic Golgi reassembly
[99]. Finally, proteasome activity is not involved in either Golgi disassembly or
reassembly [99]. These data suggest that cycles of addition and removal of ubiquitin to
and from substrates is necessary for Golgi reassembly. The role of ubiquitination in Golgi
membrane fusion is likely not restricted to the p97/p47 complex, as it has been shown
that another required ATPase, NSF, binds to GATE-16, a ubiquitin-like protein [96, 275].
These results suggest that ubiquitination may operate as a general mechanism to regulate
Golgi membrane dynamics during the cell cycle.

Acquiring a deeper understanding of the underlying mechanism of ubiquitin in the
regulation of Golgi membrane dynamics during cell division requires identification of the
ubiquitin ligase and its substrates on the Golgi membranes. Here, we show that HACEL,

a HECT domain (Homologous to the E6-AP Carboxyl Terminus)-containing ubiquitin
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ligase, is involved in this process and that syntaxin 5, which is found on the Golgi
membrane, is a HACE]1 substrate. The identification of HACE1 as a Golgi-localized
ubiquitin ligase, and syntaxin 5 as its substrate, provides further evidence that ubiquitin

plays a critical role in Golgi biogenesis during the cell cycle.
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Results

Rab proteins have been shown to be important for membrane organization [276]. In
an effort to identify Rab-interacting proteins using an affinity chromatography-based
proteomic approach [277], we identified HACE1, which binds specifically to the GTP-
bound state of Rab4 (Fig. 5.1A). The HACE1 ¢cDNA was cloned from a human cDNA
library. It consisted of 909 amino acids and migrated at 100 kDa on an SDS-PAGE gel
(Fig. 5.1A). HACEI contains six ankyrin repeats and a HECT domain, a defining feature
of one family of ubiquitin E3 ligases. Using a thioester bond formation assay containing
ubiquitin, an E1 activating enzyme, the E2 conjugating enzyme UbcH7 and either
recombinant wild-type (WT) HACEI or the inactive C876A (CA) point mutant, we
demonstrated that WT HACEI] is capable of catalyzing the formation of thioester bonds,
but the C876A mutant is not (Fig. 5.1B). This result is consistent with previous reports
that HACE]1 functions as an active ubiquitin ligase [278, 279].

When examined by fluorescence microscopy, both Rab4 and HACEl were
concentrated in the perinuclear region, which appeared to be on the Golgi apparatus (Fig.
5.1C). In addition to the Golgi, Rab4, but not HACE1, was also found on endosomal
membranes that were irregularly shaped and dispersed throughout the cytosol (Fig. 5.1C).
Because HACEI binds to Rab4, which is only partially localized to the Golgi, we
examined whether HACEI also interacts with other Rabs, including those localized on
Golgi membranes, using a well-established Rab pull-down assay [277, 280]. Immobilized
GST-tagged Rabl, Rab2, Rab5, Rab6 and Rabl1 proteins were incubated with purified
recombinant HACE1 in the presence of GDP or GTPyS. After washing, the bound

proteins were eluted, and the presence of HACEl was detected by Western blot. As
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shown in Fig. 5.1D, HACEI bound to Rabl and Rabl1 but not Rab2, 5 or 6 in a GTP-
dependent manner. Because the interaction with Rabl was relatively strong (Fig. 5.1D),
we tested binding to the GDP- (Rabl S25N) and GTP-restricted (Rabl Q67L) mutants of
Rabl. As shown in Fig. 5.1E, HACE1 bound to the wild-type and Q67L mutant forms of
Rabl but not the S25N mutant, confirming that HACE]1 interacts with Golgi localized
Rabl in a GTP-dependent manner. We also tested whether endogenous HACE1 could
bind to different Rabs. Immobilized GST-tagged Rabl, Rab5, Rab6 and Rabll were
incubated with HeLa cell lysates, and the bound proteins were analyzed. As shown in
Fig. 5.1F, endogenous HACEI bound to Rab1-GTP in a similar pattern as p115, a protein
known to interact with Rabl. A strong interaction was also observed for Rabl1, but no
interactions were detected for Rab5 or Rab6 (Fig. 5.1F). These results demonstrate that

HACEI] interacts with Rabl, Rab4 and Rabl11 in a GTP-dependent manner.
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Figure 5.1. HACE1 binds to Golgi-associated Rab proteins. (A) HACE1 binds Rab4-GTP. Immobilized
GST-tagged Rab4 was incubated with bovine brain cytosol in the presence of GDP or GTPyS. After
washing, the bound proteins were eluted and analyzed by SDS-PAGE and coomassie blue staining.
Specific bands in the GTPyYS lane were excised and identified by mass spectrometry. The arrow indicates
HACEL. (B) HACEI1 exhibits ubiquitin ligase activity in vitro. The thioester bond formation assay was
performed using the C876A (CA) point mutant and wild-type (WT) recombinant HACE1 protein,
ubiquitin, El activating enzyme and the E2 conjugating enzyme UbcH7. Following incubation, the
reactions were boiled in SDS buffer containing DTT, or mixed with SDS buffer that lacked DTT without
boiling. HACE1 was detected by Western blot. The arrows indicate HACEI and the arrowhead indicates
Ub-HACE]L. Note that the Ub-HACE1 band was observed in the absence of DTT with WT HACEL. (C)
HACE]1 co-localizes with Rab4 in the perinuclear region. Immunofluorescence images of A431 cells
expressing GFP-Rab4 (in green) and stained for HACE1 (in red). Note that HACE1 co-localizes with Rab4
in the perinuclear region, while additional Rab4 signal is found in the cytoplasm. Scale bar: 20 pm. (D)
Recombinant HACE! binds Golgi Rabs. Immobilized GST-tagged Rabl, Rab2, Rab5, Rab6 and Rabl1
proteins were incubated with purified recombinant HACE1 in the presence of GDP or GTPyS. After
washing, HACE1 was detected by Western blot. Input, 5%. (E) HACEI interacts with Rabl in a
nucleotide-dependent manner. Same as in D but with the wild-type Rabl (RablWT, lanes 1-3) and its
“GDP” (Rab1S25N, lanes 4-6) and “GTP” (Rab1Q67L) locked forms. Samples were analyzed for HACE1
and Rabl. Note that HACE1 bound to the WT and GTP form of Rab1 but not Rabl S25N. Input, 5%. (F)
Endogenous HACEI binds Golgi-associated Rabs. Same as in D, but HeLa cell lysates were used instead
of purified HACEL! protein. Input, 10%.
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HACEI1 lacks a transmembrane domain and has been shown to be associated, at
least in part, with the endoplasmic reticulum (ER) [278]. Considering its interactions with
Rabl, Rab4 and Rabl1, which are at least partially localized to Golgi membranes [38,
280-283], we determined whether HACEI1 localizes to the Golgi during interphase in
normal rat kidney (NRK) cells. A fraction of HACEI co-localized with GRASP65, a
Golgi marker, and the rest of the protein appeared to be cytosolic (Fig. 5.2A). Similar
results were observed with other cell lines, such as A431 (Fig. 5.1C) and HeLa cells (Fig.
5.3). Both the Golgi and cytosolic signals were diminished by the addition of
recombinant HACE]1 protein to displace the antibodies (Fig. 5.2B, anti-HACE1+peptide),
suggesting that the antibody had high specificity.

Nocodazole treatment leads to fragmentation of the Golgi ribbon. After nocodazole
treatment, HACE1 fragmented with the Golgi protein GM130 and was associated with
remnants of the Golgi (Fig. 5.2C). Brefeldin A (BFA) treatment leads to Golgi membrane
fusion with the ER. In the presence of BFA, Golgi remnants, which are marked by
GRASP65, were dispersed throughout the cell along with HACE1 (Fig. 5.2D). After BFA
was washed out, HACE1 accumulated in perinuclear regions where the Golgi membranes
were concentrated (Fig. 5.2E). Finally, in mitotic cells with fragmented Golgi
membranes, HACEI associated with mitotic Golgi clusters, which was determined by the
presence of GM130 (Fig. 5.2F).

Further microscopic analysis indicated that HACE1 co-localized with the cis-Golgi
markers GRASP65 and GMI130 (Fig. 5.2) and with GalNac-T2-GFP (N-
acetylgalactosaminyltransferase 2), a Golgi enzyme localized throughout the Golgi stack

(Fig. 5.S1B) [284]. HACEI1 showed a less strong co-localization with the medial and
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trans Golgi markers a-mannosidase II [12] (Fig. 5.S1C) and syntaxin 6 [285] (Fig.
5.S1D). In addition, it showed partial co-localization with the ER-Golgi intermediate
compartment marker ERGIC53 [286] in the perinuclear region where Golgi membranes
were concentrated (Fig. 5.S1A). Co-localization of HACE1 with cis-Golgi markers,
compared to other Golgi compartment markers, was more evident when the Golgi

apparatus was fragmented by nocodazole treatment (Fig. 5.2C, Fig. 5.S1).
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Figure 5.2. HACE]1 is concentrated on the Golgi apparatus. (A) HACE] is concentrated on the Golgi in
interphase cells. NRK cells were immunostained with an affinity-purified polyclonal antibody to HACEI
(left panel, in red) and a monoclonal antibody to GRASP65 (middle panel, in green). (B) The HACEI
antibodies are specific. Same as in A, except the HACEI antibodies were pre-incubated with purified
HACE]1 recombinant protein to quench the antibodies. Note that the HACE1 fluorescence was displaced by
the recombinant HACE1. (C) HACE] is associated with Golgi fragments after nocodazole treatment. NRK
cells were treated with 0.5 pg/ml nocodazole for 2 hours and stained for HACEl and GM130. (D)
Brefeldin A (BFA) treatment leads to the dispersal of HACEI in the cell. NRK cells were treated with 5
pg/ml BFA for 2 hours and analyzed as in A. (E) BFA washout. After the removal of BFA, cells were
further incubated in growth media for 2 hours and stained for HACE1 and GRASP65. (F) HACEI is
partially associated with the Golgi fragments in prometaphase cells. Prometaphase NRK cells stained for
HACEI (red), GM130 (green), and DNA (blue). Note that HACELI is localized on the mitotic Golgi
fragments (indicated by arrows). Scale bars in all panels: 10 pm.

157



>

HACEH1 ERGIC53 Overla

untreated )

untreated

nocodazole
nocodazole

(o)

HACE1  GalNac-T2-GFP

Overla

untreated O

HACE1 Syntaxin 6 Overa!

A
.

2k

untreated

Qo
<]
N
©

°
Q
5]
o]
c

nocodazole

¢ -
; ;
-

Figure 5.S1. HACE1 co-localizes with cis-Golgi markers. (A) Co-localization of HACE1 with
ERGICS53, an endoplasmic reticulum-Golgi intermediate compartment marker (ERGIC). Untreated (upper
panels) and nocodazole-treated (lower panels) NRK cells were immunostained with an affinity-purified
HACE] polyclonal antibody (left panels, in red) and a monoclonal ERGIC53 antibody (middle panel, in
green). The overlay is shown on the right. Lower panels are enlarged images of the boxed regions. (B) Co-
localization of HACE! with GFP-tagged N-acetylgalactosaminyltransferase 2 (GalNAc-T2-EGFP). Same
as in A but with the EGFP signal from GalNac-T2-EGFP. (C) Co-localization of HACEl with
mannosidase II (Manll), an enzyme localized in the medial-Golgi. (D) Co-localization of HACE1 with
syntaxin 6, a trans-Golgi-localized SNARE protein. Scale bars in all panels: 10 um.

Biochemical analysis also confirmed the association of HACEl with Golgi
membranes. When subcellular membrane organelles were separated using equilibrium
sucrose gradients, the distribution of HACE1 was similar to the Golgi markers GM130,
GRASP65, syntaxin 5 and Gos28 but was different from the ER markers Sec61 and
protein disulfide isomerase (PDI) (Fig. 5.S2). Taken together, these results show that

HACEI is associated with Golgi membranes.
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Figure 5.S2. HACEI is a ubiquitin ligase bound to Golgi membranes. HACE1 co-localizes with the
Golgi in sucrose gradients. Post-nuclear supernatant (PNS) from interphase NRK cells was fractionated by
equilibrium centrifugation on a sucrose gradient (0.5-1.6 M). Membranes from each fraction were pelleted
and equal volumes were analyzed by Western blot for the indicated proteins. Golgi membranes were
enriched in fraction 5, while ER membranes are more widely distributed and concentrated in heavier
fractions.

If Rabs target HACE1 to the Golgi, inhibition of Rab activity may affect HACE1
Golgi localization. We therefore used wild-type or mutant Rabs to test this hypothesis.
Expression of wild-type Rabs did not affect HACE1 Golgi localization or Golgi structure
(Fig. 5.S1, Fig. 5.3). In addition, Rabl, Rab4 and Rabl1, but not Rab5, were partially
concentrated on Golgi membranes (Fig. 5.1C, Fig. 5.3). Because HACE1 showed strong
co-localization and interaction with Rabl, we analyzed HACEI localization after the
expression of Rab1l mutants. Expression of the active Rabl Q67L mutant had no effect on
HACET localization or Golgi morphology. In contrast, expression of the S25N mutant at

a relatively low level (Fig. 5.3K, lane 2 vs. other lanes) disrupted the HACE1 Golgi
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localization (Fig. 5.3D). Furthermore, expression of the Rabl S25N mutant also caused
Golgi fragmentation, which is consistent with previous reports [287] and suggests the
possibility that HACE1 may be a Rabl effector required for Golgi apparatus integrity.
Taken together, our data suggest that HACEI1 interacts with Rabs, and this interaction

may be important for HACE1 Golgi localization and function.
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Figure 5.3. Expression of an inactive Rabl mutant leads to HACE1 dissociation from the Golgi
membranes and Golgi fragmentation. (A-J) HeLa cells expressing the indicated Rab constructs (YFP-
Rabl and mutants, GFP-Rab5 and GFP-Rab11) were immunostained for HACE1 (A-F) or GRASP65 (G-
J). Note that expression of the Rabl (SN) mutant, but not any other Rab constructs, leads to HACEI
dispersal from Golgi membranes (D) and Golgi fragmentation (J). Scale bars in all panels: 20 pm. (K)
Western blots of cells described in A-F. Cells were lysed in SDS buffer followed by Western blots to detect
indicated proteins. The asterisk indicates a non-specific band for the GFP-antibody.
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To test the role of HACEI in the formation of Golgi structure, we expressed FLAG-
tagged wild-type (WT) and mutant HACEl in HelLa cells and examined Golgi
morphology. The use of a smaller FLAG tag instead of GFP increased the possibility that
the exogenous protein is functional in the cells. Expression of the WT HACE1 did not
affect Golgi structure. However, expression of the inactive C876A (CA) mutant or the C-
terminal deletion (aa 1-553 lacking the HECT domain, designated HACE1 AC) led to
fragmentation of the Golgi apparatus at lower protein expression levels (Fig. 5.4A, 4B).
When the CA and the AC mutants were expressed, 31.7 = 0.8% and 48.1 + 2.1% of the
cells had fragmented Golgi, which was significantly higher than control cells transfected
with the GFP vector (12.1 + 0.3%) or cells transfected with WT HACE1 (14.6 + 0.9%).
These mutant HACE1 proteins lack ubiquitin ligase activity, suggesting that HACEI

ubiquitin ligase activity is involved in maintaining the integrity of the Golgi.
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Figure 5.4. Expression of HACE1 mutants leads to Golgi fragmentation. (A) HeLa cells expressing
Flag-tagged wild-type HACEI protein, the inactive C876A (CA) mutant and the C-terminal deletion
mutant (HACE1 AC). Note that expression of the CA and AC mutants leads to Golgi fragmentation. Scale
bar: 20 um. (B) Western blots illustrating that the correct proteins were expressed. Endo HACE]1 refers to
endogenous HACEI. (C) Quantification of Golgi fragmentation in 300 Flag-tagged HACE1-expressing
cells for each set of experiments. Shown are representative results (mean + SEM) from three independent
experiments. Statistical significance was assessed by comparison to the GFP cell line. **, p<0.005; ***,
p<0.001.

Previous experiments have suggested that ubiquitin plays a role in p97/p47-mediated
post-mitotic Golgi membrane fusion [98, 99], and it is possible that HACE1 may also be

involved in the same ubiquitination-deubiquitination pathway. Therefore, we used the
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standard Golgi disassembly and reassembly assay [270] to test the role of HACEI in
regulation of Golgi membrane dynamics. We first treated purified Golgi membranes with
mitotic cytosol, which induced membrane fragmentation. These mitotic Golgi fragments
were reisolated and further treated with either interphase cytosol (none) or interphase
cytosol containing control rabbit IgG, affinity purified anti-HACEI antibodies, or
purified wild-type HACE1 or C876A mutant proteins. After incubation, membranes were
fixed and examined by electron microscopy (EM). The results were quantified to estimate
the percentage of membranes in cisternae [99, 280]. In this experiment, mitotic Golgi
fragments that did not reassemble were used as a negative control and were normalized to
0% reassembly. Golgi fragments that reassembled after treatment with interphase cytosol
without additional components were normalized to 100%. As shown in Fig. 5.S3,
membrane reassembly activity was not affected by the presence of HACE]1 antibodies or
the presence of either wild-type or inactive mutant proteins, suggesting that HACE1 may
not be required for post-mitotic Golgi membrane assembly.

Our previous results have demonstrated that ubiquitination occurs during Golgi
disassembly and is required for subsequent reassembly [99]; therefore, it is possible that
HACEI! functions in disassembly, which may impact subsequent Golgi reassembly. To
test this idea, we first treated purified Golgi membranes with mitotic HeLa cell cytosol in
the presence of either recombinant HACE1 fusion protein or affinity purified HACE1
antibodies. The resulting membrane fragments were isolated and either fixed or incubated
with interphase cytosol and analyzed by EM to determine cisternal growth. The addition
of the above reagents had no significant effect on disassembly (Fig. 5.S3). Although the

addition of control IgG to disassembled Golgi had no effect on the subsequent
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reassembly, the addition of HACE1 antibody or the purified inactive HACE1 C876A
mutant protein inhibited Golgi membrane reassembly. In contrast, the addition of wild-
type HACEI protein enhanced the subsequent Golgi membrane reassembly (Fig. 5.5A).
These results suggest that the HACE1 ubiquitin ligase activity in mitotic Golgi membrane
disassembly is required for subsequent post-mitotic Golgi membrane reassembly.

To ensure that the observed effects resulted from the addition of HACE]1, we titrated
different amounts of HACEI recombinant protein into the disassembly reaction and used
the membranes for subsequent reassembly. Higher concentrations of the WT HACEI
protein increased the stimulatory effects, whereas increasing the amount of HACE1 C876
increased the inhibitory effects (Fig. 5.5B). These results show that HACEI1 ligase
activity levels are correlated with the efficiency of post-mitotic Golgi membrane
assembly in a dose-dependent manner, further confirming that HACEI1 plays an
important role in regulating Golgi membrane dynamics during the cell cycle.

We then used the defined Golgi disassembly and reassembly assay [270] to
determine whether HACE1 functions through p97/p47-mediated membrane fusion.
Similar to the experiments described above, HACEI antibodies and purified proteins
were added to the disassembly reactions, and the generated mitotic Golgi membranes
were subsequently incubated with purified p97/p47 proteins. As shown in Fig. 5.5C, the
addition of anti-HACEI antibodies or the purified HACE1 C876A mutant protein
inhibited Golgi membrane reassembly, in contrast with the stimulatory effect of the WT
protein. Because the experimental conditions were optimized for Golgi membrane fusion,
the increased reassembly efficiency caused by the addition of wild-type HACEI1

strengthened the conclusion that HACEI is involved in the regulation of Golgi membrane
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dynamics. Taken together, these results strongly suggest that HACE1 ubiquitin ligase
activity during mitotic Golgi disassembly is required for p97/p47-mediated post-mitotic

Golgi membrane reassembly in vitro.
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Figure 5.83. HACE]1 is not directly involved in post-mitotic Golgi membrane assembly. Purified rat
Golgi stacks were first treated with mitotic cytosol (mit. cyt.) for 20 min at 37°C. The fragmented Golgi
membranes were reisolated and then treated for 60 min at 37°C with either interphase cytosol (none) or
interphase cytosol containing control rabbit IgG, affinity purified anti-HACE1 antibodies or purified
proteins of wild-type HACE!1 or the C876A mutant, as indicated. Membranes were fixed and processed for
EM, and the results were quantified using the intersection method to estimate the percentage of cisternal
membranes. Mitotic Golgi fragments that did not reassemble (—, 23.6 + 1.1% membranes in cisternae) were
used as a negative control and were normalized to 0% reassembly. Reassembly in interphase cytosol
without any additional components (none, 57.1 £+ 0.5% membranes in cisternae) was normalized to 100%.
The results represent the mean of three independent experiments + SEM. Note that the membrane
reassembly activity was not affected by the presence of HACEI antibodies, or the presence of wild-type or
inactive mutant proteins.
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Golgi membranes were fragmented by incubation with mitotic HeLa cell cytosol in the presence of the
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Golgi fragments treated with mitotic cytosol and then fixed (23.6 + 1.1% of the membranes were in
cisternae), and 100% represents membranes reassembled in the interphase cytosol (57.1 + 0.5% of the
membranes were in cisternae). Note that no effect was observed on reassembly. Subsequent reassembly
was inhibited by anti-HACE]1 antibodies or purified inactive HACE1 C876A mutant protein and enhanced
by HACE1 wild-type protein when added into the disassembly reaction. Statistical significance was
assessed by comparison to the standard disassembly and reassembly reactions in mitotic or interphase
cytosol without the addition of antibodies or recombinant HACEIL protein. (B) HACEI1 ligase activity
levels correlate with the efficiency of post-mitotic Golgi membrane assembly in a dose-dependent manner.
Same as in A except with a serial increasing amount (0.1 — 1 uM) of purified wild-type HACE1 or C876A
mutant included in the reassembly reactions. The results are presented as the mean percentages (mean +
SEM), where 0% represents mitotic Golgi fragments treated with mitotic cytosol and then fixed (24.1 +
0.6% membranes in cisternae), and 100% represents membranes reassembled in interphase cytosol (58.5 +
0.5% membranes in cisternae). Note that the stimulatory effects correlate with the amount of WT protein
added, whereas the inhibitory effects correlate with the amount of mutant protein added. Statistical
significance was assessed by comparison to the standard disassembly and reassembly reactions in mitotic
or interphase cytosol without any additional proteins added. (C) HACEI1 affects p97/p47-mediated
membrane fusion. Same as in A, except that HACEI antibodies and purified proteins were added to the
disassembly reactions, and the resulting mitotic Golgi membranes were subsequently incubated with the
purified p97/p47 proteins. Membranes were processed for EM, and cisternal growth was determined, where
0% represents mitotic Golgi fragments treated with mitotic cytosol and then fixed (26.5 + 0.1% membranes
in cisternae), and 100% represents membranes reassembled with p97/47 (53.6 £ 1.1% membranes in
cisternae). Note that the addition of anti-HACE]1 antibodies or purified HACE1 mutant protein C876A both
inhibited Golgi membrane reassembly, in contrast with the stimulatory effect seen by the addition of WT
protein. Statistical significance was assessed by comparison to the p97/p47-mediated reassembly with no
additional proteins added. *, p<0.05; **, p<0.005; ***, p<0.001.

To determine whether HACEI is needed for Golgi integrity in vivo, we decreased
HACEI! protein levels using small interfering RNAs (siRNA). We generated and tested
four pairs of RNA oligos, and the most efficient pair was selected. HACEI mRNA levels
determined by real-time PCR (RT-PCR) were reduced by 66.8 + 4.8% and 74.1 +4.3% 2
days and 4 days after transfection, respectively (Fig. 5.6C). At the protein level, there was
a 62.0 + 4.8% reduction 4 days after transfection determined by Western blots (Fig.
5.6D). These results indicate that HACEI is a relatively stable protein. Indeed, when cells
were treated with the protein synthesis inhibitor cycloheximide (CHX) for 24 hours,
HACEI! protein levels were not significantly affected; in contrast, the same treatment
caused a noticeable reduction in GRASP65 (Fig. 5.S4A). To confirm the specificity of
our siRNA oligos, HeLa cells were transiently transfected with a myc-HACE1 ¢cDNA and

HACET! or control siRNA oligos. Myc-HACE1 was expressed well when co-transfected
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with the control siRNA but not with the HACE1 siRNA (Fig. 5.S4B). These results
confirmed that the siRNA used to deplete the HACE1 mRNA and protein is specific and,
to some degree, effective.

We then analyzed the Golgi morphology in HACEI-depleted cells. Depletion of
HACET] led to Golgi fragmentation using GM130 (Fig. 5.6A), GRASP65 or syntaxin 5
(data not shown) as Golgi markers; 83.0 + 0.9% of the HACEI-depleted cells exhibited
Golgi fragmentation, a significant increase compared to control siRNA transfected cells
(4.8 = 0.2%, Fig. 5.6E). To examine the Golgi structure more closely, we performed an
EM analysis. Control siRNA transfected cells showed well-organized stacks, which often
aligned in the cell to form a ribbon. In contrast, HACE1-depleted cells had fragmented
Golgi. The Golgi membranes were disorganized and the cisternae were relatively short,
while a large part of the membranes were vesiculated (indicated by asterisks), and small
stacks or single cisterna were dispersed throughout the cells (Fig. 5.6, G vs. F). The
average cisternal length was reduced from 1.01 + 0.04 um in control siRNA transfected
cells to 0.53 £ 0.04 um in HACE1-depleted cells (Fig. 5.6H). These results suggest that
HACE1 depletion reduces membrane fusion activity, which is consistent with the
observation that inhibition of HACE1 activity reduces p97/p47-mediated post-mitotic

Golgi membrane fusion (Fig. 5.5).
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Figure 5.6. Depletion of HACEI1 leads to Golgi fragmentation. (A-B) Confocal fluorescence images of
HACE]1 knockdown cells. HeLa cells transfected with the indicated siRNA oligos were fixed and stained
for HACE1 and GM130. Scale bars in all panels: 20 um. (C) Knockdown efficiency of HACE1 mRNA on
days 2 and 4 quantified by RT-PCR. The results presented are the percent reduction in the HACE1 mRNA
in HACEI knockdown cells compared to cells treated in parallel with a control siRNA. (D) Immunoblots of
HeLa cells described in A-B. The knockdown efficiency of HACEl was 62.0% + 4.8% from three
independent experiments. (E) Quantitation of the fluorescence images in A-B from three independent
experiments. Shown is the percentage of cells with fragmented Golgi, and 300 cells were counted for each
experiment. The results expressed are the means = SEM. (F-G) Representative EM micrographs of the cells
described in A-B. The arrowheads indicate Golgi stacks, and asterisks indicate fragmented cisternal
membranes. Note that the Golgi ribbon in HACE1-depleted cells are disorganized, and the cisternae are
shorter compared to control siRNA-treated cells. (H) Quantitation of the EM images in F-G from three
independent experiments. Note that cisternal length is reduced by HACE1 depletion. Statistical significance
was assessed by comparison to the control siRNA-treated cells. ***, p <0.001.
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Figure 5.S4. HACE1 protein has a long half-life in the cell. (A) HACE1 protein levels do not
significantly decrease 24 h after cycloheximide (CHX) treatment. NRK cells were incubated in growth
media with 20 ug/ml CHX (a protein synthesis inhibitor) for the indicated time periods (0-24 hours). Cells
were lysed in SDS buffer and analyzed for the indicated proteins by Western blot. Note that HACEL1 levels
remained relatively unchanged 24 h after treatment, while GRASP65 levels reduced. (B) Exogenous
HACE] is readily depleted by siRNA treatment. HeLa cells were treated with HACEIL or control siRNA
oligos for 3 days followed by transient transfection with a myc-HACE1 cDNA. Cells were lysed, and
HACEI] and tubulin were detected by Western blot. Note that myc-HACE1 expression was reduced in the
presence of HACEI1 siRNA (lane 2).

It has been previously observed that the SK-NEP-1 cell line expresses relatively low
levels of HACEI protein [278]; therefore, we examined the Golgi morphology in these
cells. Indeed, HACE] protein levels in this cell line were 30.9 + 3.1% compared to HeLa
cells determined by Western blots (Fig. 5.S5C). The expression levels of HACE1 were
similar in several cell lines, such as HeLa, A431 and NRK cells (data not shown). When
analyzed by fluorescence microscopy, a large number of SK-NEP-1 cells showed
fragmentation of the Golgi apparatus. Compared to HeLa cells (Fig. 5.S5B) and several

other cell lines in which the Golgi membranes were well organized into a pericentriolar
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ribbon-like structure, the Golgi membranes in SK-NEP-1 cells were disconnected, not
localized to the perinuclear region and dispersed throughout the cell (Fig. 5.S5A).
Fragmented Golgi structures were observed in 34.9 + 2.2% of the SK-NEP-1 cells
compared to 5.6 + 1.0% in HeLa cells (Fig. 5.S5D). These Golgi were not completely
fragmented and appeared as if the major part of the Golgi was irregularly shaped with
disconnected elements, suggesting that these cells had a possible membrane fusion
defect.

The SK-NEP-1 cells were then analyzed by EM in parallel with HeLa cells. HeLa
cells contained well-organized stacks that often aligned into a ribbon-like structure (Fig.
5.S5E). SK-NEP-1 Golgi structure was less organized. The cisternae were often not
aligned into stacks, and the stacks were less well organized in the ribbon. More
importantly, cisternaec were shorter compared to those in HeLa cells. Cisternal length was
similar in several cell lines tested, including NRK cells and CHO cells (data not shown).
The average length of the SK-NEP-1 cisternae was 0.63 + 0.02 pm, a significant
reduction compared to the average length (1.12 = 0.05 um) found in HeLa cells (Fig.
5.S5@G). These results agree with the HACE1 knockdown experiment, suggesting that

HACE] regulates Golgi membrane fusion.
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Figure 5.S5. The Golgi apparatus is fragmented in SK-NEP-1 cells, which have reduced HACE1
expression. (A-B) Representative fluorescence images of SK-NEP-1 cells showing that the Golgi apparatus
is fragmented compared to HeLa cells. The arrows indicate isolated Golgi fragments. (C) HACEIL
expression is reduced in SK-NEP-1 cells. Western blot detecting HACEI, tubulin, p97 and p47 in HeLa
cells and SK-NEP-1 cell lysates. (D) Quantitation of the number of HeLa and SK-NEP-1 cells containing
fragmented Golgi. An average of 34.9 + 2.2% (mean = SEM) SK-NEP-1 cells had fragmented Golgi, which
was significantly higher than HeLa cells (5.6 + 1.0%). (E-F) EM images of HeLa and SK-NEP-1 cells.
Note that SK-NEP-1 cells have isolated stacks with relatively short cisternae. (G) Quantitation of E-F. Note
that the average length of the cisternae in HeLa cells was 1.12 + 0.05 um (mean + SEM), while the
cisternal length in SK-NEP-1 cells was 0.63 + 0.02 pm.
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Finally, we used HACEI1 and a biochemical approach to identify ubiquitinated Golgi
membrane substrates. Purified Golgi membranes were mixed with purified His-tagged
ubiquitin, wild-type or inactive HACE1 mutant recombinant proteins and the minimal
amount of mitotic cytosol to provide ubiquitin E1 and E2 enzymes and perhaps additional
factors. Following incubation, the membranes were reisolated by centrifugation through a
0.5 M sucrose cushion and solubilized in 0.5% Triton X-100 in the presence of 8 M urea
to denature and inactivate all ubiquitin-related enzymes. Proteins attached to His-tagged
ubiquitin moieties were isolated using nickel beads and analyzed by Western blot for
ubiquitin. A major band of ~28 kDa was recognized by ubiquitin antibodies (Fig. 5.7B).
In addition, several higher molecular weight bands were also labeled, including two
bands of ~37 kDa and 50 kDa that correspond well with syntaxin 5. It has previously
been shown that syntaxin 5 has two isoforms in mammalian cells, a 35-kDa short form
and a 42-kDa long form [288]. Syntaxin 5 is a Golgi SNARE protein that is essential for
p97/p47-mediated post-mitotic Golgi reassembly [97]; depletion of syntaxin 5 causes
Golgi fragmentation without inhibiting vesicle transport [289], indicating that syntaxin 5
is a potential target of HACE]1 on the Golgi membrane. Indeed, when the same blots were
reprobed with syntaxin 5 antibodies, both bands were recognized (Fig. 5.7B). Notably,
ubiquitinated proteins were not observed when Golgi membranes were not added (lane
1). In addition, ubiquitination decreased when the mutant HACE1 (AC) was added but
increased significantly in the presence of the wild-type HACE1 (lanes 3 and 4 vs. 2),
which are consistent with the Golgi disassembly and reassembly assay (Fig. 5.5).
Additional Western blot analysis excluded a number of Golgi membrane proteins

including GRASP65, Gos28, ARF1 as well as Rabl and Rab6. These results strongly
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suggest that syntaxin 5 is a specific substrate for HACEI on the Golgi membranes. Taken
together, the identification of HACEI as a Golgi-localized ubiquitin ligase and syntaxin 5
as a ubiquitinated protein on the Golgi membrane provides evidence that ubiquitin plays

a critical role in Golgi biogenesis during the cell cycle.
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Figure 5.7. Syntaxin S is a target of the ubiquitin ligase HACE1 on the Golgi membrane. (A)
Schematic flow of the experimental design. (B) Western blot of ubiquitinated proteins isolated using nickel
columns with anti-ubiquitin (left panel) and anti-syntaxin 5 (right) antibodies. Note that both syntaxin 5
short (syn5S) and long (syn5L) forms are ubiquitinated in addition to an unknown protein (?). Signals were
observed only when the Golgi membranes were added. A decrease in signal was observed in the presence
of HACE1 AC, but the signal increased significantly in the presence of HACE1 wild-type (WT) protein
(lanes 3 and 4 vs. 2). Shown are representative results from 4 independent experiments.
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Discussion

We have identified the ubiquitin ligase HACEI that interacts with Golgi-localized
Rabs and is targeted to the Golgi membrane. Its activity during Golgi disassembly is
required for subsequent post-mitotic Golgi reassembly mediated by the p97/p47 complex.
Depletion of HACE], or expression of inactive HACE] mutants, affected the length of
cisternae found in the stacks and the overall Golgi structure. These findings provided
evidence that ubiquitination and deubiquitination play a role in regulating Golgi
membrane dynamics during the cell cycle.

HACE]1 was previously identified as a critical tumor suppressor involved in multiple
cancers, such as sporadic Wilms’ tumor [278, 279, 290]. The mechanism by which
HACE1 depletion leads to cancer formation, however, remains elusive. Our results
suggest that the role of HACEL in cell proliferation might be related to its role in
regulating Golgi biogenesis during the cell cycle. The Golgi is the central machinery for
protein modification, processing, trafficking and secretion. Defects in the Golgi structure
and function may directly affect cell growth and proliferation. Golgi defects may also
impair glycosylation of cell surface proteins, such as cell adhesion molecules, which may
lead to metastasis. Indeed, abnormal Golgi division has been observed in cancer cells
[291], and defects in protein processing and secretion have been related to cancer cell
metastasis [292-294]. Our study also suggests that HACEI is an effector of Rab
GTPases. The tight interaction between HACE1 and Golgi-localized Rabs suggests that
the subcellular localization and function of HACE] are regulated by Golgi-localized Rab
proteins. This result is consistent with the requirement of a functional Rab1l for Golgi

structure and function [287].
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The mechanism by which ubiquitination and deubiquitination regulate Golgi
dynamics remains elusive. It is known that the activity of the VCIP135 deubiquitinating
enzyme is required for post-mitotic Golgi membrane fusion [99]. Therefore, it is likely
that at least one Golgi membrane protein is ubiquitinated by HACEI at the onset of
mitosis when the Golgi undergoes mitotic fragmentation. Mono-ubiquitination does not
result in the degradation of the substrate; instead, it recruits the p97/p47 complex to the
Golgi membrane through interaction between the p47 UBA domain and mono-ubiquitin
[98, 99]. Subsequently, the p97/p47 complex recruits VCIP135 to the membrane. When
the monoubiquitin is removed from the substrate(s) by VCIP135, the membranes are
subjected to p97/p47-mediated fusion. Consistently, our results indicate that syntaxin 5, a
member of the membrane fusion machinery, is a target of this pathway. Taken together,
our results suggest a mechanism by which ubiquitination functions as a signal that
regulates Golgi reassembly after cell division. A key question that remains to be
answered is whether the lack of Golgi membrane fusion during mitosis is due to the
ubiquitination of syntaxin 5 and other Golgi membrane proteins. Further experiments are
necessary to identify the ubiquitination sites in syntaxin 5 and other ubiquitinated

proteins found on the Golgi membrane.
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Materials and Methods
Reagents

All reagents were purchased from Sigma Co., Roche or Calbiochem, unless
otherwise stated. The following antibodies were used: monoclonal antibodies against
ARF1[89], ERGIC53 (P. Arvan), Gos28 and GM130 (Transduction Laboratories),
syntaxin 6 (BD Biosciences) and oa-tubulin (Developmental Studies Hybridoma Bank
University of Iowa); polyclonal antibodies against PDI (P. Arvan), GFP[18],
GM130[119], rat GRASP55[18], GRASP65[17] and human GRASP65 (J. Seemann), a-
mannosidase II (G. Warren), p47 and p97[99], RablA, , Rab6 and Rab11[295], sec61a
(Upstate), syntaxin 5 (A. Price), and ubiquitin (Sigma-Aldrich). The HACEI antibodies
were generated in rabbits using recombinant GST-HACEI (aa 1-548) as the immunogen
and subsequently affinity purified. The GalNAc-T2-GFP ¢cDNA was a gift from G.

Warren.

Affinity Purification of Rab4 effectors

To purify Rab4 effectors, GST-Rab4 was expressed in 20 L of DH5a cells and
bound to 2 ml of glutathione beads (GE Healthcare). The sample was equally divided into
two tubes and incubated with nucleotide-exchange buffer (NE buffer; 20 mM Hepes-
KOH, pH 7.5, 100 mM NacCl, 10 mM EDTA, 5 mM MgCl, and 1 mM DTT), containing
1 mM GTPyS in one tube and 1 mM GDP in the other, for 20 min at room temperature
with rotation. This step was repeated three times. GST-Rab4 bound to beads was then
stabilized with nucleotide-stabilization buffer (NS buffer; 20 mM Hepes-KOH, pH 7.5,

100 mM NaCl, 5 mM MgCl; and 1 mM DTT) in the presence of 1 mM GTPyS or GDP
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for 20 min at room temperature with rotation. Beads were then incubated with 50 ml of
bovine brain cytosol (20 mg/ml)[277] for 2 h at 4°C. After incubation, the beads were
washed with 10 column volumes of NS buffer with 10 uM GTPyS or GDP; 10 volumes
of NS buffer containing 250 mM NaCl and 10 uM GTPyS or GDP and 1 volume of 20
mM Hepes-KOH, pH 7.5, 250 mM NaCl and 1 mM DTT. To elute the bound proteins,
the beads were incubated with 1.5 column volumes of elution buffer (20 mM Hepes-
KOH, pH 7.5, 1.5 M NaCl, 20 mM EDTA, 1 mM DTT and 5 mM GDP) for 20 min at
room temperature with rotation. Eluted proteins were analyzed by SDS-PAGE and
coomassie blue staining. The bands in the GTPyS lane were excised and analyzed by

mass spectrometry.

HACE]I cloning

The ILTSLAEVA peptide identified by mass spectrometry was found in a HACE1
EST clone (NCBI accession no. AI130909). This EST clone was sequenced, and the
translated sequence contained the three other peptides identified by mass spectrometry:
VLEHLSQQE, QNEDLR and DTAQILLLR. The full-length HACE1 cDNA clone was
isolated by screening the SUPERSCRIPT HeLa cDNA library (Life Technologies) using
a primer derived from the 5' end of this EST sequence. The HACE! coding sequence was
amplified by PCR using primers that contained EcoRI and NotI sites at the 5'- or 3'-ends
and inserted into pCDNA3 MycN1 (Invitrogen) for mammalian expression or pGEX-6p-
1 (GE Healthcare) for expression in E. coli. The C876A mutation was introduced using

the QuikChange mutagenesis kit (Stratagene). The HACE1 AC construct was generated
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by inserting an EcoRI/EcoRV fragment into pCDNA3.1 or pGEX-6p-1 for antigen

preparation. All of the constructs were confirmed by DNA sequencing.

Preparation of HACEI fusion proteins and pull-down assay for HACEI-Rab
interactions.

Proteins were expressed in BL21 (DE3) Gold bacteria and purified on glutathione
Sepharose beads (GE Healthcare). For the HACE1-Rab interaction assay, the HACE1
protein on glutathione Sepharose beads was cleaved from the tag by PreScission protease,
and the supernatant was further incubated with glutathione beads to remove GST-tagged
proteins. Untagged HACE]1 protein in the supernatant was used to assay binding to Rab
proteins.

The GST-Rabl, GST-Rabla Q67L, GST-Rabla S25N and GST-Rab2 cDNA
constructs were kindly provided by Dr. Graham Warren. The GST-Rab5, GST-Rab6 and
GST-Rabl1 plasmids were a gift from Dr. Suzanne Pfeffer. The interactions between
HACE1l and Rab were determined by a pull-down assay following a previously
established procedure[280]. For each reaction, GST-tagged Rabs were expressed in BL21
(DE3) bacteria with 125 ml of LB media. The GST-Rabs were immobilized on 25 pl of
glutathione beads (bed volume) in a 1.5 ml Eppendorf tube. The beads were washed with
1 ml of NE buffer containing 10 uM GDP or GTPyS and incubated two times with NE
buffer containing 1 mM GDP or GTPyS at RT for 30 min. The beads were then washed
with 1 ml of NS buffer containing 10 pM GDP or GTPyS and incubated with NS buffer

containing 1 mM GDP or GTPyS at room temperature for 30 min.
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Five micrograms of HACE]1 protein (without a tag) prepared above was incubated
with the GDP or GTPyS charged beads in 150 pl of cytosol buffer (20 mM Hepes-KOH
pH 7.4, 250 mM NaCl, 5 mM MgCl,, 1 mM DTT, 1% Triton X-100 and protease
inhibitors) containing 1 mM GDP or GTPyS at 4°C for 2 h. The beads were washed three
times with cytosol buffer containing 10 uM GDP or GTPyS at 4°C for 10 min. To elute
the bound proteins, the beads were incubated with 12.5 pl of elution buffer (20 mM
Hepes-KOH, pH 7.4, 1.5 M NaCl, 20 mM EDTA, 1 mM DTT, 1% Triton X-100 and
protease inhibitor cocktail) for 10 min at room temperature. Elution was repeated three
times, and the elutions were pooled. Equal volumes were analyzed by Western blot.

To test the interaction between endogenous HACE1 and Rabs, cell lysates were
prepared as previously described[89]. Briefly, cells were grown in 10 X 15 cm dishes to
80% confluency, washed with PBS three times, and harvested with 3 ml of
homogenization buffer (20 mM Hepes-KOH, pH 7.4, 100 mM NaCl, 5 mM MgCl,, 1
mM DTT and protease inhibitor cocktail). Cells were cracked with a ball bearing
homogenizer to reach 75-80% breakage determined by Trypan blue exclusion. The
homogenate was centrifuged for 10 min at 1000 g and 4°C. The post-nuclear supernatant
(PNS) was supplemented with 1% Triton X-100 and rotated at 4°C for 30 min.
Solubilized proteins were exchanged into cytosol buffer (20 mM Hepes-KOH pH 7.4,
100 mM NaCl, 5 mM MgCl,, | mM DTT, 1% Triton X-100 and protease inhibitors)
using the BIO-RAD Econo-Pac® 10DG column following the manufacturer’s
instructions. Five milligrams of cell lysate was incubated with GDP or GTPyS charged
beads in 800 pl of cytosol buffer containing 1 mM GDP or GTPyS at 4°C overnight. The

beads were washed three times with cytosol buffer containing 10 uM GDP or GTPyS at

180



4°C for 10 min and once with cytosol buffer containing 250 mM NaCl and eluted with 80

ul of elution buffer for 20 min at RT and subjected to Western blot analysis.

Thioester bond formation assay

To test whether HACEI is an active ubiquitin ligase, 60 nM recombinant human
ubiquitin activating enzyme E1 (Biomol International), 200 nM recombinant human
UbcH7 (Biomol International)[278], 19 uM biotinylated ubiquitin and 600 nM
recombinant GST-tagged WT or mutant HACE1 were mixed in 40 pl reactions in
reaction buffer that contained 20 mM Tris-HCI, pH 7.4, 50 mM KCIl, 5 mM MgCl,, 2
mM ATP, 0.2 M sucrose and protease inhibitors (Roche). Reactions were incubated at
30°C for 60 min and mixed with SDS-PAGE sample buffer with or without DTT

followed by detection of HACE1 by Western blot.

Cell culture, nocodazole and Brefeldin A (BFA) treatments, siRNA, and protein
expression

HeLa and NRK cells were routinely cultured in DMEM supplemented with 7.5%
fetal calf serum, 2 mM L-glutamine, penicillin (100 U/ml), and streptomycin (100 pg/ml).
SK-NEP-1 cells were cultured in McCoy’s medium with 15% FCS. For nocodazole
treatment, cells were treated with 0.5 pg/ml nocodazole for 2 hours and immunostained
for HACEI and Golgi markers, such as GM130. For BFA treatment and washout, cells
were treated with 5 pg/ml BFA for 2 hours, washed twice with PBS and further incubated
in growth media for 2 hours. siRNA oligos were designed using the Invitrogen BLOCK-

iT™ RNAI Designer software according to the human HACE1 sequence (sense: UAU
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AGC GCU GAU GUC AAC A(TT), antisense: UGU UGA CAU CAG CGC UAU
A(TT)). In a previous report[279], three pairs of RNA oligos from Invitrogen were used
to deplete HACEI1. These oligos were less effective at knocking down HACEI than our
newly designed oligos. HeLa and HEK 293T cells were transfected using Lipofectamine
RNAIMAX (Invitrogen) following the manufacturer’s instructions. Control transfections
were performed simultaneously using non-specific siRNA oligos purchased from
Ambion. Assays were performed 96 h after transfection unless otherwise stated.
Depletion efficiency of endogenous HACE1 was quantified from the Western blot results
using the NIH ImageJ software and normalized to tubulin levels. For transient expression,
HeLa cells were transfected with the indicated HACEI constructs using Lipofectamine

2000 (Invitrogen).

RT-PCR

mRNA was purified from a 6-cm dish of HelLa cells using RNeasy columns
(QIAGEN Inc.). First-strand cDNA was synthesized using Superscript III RT
(Invitrogen) and utilized for semi-quantitative real-time PCR using 1Q SYBR Green
Supermix (Bio-Rad). A Bio-Rad IQ iCycler was used to measure the expression levels of
transcripts. The HACE1l mRNA level was normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Intron-spanning primers are designed using the ‘“Primer 3”
software. The following primer sequences were used for HACEL: forward primer:
GCTCTTGCAGGGAGACAGGA, reverse primer: AGTCATTCCCGGAGGCATCT.

The GAPDH primers were provided by Dr. Haoxing Xu[296].
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Subcellular fractionation and equilibrium gradients

NRK cells at 80% confluency were washed with homogenization buffer (0.25 M
sucrose, | mM EDTA, 1 mM Mg acetate, 10 mM Hepes-KOH, pH 7.2 and protease
inhibitors) and resuspended in 800 pl of homogenization buffer. Cells were cracked with
a ball-baring homogenizer to a breakage of 75-80%. The homogenate was centrifuged for
10 min at 1000 g, 4°C. The postnuclear supernatant (PNS) was removed and subjected to
ultracentrifugation in a TLASS rotor at 120,000 g for 60 min. The supernatant (cytosol)
was removed, and the membranes in the pellet were resuspended in homogenization
buffer. Equal volumes of the PNS, cytosol and membrane fractions were analyzed by
SDS-PAGE and Western blot. The PNS was also fractionated on a sucrose gradient as

previously described[89, 90, 270].

Microscopy, quantitation and statistical analyses

Immunofluorescence microscopy and the collection of mitotic cells were previously
reported[89]. Pictures were taken with a Leica SP5 laser-scanning confocal microscope
using a 100X oil lens or a Zeiss Observer Z1 epifluorescence microscope with a 63X oil
lens. In interphase cells, fragmented Golgi were defined as scattered dots that were not
connected in the perinuclear region. Although some Golgi membranes were concentrated
near the nucleus in SK-NEP-1 cells, multiple mini-Golgi (isolated dots detected by
fluorescence microscopy) were observed to be dissociated from the major Golgi
apparatus. These cells were categorized as containing fragmented Golgi. To quantify the
percentage of cells with fragmented Golgi, more than 300 cells transfected with control

or HACEI siRNAs were counted, and the results are presented as mean = SEM (n=3).
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For EM analysis, Golgi stacks and clusters were identified using morphological
criteria and quantified using standard stereological techniques[120, 270]. Interphase cells
were defined as profiles that contained an intact nuclear envelope. Only stacked
structures containing three or more obvious cisternae were measured for cisternal length.
Golgi stack images were captured at 11000x magnification to obtain a better view of the
stacks. The longest cisterna was measured as the cisternal length of a Golgi stack using
the ruler tool in the Photoshop CS3 software or the line tools in ImageJ, both of which
gave essentially identical results. At least 20 cells were quantified in each experiment,
and the results represent at least three independent experiments. Statistical significance

was assessed by Student’s ¢-test.

Golgi disassembly and reassembly assay and quantitation

Golgi membranes were purified from rat liver as previously described[297].
Interphase (IC) and mitotic (MC) cytosols were prepared from HelLa S3 cells[214]. The
cytosol fractions were exchanged into related buffers using Bio-Spin 6 columns and
cleared by centrifugation before they were used to treat Golgi membranes. His-tagged
p47 was expressed in bacteria and purified using nickel beads[98]. p97 was prepared
using a bacterial expression system or purified from rat liver cytosol by gel filtration[98,
272]. The Golgi disassembly assay was performed as described previously[90]. Briefly,
purified Golgi membranes (20 ug) were mixed with 2 mg of mitotic cytosol, 1 mM GTP
and an ATP-regenerating system (10 mM creatine phosphate, 1 mM ATP, 20 pg/ml
creatine kinase and 20 ng/ml cytochalasin B) in MEB buffer (50 mM Tris-HCI, pH 7.4,

0.2 M sucrose, 50 mM KCl, 20 mM -glycerophosphate, 15 mM EGTA, 10 mM MgCl,,
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2 mM ATP, 1 mM GTP, 1 mM glutathione and protease inhibitors) in a final volume of
200 pl. In some reactions, 1 uM or an increasing amount (0.1-1 uM) of wild-type or
mutant HACE1 recombinant proteins or 10 ng/ul anti-HACE1 antibodies were added into
the disassembly assay as indicated. After incubation for 60 min at 37°C, mitotic Golgi
fragments (MGF) were isolated and soluble proteins were removed by centrifugation
(55,000 rpm for 30 min in a TLASS rotor) through a 0.4 M sucrose cushion in KHM
buffer (20 mM Hepes-KOH, pH 7.0, 0.2 M sucrose, 60 mM KCI, 5 mM Mg(OAc),, 2
mM ATP, 1 mM GTP, 1 mM glutathione and protease inhibitors) onto a 6-ul 2 M
sucrose cushion. The membranes were resuspended in KHM buffer and were either fixed
and processed for EM[17, 89, 90] or used in reassembly reactions. For Golgi reassembly,
20 pg of Golgi fragments were resuspended in KHM buffer, mixed with either 400 pg IC
or 100 ng/ul p97 and 25 ng/ul p47 in KHM buffer in the presence of an ATP
regeneration system in a final volume of 30 ul and incubated at 37°C for 60 min. The

membranes were pelleted by centrifugation, processed for EM.

For EM analysis, the percentage of membranes in cisternae or in vesicles was
determined by the intersection method [17, 249]. Cisternae were defined as long
membrane profiles with a length greater than four times their width, and the latter did not
exceed 60 nm. Normal cisternae ranged from 20-30 nm in width and were longer than
200 nm. Stacks were defined as two or more cisternae that were separated by no more

than 15 nm and overlapped in parallel by more than 50% of their length.
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Golgi ubiquitination assay and identification of syntaxin 5 as a ubiquitinated protein
Purified Golgi membranes (100 pg) were mixed with 600 pug mitotic cytosol, 2 uM
wild-type or mutant HACE1 recombinant proteins, 50 uM His-ubiquitin and 0.5 pM
Epoxomicin in a 1-ml reaction in MEB buffer containing an ATP-regenerating system.
Reactions were incubated at 30°C for 60 min and supplemented with 20 mM N-
ethylmaleimide (NEM). The membranes were isolated by centrifugation through a 0.4 M
cushion and dissolved in 1 ml of lysis buffer (100 mM Tris-HCI, pH 8.0, 8 M urea, 0.5%
Triton X-100 w/v and 150 mM NaCl), and the samples were centrifuged in a
microcentrifuge at maximum speed for 30 min at 4°C. The supernatant was incubated
with 30 pl bed volume of Ni-NTA beads for 3 hours at 4°C, and the bound proteins were

analyzed by Western blot for the indicated proteins.
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Chapter VI. Conclusion

The Golgi apparatus is the central conduit in the secretory pathway. It receives and
modifies newly synthesized proteins from the ER, and sorts them to the plasma
membrane or the endosomal/lysosomal system via different transport carriers [2]. In
almost all eukaryotic cells, the basic structural unit of the Golgi apparatus is a stack of
flattened cisternae that are arranged in parallel [8]. In mammalian cells, individual Golgi
stacks are connected laterally by tubular continuities to form a ribbon-like structure that
localizes adjacent to the centrosome in interphase cells [2]. How the Golgi apparatus
forms this unique morphology, and how it regulates the physiological functions of this
organelle are central questions of cell biology. In addition, Golgi is a highly dynamic
organelle that undergoes rapid disassembly and reassembly during the cell cycle, which is
a highly regulated process and plays essential role for the inheritance of this organelle in
mammalian cells [2]. However, the underlying mechanism of Golgi biogenesis during
mitosis is unclear. My research has focused on the following four questions: 1) How does
the Golgi form polarized stacks? 2) Why does the Golgi form stacks? 3) Is mitotic Golgi
disassembly mediated by redistribution of this organelle into the ER, or continuous COPI
vesicle formation? 4) How is ubiquitination involved in the regulation of Golgi

biogenesis during the cell cycle?
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The molecular mechanism of Golgi stack formation

In chapter II, I studied the molecular mechanism of Golgi stack formation. Two
homologous proteins GRASP65 (Golgi Reassembly Stacking Protein of 65 kDa) and
GRASPS55 have been initially identified as Golgi stacking factors through the use of an in
vitro assay that reconstitutes the cell-cycle regulated Golgi disassembly and reassembly
process [15, 16]. GRASP65 and GRASPS5 are both peripheral membrane proteins and
localize to the cis- and medial-to-trans-Golgi, respectively, via the N-terminal
myristoylation [15, 16]. Adding either GRASP65 or GRASPS55 antibody inhibited
restacking of newly formed Golgi cisternae in this assay [15, 16]. Consistently,
microinjection of anti-GRASP65 antibodies into mitotic cells inhibited subsequent Golgi
stack formation in the daughter cells [17]. However, whether these proteins are involved
in the cisternal stacking in vivo is under debate. The initial RNA interference experiment
supported the role of GRASP65 in the stack formation [118], whereas another group
reported that GRASP65-depletion caused Golgi unlinking instead of unstacking [22].
Similar arguments applied to GRASP55 [23]. To address these discrepancies, I optimized
the experimental conditions to knockdown GRASP65 and GRASP55 with siRNA, and
used systematic electron microscopic analysis to assess the roles of GRASP65 and
GRASPS5S5 in the formation of Golgi stacks. I found that the average number of cisternae
per stack dropped from 5.7+0.2 in cells transfected with control siRNA to 3.7+0.1 in
GRASP55-depleted cells, or 3.8+0.1 in GRASP65-depleted cells, which could be rescued
by exogenous expression of siRNA resistant GRASP55 or GRASP65. In addition,
depletion of both GRASP55 and GRASP65 using siRNA led to a complete disassembly

of the Golgi stacks in 80% of the cells. Expression of either exogenous GRASPS5 or
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GRASP65 could partially but not completely rescue the effect. These results
demonstrated that GRASP55 and GRASP65 play complementary and essential roles in
Golgi cisternal stacking [18].

I have also studied the mechanism of GRASPS55 mediated cisternal stacking.
Previous studies revealed that GRASP65 forms mitotic regulated trans-oligomers via the
N-terminal GRASP domain to link adjacent Golgi cisternae together [17, 120].
GRASPS55 exhibits a high level of sequence identity to GRASP65. The N-terminal
GRASP domain is 80% similar and 66% identical to that of GRASP65 in rat [16]; and the
C-terminal Serine/Proline-Rich (SPR) domain, although less conserved, contains a
number of potential phosphorylation sites. Using biochemical methods, I demonstrated
that similar to GRASP65, GRASP55 forms homodimers, which further interact with each
other to form higher oligomers and link adjacent cisternae together. Both dimerization
and oligomerization are mediated via the N-terminal GRASP domain. The dimerization
of GRASPS5S5 is stable during the cell cycle, whereas the oligomerization of GRASPS5S5 is
regulated by its phosphorylation status, phosphorylation of GRASPS55 disrupts its
oligomerization and leads to unstacking of Golgi cisternae. Unlike GRASP65 that is
phosphorylated by mitotic kinases Cdkl/cdc2 and plk, GRASP5S5 is phosphorylated by
mitogen-activated protein kinase ERK2. The phosphorylation sites of GRASPS55 are
mapped in the SRP domain, and the non-phosphorylatable mutants (i.e., the GRASP
domain and the T222A/T225A/S245A mutant) form oligomers that are resistant to the
regulation of phosphorylation. When expressed in cells, these non-phosphorylatable
mutants of GRASP55 enhanced Golgi stacking in interphase cells and inhibited Golgi

unstacking and disassembly in mitotic cells [18]. Similar observations have been made in
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cells expressing the non-phosphorylatable mutants of GRASP65 [119]. These results
confirmed the role of GRASP55 and GRASP65 in the stack formation in vivo, and
demonstrated that GRASPS55 and GRASP65 employ a common mechanism, that is, by
forming trans-oligomers via the GRASP domain, to stack the Golgi cisternae, although

they may subject to different regulations (Fig. 6.1).
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Figure 6.1. GRASP65 and GRASPS5 form mitotic regulated oligomers to link adjacent Golgi
cisternae together. GRASP65 and GRASPS55 localize to the cis- and medial-trans-Golgi via
myristoylation, respectively. The dimers of GRASP65 or GRASP55 from adjacent cisternae interact to
form trans-oligomers to stack the Golgi cisternae together during interphase. Both GRASP65 and
GRASPS55 are phosphorylated during mitosis, which disrupts the oligomerization and causes Golgi
unstacking. The two proteins are dephosphorylated after mitosis, and Golgi stacks rebuild subsequently.

An unsolved question is whether depletion of GRASP65 causes the unstacking of
the cis-Golgi cisternae, whereas depletion of GRASP55 causes the unstacking of the
medial-to-trans part of the Golgi. This question can not be addressed using transmission
EM, but may be answered by immuno-EM or immunoperoxidase-EM. For example, cells
stably expressing the CGN/cis-Golgi marker ERGIC-horseradishperoxidase, cis-to-
medial Golgi marker Mannosidase II-horseradishperoxidase, or the trans-Golgi enzyme
sialyltransferase-horseradishperoxidase could be treated with control or GRASP siRNA,

and different Golgi compartments could be identified under EM by the HRP signal.
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The physiological relevance of Golgi stack formation

Although stack formation is a conserved feature in most eukaryotic cells, its
physiological role remains elusive. It has been speculated that cisternal stacking improves
the efficiency of vesicular transport because the close spatial arrangement of cisternae in
a Golgi stack minimizes the distance of vesicular transport [140]. In addition, tethering
complexes hold the vesicles to the target cisternae and thereby enhance membrane fusion
[216]. To investigate the physiological role of cisternal stacking, I inhibited Golgi
stacking by depleting the Golgi stacking factors GRASP65 and GRASPS5S, and assessed
protein trafficking, sorting, modification in those cells. As shown in chapter III, the
trafficking of VSV-G and a5/B1 integrins are enhanced when the Golgi is unstacked,
which is consistent with a previous study showing that microinjection of GRASP65
antibodies inhibited Golgi stack formation, and resulted in an increased trafficking of an
artificial marker CD8 [208]. A plausible explanation for this observation is that when the
Golgi cisternae are fully stacked, vesicles can only form and fuse at the rims, whereas
when the cisternae are unstacked, more membrane areca becomes accessible to COPI
machinery, thereby increasing the rate of vesicle budding/fusion, as well as cargo
transport through the Golgi (Fig. 6.2) [208]. This speculation is supported by the in vitro
budding assay showing that unstacking of Golgi membranes increases the rate of COPI
vesicle formation [208].

Why do cells form Golgi stacks to reduce the rate of trafficking? Since the Golgi is
the main station of glycosylation, cargos are modified sequentially as they travel through
the Golgi stacks [201, 231], I determined whether unstacking of the Golgi affected

protein glycosylation. By using fluorescence-conjugated lectins, I demonstrated that
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GRASP-depletion led to an incomplete glycosylation, suggesting that cisternal stacking
ensures accurate post-translational modifications (i.e., glycosylation) of cargo proteins
[187]. In addition, the lysosomal hydrolase cathepsin D precursor was missorted to the
extracellular space instead of the endosomal/lysosomal system when the Golgi was
unstacked. Furthermore, there is a reduction of cell adhesion and migration in the cells
with unstacked Golgi, in agreement with the reduction of cell adhesion molecules a5/p1
integrins and aberrant glycosylation pattern on the cell surface. I also showed that the cell
proliferation and protein synthesis are enhanced in those cells with unstacked Golgi,
which may be attributed to the increased protein trafficking.

Those data suggested that the Golgi cisternal stacking functions as a “flux regulator”
to control the flow of cargo through this organelle [208], and thus provides a mechanism
of quality control for protein sorting and modification. The quality of the biosynthetic
process in the ER is controlled by chaperones and folding enzymes, and improperly
modified or folded cargos are retained or degradated. Unlike the ER, the Golgi apparatus
does not have a known robust system to control the accuracy of the post-translational
modifications that occur there [185]. Membrane and secretory glycoproteins with
defective glycans can still be exported without retention or degradation [232]. In addition,
since the Golgi resident enzymes are mostly transmembrane proteins, the lumen of the
Golgi apparatus is filled with cargo proteins at a much higher concentration than that in
the ER [185]. Therefore, a controlled slow cargo flow through the Golgi apparatus could
provide enough time for the cargos to be correctly modified. In higher multicellular
organisms, particularly mammals, accurate glycosylation of cell surface proteins such as

receptors and cell adhesion molecules is essential for their cellular functions [226]. In

193



contrast, the budding yeast S. cerevisiae, in which Golgi membranes do not form stacks
under normal growth conditions, has much simpler N-glycosylation in the Golgi
compared with that in mammalian cells [234]. Therefore, Golgi cisternal stacking may be

a gained feature during evolution to improve the accuracy of protein modifications.
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Figure 6.2. Golgi cisternal stacking regulates cargo flow through the Golgi. COPI machinery can only
get assess to the rims of cisternae in a stacked Golgi, whereas COPI vesicles can bud from the whole
surface area of unstacked cisternae. Therefore, the vesicle budding and cargo transport rates are enhanced
when the Golgi is unstacked [208].

To further determine whether Golgi unstacking accelerates protein trafficking, we
could examine the rate of protein secretion in GRASP siRNA treated cells using pulse-
chase experiment. Different protein markers could be used, for example, heavily
glycosylated proteins vs. mildly glycosylated proteins. Alternatively, the transport of cell
surface proteins, such as CD44, could also be monitored in GRASP siRNA treated cells.

The glycosylation patterns of cell surface proteins could be further determined by
mass spectrometry. Cell surface proteins could be labeled with biotin and isolated with
avidin-conjugated beads. These proteins could be analyzed with mass spectrometry to
identify glycan structures conjugated on them. Compared with the lectin staining method,
this method can reveal the details of glycosylation alteration, and identify glycoproteins

whose glycosylation patterns have been changed.
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We have showed that the protein levels of a5/p1 integrins were reduced when the
Golgi was unstacked, we could further examine protein levels of other integrins. In
addition, we can examine whether the glycosylation patterns of integrins are changed by
immunoprecipitating integrins followed by lectin blot.

It can also be interesting to determine the correlation between the increase of cell
proliferation, total protein synthesis and Golgi unstacking. We could first examine
whether a given signaling pathway is activated when the Golgi is unstacked. As
mentioned before, the disassembly of Golgi membranes during mitosis may relieve some
inhibitory effect on mitotic progression by releasing Golgi localized proteins that play
special roles during mitosis [7], it is possible that Golgi unstacking may trigger certain

signaling pathway.
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The molecular mechanism of mitotic Golgi disassembly

In mammalian cells the Golgi apparatus undergoes an extensive disassembly process
during mitosis followed by post-mitotic reassembly, which facilitates equal inheritance of
this organelle in the two daughter cells [2].

Two models have been proposed to explain the underlying mechanism of Golgi
disassembly during mitosis [78]. One proposes that the disassembly is achieved through a
similar mechanism as Brefeldin A (BFA) treatment, a fungal metabolite that inactivates
the guanine nucleotide exchange factor (GEF) for the ADP-ribosylation factor-1 (ARF1),
and thereby redistributes the Golgi membranes, at least partially, into the ER [50]. ARF1
is a small GTPase that associates with Golgi membranes in its active GTP-bound form
and recruits coatomer onto the membrane to form COPI vesicles [47]. Inactivation of
ARF1 in turn prevents the recruitment of coatomer and the formation of COPI vesicles,
which subsequently leads to the redistribution of Golgi membranes to the ER [80].
Another explanation is the direct fragmentation model, which proposes that the mitotic
Golgi fragmentation is mediated through the continuous budding of COPI vesicles [78],
which is dependent on ARF1 activity. The key issue among the arguments is the role of
ARF1 in the mitotic Golgi disassembly. Therefore, I investigated whether ARF1 is
required for mitotic Golgi fragmentation. In Chapter IV, I showed that mitotic cytosol
treatment to purified Golgi membranes leads to Golgi fragmentation, while ARF1-
depleted mitotic cytosol fails to fragment Golgi membranes, suggesting that ARF1 is
required for mitotic Golgi fragmentation. ARF1 associates with membranes, in particular,
Golgi vesicles generated in vitro or vesicles in mitotic cells, as shown by subcellular

fractionation and sucrose gradient, indicating that ARF1 is in its active, membrane-
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associated form during mitosis. Golgi membranes are converted to vesicles by purified
coatomer together with wild type ARFI1 or its constitutive active form, but not the
inactive mutant, confirming that ARF1 activity is required for Golgi vesiculation [89]. A
previous study showed that ARF1 activity blocks mitotic Golgi fragmentation by
overexpressing the constitutive active mutant(Q71L) [245]. To avoid unspecific effects
caused by the chronic expression of ARF1 mutant, we microinjected purified
ARFI1(Q71L) protein into cells, and observed no change of mitotic Golgi fragmentation
and cell cycle progression through mitosis. These results demonstrated that ARF1 is
active during mitosis and this activity is required for mitotic Golgi fragmentation. Our
results support the direct Golgi fragmentation model that mitotic Golgi disassembly is

mediated by continuous COPI vesicle budding [89].
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Identification of the Ubiquitin ligase HACE1 that regulates the Golgi
biogenesis in cell cycle

The disassembly and reassembly of the Golgi during cell division is a highly
regulated process. The Golgi stacking proteins GRASP65 and GRASPSS are
phosphorylated at the onset of mitosis by Cdk1/plk and ERK2, respectively, which leads
to the unstacking of cisternae [17, 18]. These isolated cisternae further break down to
vesicles and tubules via COPI-mediated vesiculation [77]. Postmitotic Golgi reassembly
could also be divided into two processes: cisternal regrowth and restacking. Cisternal
regrowth is mediated by two AAA ATPases, p97 and NSF [90]. Restacking of the Golgi
cisternae is regulated by the dephosphorylation of GRASP65 and GRASPS55 [90]. An
unknown question is, how does the cell recognize mitotic Golgi fragments and
reassemble them into Golgi cisternae? A plausible explanation is that the cell marks these
membranes, and ubiquitin is a potential marker (Fig. 1.9).

Previous studies indicate the mitotic disassembly and reassembly of the Golgi is
regulated by ubiquitination [98, 99]. Ubiquitination that occurs in mitosis is required for
post-mitotic reformation of Golgi cisternae, block of ubiquitination inhibits subsequent
Golgi reassembly [98]. The AAA ATPase p97 binds to ubiquitin via the UBA domain of
its cofactor, p47 [98]. VCIP135, another cofactor of p97 that is required for the
reassembly process, is a deubiquitinating enzyme [99, 298]. However, the identity of the
ubiquitin ligase and the ubiquitinated substrates on the Golgi membranes are unknown. In
chapter V, we identified a Golgi localized HECT-domain containing protein HACE1 as
the potential ubiquitin ligase in Golgi biogenesis during the cell cycle. HACEI1 is

targeted to the Golgi membrane through interaction with Rab proteins. HACE1 ubiquitin
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ligase activity is involved in mitotic Golgi disassembly and is required for subsequent
post-mitotic Golgi membrane fusion. Depletion of this protein using siRNAs or
expression of an inactive HACE1 mutant affects Golgi membrane fusion. Consistently,
SK-NEP-1 cells with reduced level of HACEI1 contain fragmented Golgi with shorter
cisternae. Further biochemical analysis indicated that the t-SNARE syntaxin 5 is a
substrate of HACE1 on the Golgi membranes. The identification of HACE1 as a Golgi-
localized ubiquitin ligase, and syntaxin 5 as its substrate, supports the hypothesis that
ubiquitin plays a critical role in Golgi biogenesis during the cell cycle. Future work is
needed to confirm syntaxin 5 is ubiquitinated by HACEI1 in vivo, and the significance of
ubiquitination of the substrate(s) in Golgi biogenesis in vivo.

To confirm that syntaxin 5 is ubiquitinated during mitosis in vivo, we could
immunoprecipitate ubiquitinated proteins from cell lysates collected from synchronized
interphase or mitotic cells, and determine if syntaxin 5 is one of the ubiquitin substrates
during mitosis. To further confirm that syntaxin 5 is ubiquitinated by HACE1 during
mitosis, HACEI-depleted cells could be employed.

To further investigate the role of HACEl-mediated ubiquitination in the Golgi
disassembly and reassembly process, we could examine the Golgi fragmentation and
reconstruction with live cell imaging in cells transfected with control or HACE1 siRNA.
In addition, Golgi reassembly could be assessed in cells microinjected with control IgG

or HACEI antibody (or wild type HACEI vs. inactive HACE1) during mitosis.
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