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ABSTRACT

We examined the function of ADP-ribosylation factors (Arfs) and their guanine
nucleotide exchange factors (GEFs) that regulate recruitment of coat proteins on
the Golgi complex. The large ArfGEF GBF1 localizes at the cis-Golgi complex
while BIGlI and BIG2 localize at the frans-Golgi network (TGN).
Complementary overexpression and RNA-based knockdown approaches
established that GBF1 but not BIGs, is required for COPI recruitment, Golgi stack
maintenance and sub-compartmentalization while BIGs appear specialized for
clathrin adaptor recruitment and for assembly and maintenance of the TGN. Our
observations disprove two widely accepted mechanisms for cargo export by
establishing that COPII is the only coat required for sorting and export from the
ER exit sites and that BIGs are not required for traffic of the cargo protein VSVG
to the cell surface. Furthermore, we provide evidence that may ultimately explain
how these ArfGEFs regulate different coats in spite of their well-characterized
promiscuity towards class I and I Arfs. We prove for the first time that Arf3 is
activated uniquely by BIGs at the TGN. Also, contrary to expectations, we
demonstrate that Arf3 differs from Arfl in regard to localization pattern as well as
temperature sensitivity of membrane recruitment. Shifting temperature to 20°C
for 2 hours, a method known to block cargo in #rans-Golgi compartments, caused
a dramatic redistribution Arf3 but not Arfl. Redistribution of Arf3 from Golgi
membranes upon shift to 20°C was not immediate but occurred gradually over 20
minutes. Arfl and Arf3 differ in sequence only in two short regions at the N- and

C-termini. Analysis of swap constructs established that two amino acids in the N-



terminal region of Arf3 and Arfl are responsible for directing the temperature
sensitivity while two amino acids in the C-terminus directs Arf3’s specific
localization. Arf3 knockdown had no impact on any of the markers tested or on
VSVG trafficking to the cell surface. My work provides solid evidence to support
that ArfGEFs function at different compartments to regulate membrane
recruitment of specific coat proteins, and may also regulate distinct sets of Arfs

that localize preferentially to these particular compartments.
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CHAPTER ONE:

INTRODUCTION



1.1 Introduction to the secretory pathway

1.1.1 Main components and main functions of the secretory pathway

All eukaryotic cells are comprised of a complex endomembrane system. In this
system, the secretory pathway delivers newly synthesized or recycled proteins,
carbohydrates and lipids to their proper destinations. The secretory pathway is
formed of several independent organelles such as the endoplasmic reticulum (ER),
the ER-Golgi intermediate compartment (ERGIC) (only in mammalian cells), the
Golgi complex comprised of the Golgi stack and the trans-Golgi network (TGN),
the lysosomal/endosomal system and, finally, the plasma membrane (PM)
(Bonifacino and Glick, 2004; Glick and Nakano, 2009). Each of these organelles
functions in a specific sequence to sort and modify cargo that passes by to and
from the PM (Figure 1.1). Newly formed cargo initially translocates into the ER
where it is properly folded and then selected for transport from specialized ER
exit sites (ERES) towards ERGIC, also called vesiculo tubular clusters (VTCs)
(Fromme and Schekman, 2005; Luini et al., 2005). From ERGIC structures cargo
carriers move towards the Golgi complex in a microtubule dependent manner
(Presley et al., 1997a; Scales et al., 1997) where they fuse with the cis-cisterna of
the Golgi complex. Then cargo proteins, while they move through the Golgi
complex, are processed in a sequential order (Glick and Nakano, 2009).
Subsequently, cargo molecules are sorted in the TGN to their final destinations
that include the endosomes, lysosomes, PM or secretory granules (De Matteis and
Luini, 2008; Rodriguez-Boulan and Musch, 2005). This anterograde transport
towards the PM is balanced by retrograde traffic responsible for endocytosis and
the retrieval of transport factors and receptors or resident enzymes to earlier
compartments.

1.1.2 Defects of the secretory pathway leading to diseases

Despite significant advances in molecular cell biology, only recently the
importance in proper sorting within the secretory pathway was underlined by the
connection between mis-regulation at different levels within the secretory
pathway and some diseases, including neurodegenerative diseases. Earlier

morphological studies examining human brain tissue and animal models linked
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Figure 1.1. Diagram representing coats and compartments of the secretory

pathway.

Schematic of compartments illustrates bi-directional traffic and locates the approximate site of
action of many of the coat proteins mentioned in chapter 1. Green and red arrows represent
anterograde and retrograde transport pathways, respectively. COPII and COPI coats facilitate
transport between the ER and cis-Golgi compartments, while clathrin coated vesicles carry cargo
between the TGN and endosome/lysosomes. Transport from ERES in yeast requires only COPII
(depicted on left), while in mammalian cells it seems to involve both COPII and COPII (boxed
region). Retrograde transport from the Golgi complex to the ER occurs through both COPI-
dependent (right) and COPI-independent (left) pathways. Microtubules that drive movement of
pleiomorphic carriers from ERGIC to the Golgi complex and from the TGN to the plasma
membrane are drawn as blue cylinders. The BARS-mediated fission that releases those carriers is

indicated by black arrows. Arfl, 3, 4 and 5 are present throughout the Golgi complex.
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Golgi complex fragmentation with Alzheimer disease (Baloyannis et al., 2004),
amyotrophic lateral sclerosis (Stieber et al.,, 1998), Creutzfeldt-Jacob
disease(Sakurai et al., 2000), multiple system atrophy (Sakurai et al., 2002;
Takamine et al., 2000), Parkinson's disease (Fujita et al., 2006), spino-cerebellar
ataxia type 2(Huynh et al., 2003) and Niemann-Pick type C (Lin et al., 2007).
Moreover, some experiments showed Golgi complex fragmentation in an early,
preclinical stage of neurodegeneration (Karecla and Kreis, 1992; Mourelatos et
al., 1996). Maybe, neuronal Golgi complex is a reliable index for the degree of
degeneration (Stieber et al., 1996). Additionally, periventricular heterotopia, a
malformation of the cortical development, can be caused by mutations in the
vesicle transport ADP-ribosylation factor guanine exchange factor 2 (Arf-GEF2,
also called BIG2) gene coding for an important regulator present at TGN and
endosomes (Jie et al., 2006; Sheen et al., 2004). Furthermore, a mutation in
Sec23A gene causes an autosomal recessive syndrome called Cranio-lenticulo-
sutural dysplasia resulting from abnormal ER to Golgi complex traffic (Boyadjiev
et al., 2006). Additional research, using a genetic screen identified Sec23, Sarl
and Rab1l as being important in proper development of dendrites, but not axons, in
both D. melanogaster and rodent neurons (Ye et al., 2007).

1.1.3 Introducing the components of the secretory pathway and their
molecular mechanisms for organelle maintenance and regulation of protein
traffic.

Formation of the cargo carriers mentioned above depends on the spatially and
temporarily regulated recruitment of specific coat proteins form the cytoplasm
onto the membranes of individual components of the secretory pathway
(Bonifacino and Lippincott-Schwartz, 2003). The specific recruitment of coat
proteins for cargo sorting and membrane deformation provides the mechanism to
explain how organelles acquire and maintain their unique lipid and protein
composition in the face of such extensive exchange. Small GTPases together with
their regulatory guanine exchange factors (GEFs) and GTPase activating proteins

(GAPs) play critical roles in controlling recruitment of these coat proteins every



step of the way. In the following subchapters | will provide a brief description of
the structures and molecular mechanisms that control transport from the ER to
ERGIC and then to the Golgi complex, as well as a description of the formation
and maintenance of ERGIC followed by the molecular machineries that function
at the Golgi stack and at the TGN, and finish with an analysis of the literature
regarding the redundant vs. non-redundant functions of the small GTPases Arfl

and Arf3 at the Golgi complex.

1.2 Transport between ER, ERGIC and Golgi complex

Transport between the ER, ERGIC and the Golgi complex is the earliest event in
the secretory pathway and therefore these compartments are referred to as “the
early secretory pathway” (Barlowe, 2000; Nickel and Wieland, 1998). This
section describes the bi-directional transport between the ER, ERGIC and the cis-
side of the Golgi complex. It begins with an introduction about maintenance of
ERES and the molecular machinery that regulates transport out of ERES,
followed by a description of ERGIC’s identity and function. Next I will describe
the role of COPI in anterograde and retrograde ER to Golgi traffic while finishing
with a focused picture of the actual understanding of the mechanism for transport
from the ERGIC to the cis-Golgi complex.

1.2.1 Description of the primary (intrinsic) mechanism for cargo sorting at
ERES, driven and regulated by Sarl and COPII

COPs select cargo and serve as a scaffold for membrane deformation and vesicle
budding (Bonifacino and Glick, 2004; Rabouille and Klumperman, 2005).
Transport between the ER and the Golgi complex involves two types of COPs.
The COPI coat has been implicated in both anterograde and retrograde traffic
between the Golgi and VTCs (Duden, 2003). COPII-coated structures on the
other hand mediate export of cargo from the ER (Barlowe, 2003; Tang et al.,
2005), which takes place only from specialized regions of the ER called ERES or
transitional ER (tER). The ERES are long-lived, ribosome-free elements of the

ER that are dedicated to the production of anterograde transport vesicles with the



help of COPII coat proteins (Bannykh and Balch, 1997; Bannykh et al., 1996;
Mancias and Goldberg, 2005).

The COPII coat selects, concentrates and promotes export of cargo from
ERES to the ERGIC. The COPII coat consists of two heterodimeric protein
complexes Sec23/Sec24 and Sec13/Sec31 together with the small GTPase Sarl.
The assembly of the COPII coat at ERES starts when the nucleotide exchange
factor Sec12 activates Sarl by promoting the release of GDP and subsequent GTP
binding (Futai et al., 2004). Following activation, Sarl-GTP binds tightly to the
ER membrane via a GTP-triggered membrane anchor and recruits the
Sec23/Sec24 complex. Next, the newly formed heterotrimer Sec23/Sec24-Sarl
participates in selection of cargo molecules (Aridor et al., 1998; Kuehn et al.,
1998; Miller et al., 2003), cargo receptors like ERGIC-53 (Appenzeller et al.,
1999) and p24 (Muniz et al., 2000) and soluble N-ethylmaleimide-sensitive factor
attachment protein receptors (SNARES), to form the prebudding complex (Sato
and Nakano, 2004). The Sec24 subunit of the prebudding complex has been
shown to bind directlyto a number of cargo molecules (Miller et al., 2003). The
polymerization of the COPII coat starts with the recruitment of the Sec13/Sec31
complex onto the prebuding complex, driving further the membrane deformation.
When Sec13/Sec31 binds, it will also increase the intrinsic GAP activity of Sec23
towards Sarl (Antonny et al., 2001). Sarl hydrolysis of its GTP to GDP will
initiate coat disassembly. Current evidence suggests that repetitive rounds of
COPII polymerizations and depolymerization promote concentration of cargo at
ERES and control for a high efficiency of cargo transport. The discovery of
several isoforms of Sec23, Sec24 and Sec31 brings up the possibility of a diverse
population of COPII coats with different affinities for cargo molecules (Fromme
et al., 2008; Wendeler et al., 2007).

In vitro reconstitution experiments elegantly proved that the minimal
COPII machinery necessary for vesicle budding is comprised of Sec23/Sec24,
Sec13/Sec31 and Sarl (Barlowe, 1995). On the other hand, additional factors are
necessary to properly regulate spatially and temporally the assembly of the COPII

coat. Previous studies have shown that Sec16 interacts with all of the COPII
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components, except Secl3 (Espenshade et al., 1995; Gimeno et al., 1996;
Shaywitz et al., 1997; Supek et al., 2002). This surprising observation suggests
that Sec16 has a pivotal role in COPII assembly and function (Shaywitz et al.,
1997; Supek et al., 2002) and is in agreement with the observation that Sec16
might act as a main player in ERES formation and maintenance by organizing
COPII into clusters at this location (Connerly et al., 2005).

1.2.2 Regulatory mechanisms for COPII recruitment and subsequent cargo
sorting at ERES

Even though the mechanism for regulating cargo sorting at ERES seems to be
clear in the yeast S. cerevisiae, this is not the case for mammalian cells. Cell-free
assays using S. cerevisiae extracts unambiguously established that Sar1-dependent
recruitment of COPII drives cargo sorting, as well as budding and release of
carriers targeted to the Golgi complex (Barlowe, 2003; Fromme and Schekman,
2005). However, no such general agreement over the mechanism for regulation
of cargo export from the ER exists for animal cells. In these cells, treatment with
brefeldin A (BFA) or expression of a GDP-arrested Arf mutant blocks export of
anterograde cargo from the ER, and interferes with its concentration at ERES
(Barzilay et al., 2005; Ward et al., 2001). Such observations suggest that
formation and release of carriers from ERES in animal cells is more complex and
likely involves a two-step process that depends on sequential action of both Sarl
and Arfs (Altan-Bonnet et al., 2004; Garcia-Mata et al., 2003). In this two-step
model, Sarl initially recruits COPII, concentrates cargo and organizes ER export
domains by recruiting additional peripheral proteins such SNAREs, rabl and its
effector p115 (Moyer et al., 2001; Weide et al., 2001). Subsequently, recruitment
of golgi-specific brefeldin A resistant guanine nucleotide exchange factor 1
(GBF1), possibly through its interaction with p115 (Garcia-Mata and Sztul, 2003)
leads to Arf activation and the recruitment of numerous effectors that will mature
the ER export domains into ERGIC membranes prior to their release as separate
carriers bound for the Golgi complex (Altan-Bonnet et al., 2004). This model is
consistent with the observation that expression of a dominant negative mutant of

rablb causes dispersal of the Golgi as observed with BFA, possibly by preventing
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sequential recruitment of p115 and GBF1 (Alvarez et al., 2003). The two-step
model is further supported by the fact that several enteroviral 3A proteins that
target GBF1 and block Arf activation, also prevent export from the ER and trap
cargo in ERES rather than peripheral VTCs (Wessels et al., 2006a; Wessels et al.,
2006b).

1.2.3 ERGIC, a stable sorting station between the ER and the Golgi
complex?

In mammalian cells, the immediate destination of cargo proteins sorted into ERES
is the ERGIC. The ERGIC, also known as pre-Golgi intermediate (Saraste and
Kuismanen, 1992) or VTCs (Bannykh et al., 1996) was originally identified as a
complex membrane system consisting of vesicles and tubules (Hauri and
Schweizer, 1992).

There is still an ongoing debate about the formation of ERGIC. For a very long
time in the literature the dogma was that the ERGIC arises de novo by fusion of
uncoated COPII vesicles. Further experimental evidence supports this idea by
confirming that COPII vesicles possess the machinery for homotypic fusion (Xu
and Hay, 2004). However, this de novo COPII dependent mechanism has been
seriously challenged by a new idea, stating that ERGIC is a pre-formed structure
that accepts the incoming COPII vesicles by heterotypic fusion (Béthune et al.,
2006).

Recent work strongly supports the idea of ERGIC being stationary entities
from which anterograde transport towards the Golgi complex and retrograde
transport towards the ER takes place (Ben-Tekaya et al., 2005). Taking advantage
of dual label live cell imaging, Hauri and colleagues showed that ERGIC, labeled
by GFP-ERGIC-53, is a long lived stationary compartment from which multiple
rounds of anterograde carriers, marked by the signal-sequence-DsRed, leave
towards the Golgi complex (Ben-Tekaya et al., 2005). These data support the
notion previously proposed in the literature that ERGIC represents the first sorting
compartment to produce anterograde and retrograde cargo (Martinez-Menarguez
et al., 1999). To summarize, COPII drives cargo selection and vesicle budding at

ERES, then these vesicles lose their COPIl coat molecules and fuse with the
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ERGIC, a stationary, stable compartment. From ERGIC retrograde cargo returns
to ER while anterograde cargo moves on microtubules towards the Golgi
complex, both processes being COPI dependent.

1.2.4 Role of COPI in retrograde and anterograde protein traffic between
ER and Golgi complex

COPI promotes at ERGIC both retrograde sorting of proteins that have to be
retrieved back to ER as well as anterograde sorting for carriers destined for the
cis-side of the Golgi complex. The 700 kDa heptameric COPI coat was originally
identified as the protein responsible for coating vesicles present at the periphery
of the Golgi complex and within the Golgi stack, (Lee et al., 2004; Orci et al.,
1986). In vitro treatment with the nonhydrolyzable analog of GTP, GTPyS
enhanced the presence of coated vesicles next to the Golgi stacks and facilitated
the purification and identification of COPI (Melancon et al., 1987). The COPI
coat is composed of seven independent subunits: a, B, B’, v, 8, € and . Four of the
subunits, B, y, 6 and ¢, show sequence homology with the clathrin-binding adaptor
protein (AP) complexes while the a, B” and & subunits could function in a similar
fashion as clathrin, providing a structural scaffold (Lee et al., 2004). All seven
subunits pre-assemble into a stable cytosolic protein complex called coatomer,
and then they are recruited en bloc to the membranes of the ERGIC and Golgi
complex (Elsner et al., 2003; Hara-Kuge et al., 1994; Waters et al., 1991).

COPI plays a crucial role in retrograde transport from the Golgi complex
and ERGIC towards ER (Letourneur et al., 1994; Orci et al., 1987). The retrieval
of resident ER proteins or transport cofactors starts as early as in the ERGIC.
COPI, with the help of the KDEL receptor binds KDEL-bearing luminal ER
proteins from ERGIC or the Golgi complex (Majoul et al., 1998; Majoul et al.,
2001). The KDEL receptor, as well as the other membrane proteins that are
transported back to the ER by COPI, contain on their cytoplasmic side a carboxy-
terminal dilysine signal KKXX which seems to be both necessary and sufficient
to direct retrograde transport of membrane proteins back to ER (Cosson and
Letourneur, 1994; Velloso et al., 2002). Interestingly, while the KKXX sequence

binds to COPI on the a and B’ subunits the transmembrane proteins of the p24
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family require dimerization and bind to the y subunit (Bethune et al., 2006)
suggesting that different COPI subunits might provide unique specificities for
different types of cargo. In addition to the COPI-dependent retrograde pathway
there is evidence for a poorly understood COPI-independent pathway that is
employed by cargo that lacks the KDEL or KDEL-like motif(Sandvig and van
Deurs, 2002; Storrie et al., 2000).

Paradoxically, COPI plays an important role not only in retrograde traffic,
but also in anterograde traffic from ERGIC to the Golgi complex and in ERGIC
maintenance. Several observations support the role of COPI in anterograde
transport. First, neutralizing antibodies against B-COP blocked the transport of a
temperature restricted mutant form of the Vesicular Stomatitis Virus (VSV)
Glycoprotein (VSV-G ts045) and caused its accumulation into ERGIC structures
both in vivo (Pepperkok et al., 1993) and in vitro(Peter et al., 1993). Second, the
same VSV-G ts045 protein is blocked between the ER and Golgi complex in a
Chinese Hamster Ovary (CHO) cell line expressing a mutant form of e-COP (Guo
et al., 1994). Even though there are some clues about the molecular role of COPI
in anterograde transport, more research is needed to uncover the complete picture.
Previous research suggested that soluble anterograde cargo can be concentrated
by exclusion from COPI-decorated domains at ERGIC (Martinez-Menarguez et
al., 1999). Further research proposed the existence of an early COPI-dependent
step in anterograde cargo sorting at ERGIC (Stephens and Pepperkok, 2002).
Also, the consistent detection of COPI within ERGIC structures comes in
agreement with all the COPI functions proposed above (Griffiths et al., 1995;
Oprins et al., 1993).

1.3 The Golgi stack

Even though the Golgi complex was considered to be a single organelle
comprised of multiple densely packed interdependent units, it actually appears to
be composed of two functionally distinct compartments: the Golgi stack and the
TGN. This subchapter will describe first the Golgi stack organization and then
the main molecular players: COPI, Arfs, ArfGEFs and ArfGAPs that regulate its
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maintenance and its function. The TGN will be discussed in the following
subchapter.

1.3.1 The organization of the Golgi complex

The Golgi complex, central sorting station of the secretory pathway, exhibits a
very intricate structural organization that likely reflects the complexity of
trafficking and sorting events that take place within this organelle (Mogelsvang et
al., 2004; Rambourg and Clermont, 1990). It comprises three main structural
elements: two extensive tubular-reticular networks on the cis- and trans-sides
flanking a central stack of flat disc-shaped cisternae. The flat cisternae that form
the core of the Golgi complex (compact zones) appear interconnected by lateral
tubular networks (non-compact zones) to form a continuous membrane ribbon
(Mogelsvang et al., 2004; Rambourg and Clermont, 1990).  Sub-cellular
fractionation and immuno-cytochemical analysis further established that cis-,
medial-and trans-Golgi elements contain different sets of resident enzymes and
that the Golgi complex is therefore functionally compartmentalized (Farquhar and
Palade, 1998; Polishchuk and Mironov, 2004). For example, the early acting
enzyme mannosidase | localizes to cis-Golgi membranes, while later acting ones
such mannosidase Il (Manll) and sialyltransferase concentrate in medial-and
trans-compartments, respectively.

As mentioned above, accumulating evidence points towards the Golgi
complex being comprised of two separate compartments that are structurally,
molecularly and functionally different from one another: the Golgi stack and the
TGN. First and foremost, the two major components of the Golgi complex have
distinct sets of Arf-GEFs and coats that do not intermix: GBF1/COP1 for the
Golgi stack and BIGs/clathrin for the TGN (Zhao et al., 2002). Second, when
mammalian cells are treated with BFA, the Golgi stack fuses with ER while TGN
markers relocalize to endosomes (Chege and Pfeffer, 1990; Lippincott et al.,
1991; Wood et al., 1991). Third, many TGN localized proteins contain in their
cytosolic tails signal sequences for adaptor mediated retrieval from endosomes
(Bonifacino and Rojas, 2006) while the glycosylation enzymes located in the

Golgi stack use a different type of localization signal (Opat et al., 2001). Lastly,
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the distinction between the Golgi stack and the TGN is particularly evident in
plant cells or in S. cerevisiae where the TGN and the Golgi stack are most of the
times physically separate (Glick and Nakano, 2009; Ombretta and Jurgen, 2008;
Uemura et al., 2004). Despite intensive work on the molecular regulatory
components of the Golgi complex, the mechanism that keeps these two
compartments well segregated in the context of such a dynamic organelle still
remains a mystery.

1.3.2 COPI as the main protein coat acting at the Golgi stack

COPI is the only coat complex that is recruited onto the membranes of the Golgi
stack. The mechanism of COPI assembly and Arf-dependent membrane
recruitment seems to be fairly well understood. As described for the recruitment
of COPII at ERES by activated Sar1-GTP, COPI assembly begins through initial
membrane recruitment by Arfl-GTP. The mechanism of Arf membrane
recruitment and activation by ArfGEFs will be discussed in detail later. Once at
the membrane, the active Arf1-GTP directly binds the COPI coatomer through its
B and y subunits (Zhao et al., 1997). The newly formed COPI-Arf1-GTPcomplex
acts as a “priming complex” for further coat assembly (Springer et al., 1999).
Although the membrane recruitment of COPI from cytosol by Arfl-GTP is a
critical initial step (Ostermann et al., 1993), subsequent interactions between the
COPI and additional membrane proteins, like the p24 cargo receptors proteins
may be necessary to stabilize COPlI membrane association (Dominguez et al.,
1998).

In vitro studies, with the help of GTPyS, established that the minimal
machinery required for the formation of COPI vesicles is composed of Arfl and
the coatomer (Ostermann et al., 1993; Spang et al., 1998). However, the efficient
incorporation of cargo proteins into COPI vesicles requires multiple rounds of
GTP hydrolysis on Arfl (Lanoix et al., 1999; Nickel et al., 1998; Pepperkok et al.,
2000). Additional studies established that ArfGAP1 not only promotes COPI
membrane recruitment but can even be detected on COPI vesicles (Poon et al.,
1999; Rein et al., 2002; Yang et al., 2002). All these findings come as a surprise
in light of previous data showing that GAP activity and GTP hydrolysis are
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necessary for COPI vesicle uncoating (Bremser et al., 1999). Then, in order to
prevent premature uncoating but still allow the ArfGAP to promote efficient cargo
sorting and transport, GTP hydrolysis on Arf proteins must be tightly regulated.
One appealing possibility might be to allow the ArfGAP to be active only after
the budding process. This regulation might be achieved only if the ArfGAP
would have a way to sense the membrane curvature, possibility supported by the
observation that ArfGAPL activity is stimulated by an increase in membrane
curvature (Bigay et al., 2003).

Since COPI function is so closely related with the mechanism of protein
traffic at the Golgi complex | will present the proposed functions for the COPI
coat in the context of the models that had been put forward to explain how protein
traffic progresses through the Golgi complex, at the end of this subchapter.

1.3.3 ADP ribosylation factors (Arfs) at the Golgi complex

ADP ribosylation factors (Arfs)control the recruitment of COPI at the ERGIC and
Golgi stack (D'Souza-Schorey and Chavrier, 2006; Nie and Randazzo, 2006) as
well as the recruitment of clathrin and its adaptors at the TGN (Boehm et al.,
2001; Boman et al., 2002; Ooi et al., 1998; Puertollano et al., 2001b; Robinson
and Kreis, 1992). Arfs are small ~21 kDa GTPases that belong to the Ras
superfamily. Arfs were identified as a protein cofactor necessary for the cholera
toxin to catalyze the ADP-ribosylation of Gs heterotrimeric G protein (Kahn and
Gilman, 1984). Subsequently, Arfs were discovered to be key regulators of
vesicular traffic, lipid metabolism and cytoskeleton organization (D'Souza-
Schorey and Chavrier, 2006; Donaldson, 2003; Myers and Casanova, 2008; Nie et
al., 2003).

Arfs are present in all eukaryotic organisms examined to date and seem to
be highly conserved (Li et al., 2004). Sequence comparison of the six mammalian
Arfs delineates three classes (Chavrier and Goud, 1999): class | (Arfl, 2, and 3),
class Il (Arf4 and 5), and class 11l (Arf6) (Boman and Kahn, 1995; Pasqualato et
al., 2002). With the exception of Arf6 that functions at the plasma membrane and
endosomes (D'Souza-Schorey et al., 1995; Donaldson and Honda, 2005; Peters et
al., 1995), Arfs localize to the Golgi complex (Hosaka et al., 1996; Stearns et al.,
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1990; Tsai et al.,, 1992). Class | Arfs share 96% sequence identity and its
members are the most abundantly expressed in cells and tissues examined
(Cavenagh et al., 1996). Class Il Arfs are 90% identical to each other and are
expressed at a much lower level than class | Arfs (Cavenagh et al., 1996) while
Arf6, the only member of class Il Arfs shows the least degree of sequence
identity to the other Arfs. This is consistent with data suggesting class | and Il
Arfs localize and function at different locations within the cell than class 111 Arfs.

Arfs act as molecular switches, cycling between an inactive GDP-bound
form and the active GTP-bound form. The activation of Arfs is promoted by their
regulatory ArfGEFs while the inactivation is produced by ArfGAPs that
stimulates the hydrolysis of GTP to GDP (D'Souza-Schorey and Chavrier, 2006;
Donaldson and Jackson, 2000; Nie and Randazzo, 2006) (Figurel.2).

The mechanism of Arf activation, promoted by the interaction with the
Sec7 domain of the ArfGEF, seems to be reasonably well understood. Most of
the inactive Arf-GDP is cytosolic with its amphipathic N-terminal helix retracted
in a hydrophobic groove on the protein. There is evidence showing that a small
fraction of the inactive Arf-GDP could undergo a conformational change, moving
the myristoylated N-terminus out of the groove and making it available for a weak
interaction with the phospholipid bilayer (Antonny et al., 1997). This initial
interaction as well as further maintenance of the membrane recruitment for the
active Arf was thought to be dependent on the myristoylation, since the membrane
interaction is completely abolished if myristoylation is prevented (Franco et al.,
1995; Franco et al., 1996; Goldberg, 1998). Most probably following the Arf
weak membrane binding, the Sec7 domain of the ArfGEF will engage two
important regions of the Arf, switch 1 and switch 2. This interaction between the
ArfGEF and the Arf will promote a series of conformational changes in the Arf
structure, resulting in opening of the switch 1 and 2 regions and movement of the
interswitch region (Renault et al., 2003). The sliding of the interswitch into the

hydrophobic groove blocks the movement back of the N-terminus and provides a
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Figure 1.2. Coat assembly on the membrane and regulating factors

Diagram illustrating Arf-dependent coat assembly at the membrane. Soluble Arf-GDP and GEF
are recruited to the membrane through association with organelle-specific receptors. Binding of
Arf-GDP to the membrane is accompanied by extrusion of the myristoylated N-terminal
amphipathic helix. At the membrane, the GEF promotes release of GDP and binding of GTP, a
reaction blocked by the drug BFA. Arf-GTP locked on the membrane recruits both GAP and coat

proteins that together promote cargo selection and membrane deformation.
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good mechanism for “locking” the Arf at the membrane in the active GTP-bound
form (Antonny et al., 1997; Goldberg, 1998). During this conformational change,
the rearrangement of the Arf promotes the action of the Sec7 domain through a
key amino acid called “the glutamic finger” together with the Mg®* ion to induce
the expulsion of the GDP (Beraud-Dufour et al., 1998; Renault et al., 2002).

In its active conformation Arfs function by recruiting and/or activating a
variety of effector proteins. The diversity of Arf effectors goes in agreement with
the variety of Arf cellular functions, which include formation of vesicles on Golgi
membranes (Taylor et al., 1994) by facilitating the recruitment of COPI
(Donaldson et al., 1992a; Fischer et al., 2000; Liang and Kornfeld, 1997),
recruitment of AP-1, 3 and 4 (Boehm et al., 2001; Ooi et al., 1998; Robinson and
Kreis, 1992) and Golgi localized, gamma-ear-containing, Arf binding proteins
(GGAYs) at the TGN and endosomes (Lippincott-Schwartz et al., 1998; Puertollano
et al., 2001b; Takatsu et al., 2002), activation of either phospholipase D (Liang et
al., 1997) or phosphatidylinositol 4-phosphate 5-kinase (Honda et al., 1999).
Among all the mammalian Arfs, Arfl and Arf6 have been the most studied. Arfl
has been shown to regulate ER-to-Golgi transport (Balch et al., 1992), intra-Golgi
transport (Taylor et al., 1992), nuclear vesicle dynamics (Boman et al., 1992)
endosome fusion (Lenhard et al., 1992) and last but not least COPI, AP1, AP3 and
GGAs membrane recruitment (Liang and Kornfeld, 1997; Lippincott-Schwartz et
al., 1998; Puertollano et al., 2001b; Takatsu et al., 2002). On the other hand, Arf6
regulate multiple aspects of endosomal trafficking as well as structural
organization and rearrangement at the PM (D'Souza-Schorey and Chavrier, 2006;
Donaldson, 2003).

Little is known about the function of class Il Arfs. Arf4 has been shown
to regulate the sorting of rhodopsin into post-Golgi carriers (Deretic et al., 2005).
Recently, our lab showed that Arf4 and Arf5 might serve as “regulator” Arfs to
control GBF1 membrane recruitment at ERGIC (Chun et al., 2008), maybe in a
similar fashion as activated Arf6 acts as a “regulator” Arf to promote recruitment
of the Arf nucleotide-binding site opener (ARNO) protein for subsequent

activation of Arfl on endosomes (Cohen et al., 2007). Arfs 1 to 5 may perform
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partially redundant functions since depletion of any single one of the Arfs does
not disrupt the Golgi complex or block secretion, while knockdown of two Arfs in
combination appears necessary to observe an effect (Volpicelli-Daley et al.,
2005). A more detailed discussion of the redundant and non-redundant functions
of class | Arfs (Arfl and Arf3) can be found at the end of this chapter.

The idea of membrane receptors for Arfs came into discussion since the
weak interaction between the myristoylated N-terminus of the Arf and the lipid
bilayer could not provide either the stability of the association or the spatial
specificity for a particular location within the secretory pathway. The first
suggestion for a proteinaceous Arf receptor came from a study showing that from
the two populations of Arfs found on the Golgi membranes only one was
saturable (Helms et al., 1993). Furthermore, biochemical studies provided
evidence for Arf1-GDP association with membranes, prior to nucleotide exchange
(Beraud-Dufour et al., 1999). Subsequent studies identified potential Arf
receptors. The p23 protein, member of the p24 family, was the first to be
proposed to function as Arfl receptor since p23, through its cytosolic region, has
been shown to directly bind Arfl (Gommel et al., 2001; Majoul et al., 2001).
SNARE proteins have also been proposed to function as Arf receptors (Honda et
al., 2005; Rein et al., 2002). More recently, Donaldson and colleagues provided
evidence for the recruitment of Arfl by the early-Golgi SNARE protein membrin,
that involves a central motif in Arf1, **MXXE*¥(Honda et al., 2005). Finally,
work in our laboratory by Justin Chun provided evidence for specific receptors for
Arf4-GDP and Arf5-GDP at ERGIC (Chun et al., 2008).

1.3.4 GBF1 as the main ArfGEF present at the Golgi stack

Several Arf-GEFs have been characterized to date, all of which contain a
conserved Sec7 domain responsible for Arf activation (Cox et al., 2004; Mouratou
et al., 2005) (Figure 1.3). It is interesting how the presence of GEF activity on
Golgi membranes was demonstrated in 1992 (Donaldson et al., 1992b; Helms and

Rothman, 1992), four years before the identification of the first ArfGEF proteins
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Figure 1.3. Human members of the ArfGEF family.

Representative members of six different subfamilies of Homo sapiens Arf-GEFs are shown, with
colored bars representing various domains shared by some or all members. These domains
include: Sec7: Sec7 domain common to all ArfGEFs; Dim: Dimerization domain; PR: Proline
Rich domain; PH: pleckstrin homology domain; CC: coiled-coiled domain; 1Q: 1Q domain; Fbox:
Fbox motif. The location where the majority of the proteins localize labeled on the right hand

side, for each family.
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ARNO (Chardin et al., 1996) and Gealp (Peyroche et al., 1996). Since then, a
large number of surprisingly diverse members have been added to the family of
ArfGEFs (Cox et al., 2004). In eukaryotic cells, ArfGEFs are classified into six
sub-families that range in size from small (~40 to 80 kDa, including CYH/ARNO
and EFA®6) to intermediate (~100 to 150 kDa, including BRAG and SYT1) to
large (~160 to 230 kDa, including GBF/GEA and BIG/Sec7) (Cox et al., 2004;
Mouratou et al., 2005). Several domains have been recognized in the sequence of
the intermediate and small ArfGEFs. The ARNO/Cytohesin and EFA6 sub-
families possess both pleckstrin homology (PH) and coiled-coiled domains, the
BRAGs have only PH domains while the large ArfGEFs do not have either PH or
coiled-coiled domains (Figure 1.3).

Unlike the PH or coiled-coiled domains, the central Sec7 domain is
present in all the ArfGEF proteins and is responsible for catalyzing the nucleotide
exchange reaction. The Sec7 domain contains approximately 200 amino acids, a
strong homology to the yeast protein Sec7p (Jackson and Casanova, 2000) and
can promote the nucleotide exchange reaction by itself (Chardin et al., 1996;
Mansour et al., 1999; Sata et al., 1998). The crystal structure of the Sec7 domain
of different ArfGEFs reveals that it consists of ten a-helices arranged in the shape
of an elongated cylinder (Cherfils et al., 1998; Mossessova et al., 1998; Renault et
al., 2002). Two regions containing the most conserved sequences are situated in a
hydrophobic groove (Cherfils and Chardin, 1999; Goldberg, 1998). The first
region, called motif 1, contains an invariant glutamate residue, also called
“glutamic finger” which promotes the GDP release (Beraud-Dufour et al., 1998;
Goldberg, 1998) while the second region, called motif 2, contains a number of
hydrophobic residues important in substrate binding (Cherfils and Chardin, 1999;
Goldberg, 1998). The importance of the “glutamic finger”, which inserts near the
nucleotide phosphates to destabilize the crucial Mg ion and subsequently push
out the GDP molecule from its socket (Beraud-Dufour et al., 1998; Goldberg,
1998), was confirmed by a series of mutagenesis studies. The charge reversal E/K
mutation in either ARNO (Beraud-Dufour et al., 1998) or GBF1 (Garcia-Mata et

al.,, 2003) prevents Arf activation with dominant-negative effects over the
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endogenously expressed ArfGEFs. The E/K mutation is thought to promote the
formation of a stable complex between the Sec7 domain and Arf-GDP (Renault et
al., 2003; Shin and Nakayama, 2004).

Two sub-families of large-sized Arf-GEF calledGBF1/GEA and
BIG/SEC7 are present in all eukaryotes and appear to regulate Arf activation for
coat recruitment on the Golgi complex (Bui et al., 2009; Cox et al., 2004). We are
going to focus on the GBF1/GEA sub-family over the next paragraph while the
BIG/SEC7 sub-family will be presented in the next sub-chapter.

The GBF/GEA sub-family includes the yeast Gealp and Gea2p,
Arabidopsis GNOM/Emb30p and mammalian Golgi-specific BFA resistance
factor (GBF) 1 (Cox et al., 2004). Gealp and Gea2p (Peyroche et al., 1996)
localize at the Golgi complex where they appear to play redundant roles in
structure maintenance and function of the Golgi complex in yeast (Peyroche et al.,
2001). Unlike its homologues, GNOM/Emb30p does not localize to the Golgi
complex but was found to associate with endosomes were it plays an important
role in recycling auxin transport components (Bonifacino and Jackson, 2003;
Geldner et al., 2003). GBFL1, the only member of this sub-family in mammals,
was identified in our laboratory during an attempt to clone the factor responsible
for the BFA resistance of a mutant CHO cell line, BFY1 (Yan et al., 1994).
Surprisingly, further analysis of wild type CHO cells and BFY1 cells suggested
that GBF1 could not be responsible for BFA resistance of mutant cells since both
the abundance and sequence of the transcripts were identical between the two cell
lines (Claude et al., 1999). Nevertheless, overexpression of GBF1 allows growth
in the presence of BFA and the term Golgi-specific BFA resistance Factor
remained. GBF1 colocalizes with COP1 on the Golgi complex (Claude et al.,
1999) and remains the only known ArfGEF to localize to the ERGIC and cis-side
of the Golgi complex (Garcia-Mata et al., 2003; Kawamoto et al., 2002; Zhao et
al., 2006; Zhao et al., 2002). GBF1 has been proposed to have specificity for both
class I and class 1l Arfs in vitro and in vivo (Claude et al., 1999; Kawamoto et al.,
2002). A number of studies suggested the link between GBF1 and COPI

membrane recruitment either at ERGIC or at the Golgi complex (Garcia-Mata et
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al., 2003; Kawamoto et al., 2002; Monetta et al., 2007; Zhao et al., 2006; Zhao et
al., 2002).

Besides BFA, several other tools have been used to study the function of
GBF1. Taking advantage of the inhibitory effect of the viral protein 3A on GBF1,
the regulatory role of GBF1 on Arfl-mediated COPI membrane recruitment was
reasserted(Belov et al., 2007; Wessels et al., 2006a; Wessels et al., 2006b).
Furthermore, Haslam and coworkers showed that treatment of cells with golgicide
A, a new drug that inhibits GBF1 function resulted in rapid dissociation of COPI
vesicle coat from Golgi membranes and subsequent disassembly of the Golgi and
trans-Golgi network(Saenz et al., 2009). Taken together, all these observations
support an important role for GBF1 at the ERGIC and the Golgi stack.
1.3.5 ArfGAPs at the Golgi complex
While ArfGEFs promote Arf activation, the ArfGAPs catalyze the reaction which
will inactivate the Arfs by inducing hydrolysis of GTP to GDP. Active Arf
proteins possess a very low intrinsic rate of hydrolysis and ArfGAPs are
necessary to efficiently regulate Arf inactivation. All ArfGAPs share an essential
zinc finger domain and a conserved arginine residue critical for their activity (Nie
and Randazzo, 2006). Among the sixteen members of the mammalian ArfGAP
family identified to date, some function at the Golgi complex (Donaldson, 2000;
Nie and Randazzo, 2006; Randazzo and Hirsch, 2004). ArfGAP1 (Cukierman et
al., 1995) remains the most studied member of the ArfGAP family. Initial
characterization confirmed it promoted GTPase activity on Arfl with subsequent
CORPI coat dissociation (Bremser et al., 1999; Tanigawa et al., 1993). However,
further work revealed that ArfGAP1 also binds cargo molecules like KDEL
receptor and COPI coat, simultaneously facilitating vesicle formation as well as
cargo selection and sorting (Aoe et al., 1997; Aoe et al., 1999; Lee et al., 2005).
The mechanism of ArfGAPL regulation on COPI coat assembly/disassembly was
presented above (section 1.3.2). In addition, ArfGAP2 and ArfGAP3 seems to
function also in COPI assembly, in a non-redundant fashion with ArfGAP1
(Frigerio et al., 2007). While ArfGAP1 activity seems to be regulated by
membrane curvature (Bigay et al., 2005; Drin et al., 2007; Mesmin et al., 2007)
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ArfGAP2 and ArfGAP3 function might be regulated by the COPI coat
(Kliouchnikov et al., 2009; Weimer et al., 2008). ARAP1 is another ArfGAP that
functions at the Golgi complex since overexpression of ARAP1 affected greatly
the Golgi morphology (Miura et al., 2002). Several additional Arf-GAPs function
in late Golgi compartments and endosomes (Inoue and Randazzo, 2007). These
ArfGAPs likely also perform a structural function since ACAP-1 was recently
shown to act as a coat to mediate endocytic recycling of specific cargo molecules
(Lietal., 2007).

1.3.6 Models for protein transport through the Golgi complex

Imaging of live cells revealed that the Golgi complex is not static as initially
assumed from its intricate structure, but rather surprisingly dynamic and linked to
several other organelles by active bi-directional transport routes (Bonifacino and
Glick, 2004). As described also in subchapter 1.2, in animal cells cargo initially
translocated into the ER is selected for transport from specialized ERES to
ERGIC (Fromme and Schekman, 2005; Tang et al., 2005). Shortly after their
formation, pleiomorphic carriers are transported on microtubules towards the
Golgi complex (Presley et al., 1997b; Scales et al., 1997) where they collect, fuse
into a network and subsequently become a flattened cis-Golgi cisterna
(Bonifacino and Glick, 2004). The following paragraphs describe the
contradictory models that attempt to describe the mechanism that facilitates cargo
progression through the Golgi complex.

Current evidence suggests that cargo molecules progress through the Golgi
stack following the cisternal maturation model, whereby newly formed cis-
cisternae containing cargo progressively move towards the trans side as they lose
early-acting Golgi enzymes and acquire late-acting ones (Losev et al., 2006;
Matsuura-Tokita et al., 2006; Pelham, 2001; Puthenveedu and Linstedt, 2005).
The evidence supporting this model comes from the demonstration that COPI
vesicles lack cargo proteins, like VSVG, and instead contain Golgi enzymes that
need to be transported backwards, like Mannosidase Il (Gilchrist et al., 2006;
Martinez-Menarguez et al., 2001). Further evidence to support this model comes
from the observation that both small cargo, like VSVG,(Mironov et al., 2001) as
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well as large protein structures, like procollagen (Bonfanti et al., 1998) or algal
scales (Becker et al., 1995; Mironov et al., 2001), while no megavesicles have
been seen in algae (Donohoe et al., 2007), does not leave the lumen of the Golgi
cisternae.

A major competing model, the vesicular transport model, proposes that
each Golgi cisterna represents a static compartment with a stable composition of
processing enzymes while cargo is ferried in COPI vesicles that bud from one
cisterna and fuse with the next one in a cis- to trans- direction (Farquhar and
Palade, 1981; Rothman, 1994). The model was initially proposed after noticing
the multitude of vesicles around the Golgi rims at the EM level (Palade, 1975) and
further supported by the data obtained from in vitro vesicular transport
experiments (Rothman, 1994; Rothman and Orci, 1992; Rothman and Wieland,
1996) and by data showing the presence of anterograde cargo proteins in COPI
vesicles (Nickel et al., 1998; Pepperkok et al., 2000).

Because neither of the two extreme models presented above explain or fit
all available data, new models have emerged. First, the percolating vesicle model
combines features of the cisternal maturation model and the vesicular transport
model (Orci et al., 2000; Pelham and Rothman, 2000). In this model, a subset of
COPI coat vesicles promotes the forward movement of the cargo proteins while a
different subset of COPI vesicles directs the retrograde traffic of escaped resident
Golgi enzymes (Rothman and Wieland, 1996). An alternate continuity-based
model was developed when tubular inter-cisternal connections were observed by
electron tomography (Trucco et al., 2004). These connections induced by the
VSVG cargo wave appear to function as transport routes for both cargo and Golgi
enzymes while the COPI vesicles lack both cargo and enzymes (Trucco et al.,
2004). Lastly, a rapid partitioning model was proposed to explain the observation
that cargo molecules exit the Golgi complex with exponential kinetics and without
the lag resulting from the transit time postulated by the other models (Patterson et
al., 2008). In this model, intra-Golgi transport of cargo proteins and enzymes

would occur by rapid partitioning between two lipid phases and rapid exchange
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between connected cisternae (Patterson et al., 2008). The role of COPI vesicles in
this model still has to be addressed.

As is usually the case when proposed models both contradict themselves
and share common ground, the truth likely lies in between. In this case, features
that vary between models could arise from necessary adaptation to a certain
physiologic or non-physiologic condition. Future work will be necessary to
reveal which mechanisms for cargo progression through the Golgi complex are

necessary for a baseline secretion and which are compensatory.

1.4 Trans-Golgi network

The TGN was always considered to be the compartment where cargo sorting and
exit would occur at the end of its passage through the Golgi complex. The cargo
would be sorted for delivery to various destinations that include the endosome,
PM, lysosomes or secretory granules (Rodriguez-Boulan and Musch, 2005). This
section initially describes the structure of the TGN, followed by the
characterization of the molecular machinery that act at this compartment,
including Arfs and ArfGEFs, ending with a description of clathrin dependent and
clathrin independent sorting mechanisms.

1.4.1 Structure of the TGN

TGN architecture has fascinated scientists over the years to the same degree as the
Golgi morphology has. The name of trans-Golgi network was first proposed by
Griffiths and Simonds for the compartment previously called Golgi endoplasmic
reticulum lysosomes (GERL) (Griffiths and Simons, 1986). The intense research
in the area was always fueled by the idea that function can be suggested by
morphology (Mogelsvang et al., 2004). Initially the TGN was thought to be the
single trans-most cisternae of the Golgi complex and the network that connects to
it (Orci et al., 1987). However, EM tomographic studies looking at the sites of
sorting and exit from the Golgi complex revealed that they are comprised not only
from one, but two to three distinct trans-cisternae (Ladinsky et al., 1994;
Ladinsky et al., 2002; Mogelsvang et al., 2004). The high resolution 3D images
obtained by EM tomography identified clathrin-coated buds only on the trans-
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most cisterna of the Golgi complex (Mogelsvang et al., 2004), (Ladinsky et al.,
1999), suggestive for a unique site for sorting cargo destined for the
endosomal/lysosomal pathway. At the same time, these data suggested that cargo
destined for the PM should exit from the two antepenultimate and penultimate
trans-cisternae.

1.4.2 Arfs and ArfGEFs present at TGN

The complexity of the molecular machinery that acts at the TGN parallels the
multitude of sorting mechanisms that must operate simultaneously to distribute
cargo to multiple destinations like endosomes, lysosomes or the PM. The main
regulators of the TGN sorting machinery are the ArfGEFs BIG1 and BIG2 and the
clathrin coat, all of them restricted to the TGN. However, no such evidence
currently exists to indicate a specific compartmentalization of Arfs between the
Golgi stack and the TGN. Indeed, the literature predicts that Golgi-localized Arfs,
previously described in section 1.3.3, should also be present at TGN. Potential
non-redundant function of Arfs at the TGN, with focus on Arfl and Arf3, will be
presented in detail throughout the last sub-chapter of the introduction.

The yeast Sec7p is a large ArfGEF belonging to the Sec7/BIG subfamily,
which includes also the mammalian BIG1 and BIG2. Sec7p was first identified
using a series of secretion-defective mutants in S. cerevisiae(Novick et al., 1980)
and its function is essential for yeast secretion and growth (Achstetter et al.,
1988). Sec7p localizes to late Golgi compartments (Franzusoff et al., 1991;
Mogelsvang et al., 2003) where it activates Arflp to regulate the recruitment of
both the clathrin coat and the newly discovered exomer coat at the TGN (Wang et
al., 2006).

BIG1, previously called p200-GEP, and BIG2 were first identified from
bovine brain cytosol as a ~670 kDa macromolecular complex based on their BFA-
inhibited GEF activity (Morinaga et al., 1996). Peptides obtained from the
purified proteins showed the highest sequence similarity with each other and with
Sec7p (Morinaga et al., 1996) and facilitated subsequent cloning of their cDNAs
(Togawa et al., 1999). The proteins show a high degree of sequence similarity

and domain organization (Mouratou et al.,, 2005). Initial analysis by
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immunofluorescence and sub-cellular fractionation localized BIGs to the Golgi
complex (YYamaji et al., 2000) but subsequent studies localized the proteins more
specifically to the TGN (Mansour et al., 1999; Shinotsuka et al., 2002a;
Shinotsuka et al., 2002b; Zhao et al., 2002). Co-immunoprecipitation (co-IP)
established that ~70 to 75% of these two ArfGEFs actually form hetero-dimers
and exist in the cytosol in a macromolecular complex of >670kDa (Yamaji et al.,
2000). These results suggest that ~25 to 30% of these proteins that do not form
hetero-dimers could also have independent functions in unrelated processes within
the cell. In vitro work suggests that both BIG1 and BIG2 catalyze nucleotide
exchange preferentially on Arfl and Arf3, with some activity towards Arf5 and
contradictory results for Arf6 (Islam et al., 2007; Jackson and Casanova, 2000;
Morinaga et al., 1999; Shin et al., 2004; Togawa et al., 1999). Over the following
years the functions of BIG1 and BIG2 were studied extensively. BIG1 has been
suggested to bind myosin IXb and regulate its GAP activity towards RhoA (Saeki
et al.,, 2005), to accumulate into the nuclei of serum-starved HepG2 cells in a
microtubule and protein kinase A (PKA) dependent manner (Citterio et al., 2006)
and to be necessary for correct glycosylation and function of integrin B1 (Shen et
al., 2007). On the other hand, BIG2 has been suggested to function as an A
kinase-anchoring protein (AKAP) (Li et al., 2003), to be important in the
structural integrity of the recycling endosomes (Shin et al., 2004), to regulate
transferrin (Tfn) uptake and Tfn receptor recycling (Shen et al., 2006), most
probably through its interaction with Exo70 and the exocyst complex (Xu et al.,
2005). BIG2 might also regulate the extracellular release of tumor necrosis factor
receptor (TNFR) 1 exosome-like vesicles in human vascular endothelial cells
(Islam et al., 2007). Recent data provide further evidence for regulation of BIG1
and BIG2 activity by PKA and protein phosphatase 1y(Kuroda et al., 2007).
Lastly, experiments employing knockdown of BIG2 confirmed its role in
endosome recycling maintenance while knockdown of BIG1 does not have an
obvious impact on the TGN or morphology of recycling endosomes (Ishizaki et
al., 2008). The same study suggest that BIG1 and BIG2 might play redundant
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roles in regulating the AP-1 dependent traffic from TGN to endosomes (Ishizaki
et al., 2008).

1.4.3 Sorting mechanisms at TGN- clathrin dependent sorting

Packaging of endosome-targeted cargo at the TGN involves clathrin and several
adaptor proteins, including the multimeric AP-1, AP-3, AP-4 and the adaptor-
likemolecules GGAs (Bonifacino, 2004; Robinson, 2004). Both AP-1 and GGAs
might help in regulating the selective transport of mannose 6 phosphate receptors
(M6PR) and their cargo from the TGN to endosomes (Doray et al., 2002;
Puertollano et al., 2001a; Zhu et al., 2001). Current evidence suggests a multi-
step process in which all three GGAs act in concert at the TGN to concentrate
their ligands in coated regions where a series of dephosphorylation and re-
phosphorylation reactions of GGAs, M6PR and AP-1 subunits eventually leads to
transfer of the ligand from GGAs to AP-1 (Ghosh and Kornfeld, 2004). This
would explain why AP-1 was found to be highly enriched in purified in clathrin
coated vesicles while the GGAs were not detected in these vesicles (Robinson,
2004). One possibility to enhance the recruitment of AP-1 and GGAs at the TGN
is through phosphatidylinositol 4-phosphate (P14P), which is produced when Arfl
recruits and activates the PI 4-kinase 1113 (De Matteis and Godi, 2004a; Wang et
al., 2007; Wang et al., 2003).

The only signal sequence for TGN to endosome sorting identified to date
is DXXLL, which is recognized by the VHS domain of the GGAs (Bonifacino
and Traub, 2003). This signal was found to be present in several transmembrane
receptors and other proteins that cycle between the TGN and endosomes, such as
cation-independent- and cation-dependent-M6PRs (CD- and CI-M6PR), sortilin,
low-density-lipoprotein-receptor-related protein 3 and 10 (LRP3 and LRP10),
sorting-protein-related receptor containing low-density-lipoprotein-receptor class
A repeats (SorLA), B-secretase, GGA1 and GGA3 (Bonifacino, 2004; Bonifacino
and Traub, 2003). The D residue, generally found in the context of a cluster of
acidic residues, and the LL residues are critical since mutation of any of them to
A leads to appearance of the proteins at the cell surface (Bonifacino and Traub,

2003). Another complementary piece of evidence underlining the importance of

28



proper sorting for delivery of acidic hydrolases to lysosomes comes from the use
of a dominant-negative GGA construct which causes the retention of the CI- and
CD-M6PRs at TGN and its depletion from the periphery (Puertollano et al.,
2001a; Puertollano et al., 2001b).

An alternate way to direct cargo sorting at the TGN might be by post-
translational modifications. O- and N-Glycosylation can be sensed as luminal
signals for PM targeting (Scheiffele et al., 1998; Yeaman et al., 1997) while
ubiquitination, sensed by the GAT (GGA and Tom1) domain of the GGAs can
target the protein to endosomes (Piper and Luzio, 2007; Scott et al., 2004).
Phosphorylation of membrane proteins can either generate new sorting motifs or
modulate the activity of pre-existing sorting motifs (Bonifacino and Traub, 2003;
Hinners and Tooze, 2003).

1.4.4 Sorting mechanisms at TGN- clathrin independent sorting

Additional mechanisms for sorting at the TGN, independent of the clathrin coat,
have been identified. One major mechanism involved in sorting cargo proteins to
the PM involves the affinity of the cargo proteins for membrane micro-domains
enriched in sphingolipids and cholesterol. Arfl1-P14P enriched membranes will
further promote the recruitment of lipid-transfer proteins, like OSBP1, CERT and
FAPP2 (De Matteis et al., 2007) promoting the formation and enlargement of
these lipid micro-domains. The cholesterol and sphingolipids, main components
of these “lipid rafts”, coalesce to form a liquid-ordered membrane bilayer for
which some proteins, like the glycosyl phosphatidylinositol (GPI)-anchored
proteins, present a specific high affinity (De Matteis and Luini, 2008).

One other mechanism important in formation and maintenance of
additional distinct TNG sub-domains that contain specific cargo proteins might be
regulated by the GRIP-golgins (Derby et al., 2004; Gleeson et al., 2004; John et
al., 2005; Kakinuma et al., 2004). A different mechanism that might also work to
segregate cargo proteins at TGN is based on the intrinsic properties of the cargo
proteins of cargo receptors to oligomerize and produce clusters (Borgonovo et al.,
2006; Delphine et al., 2007; Hannan et al., 1993). Finally, the newly identified
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yeast coat exomer may function for sorting and budding specialized endosomal
cargo from TGN (Wang et al., 2006).

1.5 Brefeldin A
Brefeldin A (BFA), a fungal metabolite, has a profound effect on the secretory
pathway in eukaryotic cells. Initial experiments established that BFA reversibly
blocks traffic of proteins like VSVG to the cell surface in mammalian cells
(Misumi et al., 1986). Subsequent studies uncovered that treatment with BFA
produced rapid and complete disassembly of the Golgi complex and redistribution
of Golgi enzymes to the ER (Lippincott et al., 1990; Lippincott et al., 1989). It
was observed that within one minute of BFA treatment Arfl and COPI dissociate
from Golgi membranes (Donaldson et al., 1991; Donaldson et al., 1990; Orci et
al., 1991; Robinson and Kreis, 1992). Clathrin adaptor proteins AP-1, 3, 4 and
GGA s dissociate from the Golgi complex and endosomal membranes in about the
same time frame after BFA treatment (Robinson, 2004). Interestingly, BFA
treatment causes the Golgi complex to part into the Golgi stack that redistributes
to the ER, and the TGN that fuses with early endosomes (Klausner et al., 1992).
Further analysis revealed that BFA specifically inhibits nucleotide
exchange on Arfl (Donaldson et al., 1992b; Helms and Rothman, 1992). The
GEF activity of a large number of ArfGEFs, including Gealp, Gea2p, Sec7p,
GNOM/Emb30, BIG1 and BIG2, has now been shown to be inhibited by BFA
(Cox et al., 2004; Jackson and Casanova, 2000). While Kinetic analysis
established that BFA acts as an uncompetitive inhibitor (Mansour et al., 1999),
crystallographic studies revealed that BFA inserts at the interface between the Arf
and the Sec7 domain preventing GDP displacement and locking the Arf-GDP-
BFA-Sec7d into an abortive complex (Mossessova et al., 2003; Renault et al.,
2002; Renault et al., 2003; Zeghouf et al., 2005). These data suggest that in vivo
treatment of cells with BFA should be followed by formation and accumulation of
a stable complex between the ArfGEF and the effector Arf. However, recent
experimentsfrom our lab could not detect an accumulation of these complexes
(Chun et al., 2008). While BFA does not discriminate between the GBF1 and the
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BIGs, a specific inhibitor of GBF1 function, golgicide A, was recently described
(Saenz et al., 2009).

1.6 Arfl and Arf3 - specific vs. redundant functions
With the exception of Arf6 that acts exclusively at the PM and endosomes, little is
known of the specific function of Arfl-5 (D'Souza-Schorey and Chavrier, 2006).
The multiple Arfs present on the Golgi complex could contribute to specificity if
they localized to distinct compartments or interacted with unique effectors.
Taylor et al., provided the initial evidence for distinct biochemical properties
between Arfl (GGBF) and Arf3 (GGBF*), indicating that Arfs may play non-
redundant roles at the Golgi complex (Taylor et al., 1992). It is striking how the
authors had the insight to write at the end of the discussion: “we speculate that
GGBF and GGBF* may direct assembly of coats from different organelles such
as the Golgi and the trans Golgi network”. Unfortunately, several follow-up
studies failed to support this hypothesis and suggested instead that Arf3 and Arfl
play redundant roles at the Golgi complex, redundancy supported by the 96%
sequence identity and similar localization (Hosaka et al., 1996; Kawamoto et al.,
2002). For example, multiple Arf3 effectors were identified, including Arfaptin 1,
Arfaptin 2 (Kanoh et al., 1997), mitotic kinesin-like protein 1 (MKLP1) (Boman
et al., 1999) and phospholipase D (PLD) (Cockcroft et al., 1994), but none of
these discriminated between Arfl and Arf3. Furthermore, in vitro and in vivo
studies established that the Golgi-localized GEFs GBF1 or BIGs could activate
equally Arfl and Arf3 (Islam et al., 2007; Kawamoto et al., 2002; Morinaga et al.,
1999; Shin et al., 2004; Togawa et al., 1999). Lastly, Donaldson and colleagues
identified a centrally located MXXE motif, present in all Class | Arfs, that targets
Arfl to its receptor membrin on cis-Golgi membranes and should target Arf3
similarly (Honda et al., 2005).

Even though the majority of data to date suggest that Arfl and Arf3
perform redundant roles and localize to similar membranes, more recent
observations suggest different functions. In an attempt to identify specific

function for each of the Arfs using an shRNA-based approach, Volpicelli-Daley et
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al., discovered that double knockdown of Arf(1+4) and Arf(3+4) resulted in
dramatically different effects (Volpicelli-Daley et al., 2005). More recently,
Chun et al., reported that Arf3, unlike Arfl or class Il Arfs, did not localize to
ERGIC structures or Golgi compartments containing GBF1 (Chun et al.,
2008);(Chun unpublished observations).

1.7 Rationale and objectives for each project

Since the identification of Arfs (Kahn and Gilman, 1984) and their GEFs (Chardin
et al., 1996), much progress has been made in understanding their functions in
regulating lipid metabolism as well as the recruitment of coat proteins and
adaptors (D'Souza-Schorey and Chavrier, 2006; Donaldson, 2003; Myers and
Casanova, 2008; Nie et al., 2003). Previous data from our laboratory and other
laboratories indicate that GBF1 localizes to the cis-Golgi and performs a crucial
role in membrane recruitment of COPI by activated Arfl (Claude et al., 1999;
Garcia-Mata et al., 2003; Kawamoto et al., 2002; Monetta et al., 2007; Zhao et al.,
2006; Zhao et al., 2002). For the work described in chapter 3, we hypothesized
that GBF1 and BIGs must have different functions since they have distinct sub-
cellular localizations and co-localize with different coat proteins. Using a
combination of overexpression and knockdown experiments, we examined GBF1
and BIGs function in Golgi stack and TGN organization, membrane recruitment
of specific coat proteins, as well in cargo progression through the secretory
pathway.

The large majority of available data regarding Arfl and Arf3 suggest that
the two almost identical proteins should function in a redundant fashion (D'Souza-
Schorey and Chavrier, 2006). However, a serendipitous observation in our lab
that Arf3 may localize to a different compartment than GBF1, as well as a few
observations in the literature suggesting that Arf3 might be different than Arfl
(Chun et al., 2008; Taylor et al., 1992; Volpicelli-Daley et al., 2005) encouraged
us to hypothesize that Arf3 localizes to the TGN where its activity should be
regulated specifically by BIGs. The restricted Arf3 localization and the known
effect of temperature shift to 20°C that blocks cargo proteins at TGN led us to
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examine the impact of lowering the temperature on Arf3 membrane recruitment.
Using a combination of overexpression of different tagged forms, swap chimera
and swap mutants of Arf3 and Arfl we investigated which region and which
amino acids are critical for the particular localization pattern and for the
temperature (in)sensitivity. We also probed the function of Arf3 and the potential
connection between Arf3 and the 20°C temperature block using Arf3 targeted
RNAI.
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CHAPTER TwoO:

MATERIALS AND METHODS
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2.1 Reagents

During the course of this work, the chemicals, reagents, enzymes, and commercial
kits were used according to the instructions provided by the respective
manufacturer unless otherwise stated. All use of reagents was in accordance with
procedures set out by the Environmental Health and Safety of the University of

Alberta and Workplace Hazardous Materials Information System (WHMIS).

Table 2.1 List and source of chemicals and reagents

Reagent

Supplier

acetic acid, glacial

acrylamide/bis (30%; 29:1)

agarose (UltraPure™)

agarose (UltraPure™; low melting point)
ammonium chloride

ammonium persulfate

Ampicillin

Bactotryptone

bacto-yeast

Blasticidin

bovine serum albumin

brefeldin A

bromophenol blue

calcium chloride

calf intestinal alkaline phosphatase (CIAP)
COy-independent medium (- L-glutamine)
Complete, EDTA-free protease inhibitor cocktail
tablets

deoxycholic acid sodium salt

DTT (dithiothreitol)

DMEM (Dulbecco's Modified Eagle Medium)

Fisher Scientific
Biorad

Invitrogen

Gibco (Invitrogen)
Caledon

Bio-rad
Novopharm

BD

BD

Invitrogen

Sigma

Sigma

Sigma

BDH

Invitrogen

Gibco (Invitrogen)
Roche

Sigma
Fisher Scientific

Gibco (Invitrogen)
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DMSO (dimethyl sulfoxide)

dNTP (deoxyribonucleotide triphosphate)
Doxycycline

EDTA (ethylenediamine-tetraacetic acid)
Fermentas PageRuler™ Prestained Protein
Ladder Plus

Fetal bovine serum (FBS)

Fibronectin

FUGENE 6 transfection reagent

Gelatine

GeneRuler 1 kb DNA Ladder

Glycerol

Glycine

hydrochloric acid

Hygromycin

Igepal CA-630 (NP-4)

Isopropanol

Kanamycin

L-glutamine

magnesium chloride

magnesium sulphate

Methanol

O-phenathroline

Opti-MEM

Paraformaldehyde
penicillin/streptomycin

PBS (phosphate buffered saline; Dulbecco's)
phosphate-free DMEM

Platinum® Pfx DNA polymerase
Ponceau S

potassium chloride

Sigma
Invitrogen
Sigma
Sigma

Fermentas

Gemini Bio-Products

Sigma

Roche

Fisher Scientific
Fermentas

Fisher Scientific
Roche

Fisher Scientific
Invitrogen

Sigma

Fisher Scientific
Sigma

Gibco

BDH

Fisher Scientific
Fisher Scientific
Sigma

Gibco (Invitrogen)
Sigma

Gibco (Invitrogen)
Gibco (Invitrogen)
Invitrogen
Invitrogen

Sigma

BDH
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Precision Plus protein standard
Prolong® Gold with DAPI antifade reagent

protein A sepharose CL-4B
restriction endonuclease
sodium bicarbonate

sodium chloride

SDS (sodium dodecyl sulfate)
sodium fluoride

sodium hydroxide

sucrose

SYBR Safe DNA gel stain

T4 DNA ligase

TEMED (tetramethylethylenediamine)
thymidine

TransIT-LTI transfection reagent

Tris

Triton X-100

Trypsin-EDTA

Tween

Bio-rad

Molecular Probes
(Invitrogen)

GE Healthcare
Invitrogen or NEB
Caledon

Fisher Scientific
Bio-rad

Sigma

Fisher Scientific
Sigma

Molecular probes
(Invitrogen)
Invitrogen
OmniPur

Sigma

Mirus

Roche

VWR

Gibco (Invitrogen)

Fisher Scientific

Table 2.2 Commercial Kits

Kit

Supplier

Bio-Rad DC Protein Assay

ECL Plus Western Blotting Detection System

GeneJET Plasmid miniprep kit
QIAGEN Plasmid Maxi kit

Bio-Rad Laboratories
GE Healthcare
Fermentas

QIAGEN
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QIAGEN Plasmid Midi kit
QIAprep spin miniprept Kit
QIAquick gel extraction Kit
QIAquick PCR purification kit

QIAGEN
QIAGEN
QIAGEN
QIAGEN

Table 2.3 Commonly used buffers and solutions

Solution

Composition

Luria-Bertani (LB) Broth

Paraformaldehyde (3%)

Permeabilization buffer

Phosphate buffered saline (PBS)

Quench buffer

Running buffer

SDS-PAGE sample buffer (6X)

1% bactotryptone, 0.5% bacto-yeast
extract, 1% (w/v) NaCl, pH 7.0

3% paraformaldehyde, 0.1 mM CaCl,, 0.1
mM MgCl,

0.1% (v/v) Triton X-100, 0.05% SDS in
PBS

27 mM KCI, 1.5 mM KH,PO,, 137.9
mM NacCl, 8.1 mM Na,HPO,

50 mM NH4Cl in PBS

25 mM Tris-HCI, 190 mM glycine, 0.1%
SDS

30% (v/v) glycerol, 1% SDS, 0.6 M DTT,

0.012% bromophenol blue, 70% (v/v) 4X
Tris-HCI/SDS buffer, pH 6.8)
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Separating gel (4X Tris-HCI/SDS, 0.4% SDS, 1.5 M Tris-HCI, pH 8.8
pH 8.8)

SOC medium 2% bactotryptone, 0.5% bacto-yeast
extract, 10 mM NaCl, 2.5 mM KCI, 10
mM MgCl,, 10 mM MgSO,;, 20 mM

glucose

Stacking gel (4X Tris-HCI/SDS, pH 0.4% SDS, 0.5 M Tris-HCI, pH 6.8

6.8)

TAE (50X) 2 M Tris, 5.71% (v/v) glacial acetic acid,
50 mM EDTA, pH 8.0

Transfer buffer 25 mM Tris-HCI, 190 mM glycine, 20%
(v/v) methanol, 2.5% (v/v) isopropanol

T-TBS 50 mM NaCl, 0.5% (v/v) Tween-20, 20

mM Tris-HCI, pH 7.5

2.2 Cell culture
The cell lines used for the work described in this thesis include HeLa (ECACC;
Sigma-Aldrich, 93021013), NRK-52E cells (ATCC CRL-1571), CHO (Pro’5;
ATCC CRL-1781). The process of obtaining the BFY-1 cell line from the
parental CHO Pro'5cell line was described by Yan et al., 1994 (Yan et al., 1994).
BHK-21 and A549 cells were gifts from Dr. Tom Hobman (University of Alberta,
Canada).

Cell monolayers were maintained in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% FBS, 100 pg penicillin/ml, 100 pg

streptomycin/ml and 2 mM L-glutamine at 37°C inside a water jacketed incubator
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kept at 5% CO,. For the temperature shift experiments, the medium was changed
with CO, independent DMEM supplemented with 10% FBS.

2.3 Antibodies

The source and dilution for primary antibodies used in the work for this thesis are
listed below in Tables 2.4 and 2.5 for immunofluorescence (IF) and Table 2.6 for
immunoblotting. For IF, secondary goat antibodies conjugated with either Alexa
Fluor 488, Alexa Fluor 594, Alexa Fluor 555 or Alexa Fluor 660 were purchased
from Molecular Probes (Eugene, OR) and used at 1:600 dilution. For
immunoblots, proteins were detected using a horseradish peroxidase (HRP)-
conjugated goat anti-rabbit 1gG or anti-mouse 1gG secondary antibody that was
purchased from Bio-Rad Laboratories (Mississauga, ON) and used at 1:2500

dilution.

Table 2.4 Polyclonal antibodies used for IF

Antibody Dilution  Source

anti-BIG1 (9D3) 1:300 (Zhao et al., 2006), (Claude et al., 1999),
(Manolea et al., 2008)

anti-BIG2 1:100 Dr. Kazuhisa Nakayama, Kyoto
University, Kyoto, Japan

anti-GBF1 (9D2 1gG)  1:400 (Zhao et al., 2006)

anti-GFP 1:2000 Dr. Gary Eitzen; University of Alberta,

Edmonton, Canada

anti-mannosidase |1 1:800 Dr. Kelley Moremen; University of
Georgia, Athens, USA
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anti-Sec31 1:500

anti-sortilin (goat) 1/200

anti-TGN46 (sheep) 1:1000

Dr. Bor Luen Tang; Institute of
Molecular and Cell Biology, Singapore,
(Tang et al., 2000)

R&D System

AbD Serotec, Kidlington, Oxford, UK

Table 2.5 Monoclonal antibodies used for IF

Antibody Dilution Source

anti-pB-coatomer protein 1 1:400 Dr. T. Kreis; University of Geneva,
(clone M3A5) Switzerland; (Allan and Kreis, 1986)
anti-AP-1 (clone 88) 1:600 BD Biosciences Pharmigen

anti-Arfl, 3, 4 and 5 1:400 Abcam Inc.

(clone 1D9)

anti-GBF1 (clone 25) 1:400 BD Biosciences Pharmigen

anti-GGA3 (clone 8) 1/200 BD Biosciences Pharmigen
anti-ERGIC-53  (clone 1:1000 Dr. Hans-Peter Hauri, Basel University,
G1/95) Switzerland

anti-hemagglutinin (HA)  1:100 Roche Diagnostics (Laval, Canada)

(clone 3F10) *
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anti-p115
(clone 7D1)

Anti-VSVG
(clone P5D4)

1:1000

1:250

Dr. Gerry Waters; Princeton University,

Princeton, USA,; (Waters et al., 1992)

Dr. Tom Hobman (Kreis and Lodish,

1986)

* This is a rat monoclonal antibody; all others are mouse monoclonal antibodies

Table 2.6 Antibodies used for immunoblotting

Antibody Dilution Source

anti-Classl Arf (clone ARFS 1/250 Abcam Inc.

3F1)

anti-Arf3 rabbit poly. 1/250 Protein Tech Group Inc.

anti-pB-coatomer protein 1 (clone 1:3000 Dr. T. Kreis; University of

M3ADb) Geneva, Geneva, Switzerland,;
(Allan and Kreis, 1986)

anti-AP-1 1:5000 BD Biosciences Pharmigen

anti-BIG1 (9D3) 1:1000 (Zhao et al., 2002), (Claude et
al., 1999),(Manolea et al., 2008)

anti-BIG2 1:1000 Dr. Kazuhisa Nakayama, Kyoto
University, Kyoto, Japan

anti-calnexin 1:20000 Stressgen Biotechnologies
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anti-GBF1 9D4 (final bleed) 1:2500 (Manolea et al., 2008)

anti-GGA3 1:5000 BD Biosciences Pharmigen
anti-TGN46 1:2000 AbD  Serotec, Kidlington,
Oxford, UK

2.4 siRNA methods
Pools and individual siRNAs targeting different regions of human (h) GBF1 (MU-
019783), hBIG1 (MU-012207), hBIG2 (MQ-012208), hp-COP (MQ-017940) and
hArf3 (LQ-011581) were purchased from Dharmacon. We followed the
Oligofectamine (Invitrogen) transfection protocol for HelLa cells as described
(Harborth et al., 2001). Different combinations of targeting duplexes, time points,
and siRNA concentrations were assessed to optimize conditions for most effective
knockdown.

For the experiments presented in this thesis, HelLa cells were incubated
with a pool of siRNAs targeting sequences 2 and 3 for GBF1, each at a
concentration of 100 nM. For BIGs knockdown, we used a pool of siRNAs
targeting sequences 2 and 3 for BIG1 (75 nM each) and 1-4 for BIG2 (50 nM
each). For B-COP knockdown we used sequence 2 at 200 nM. For Arf3 we used a
pool of siRNAs targeting sequences 6 and 8, each at a concentration of 100 nM.
Note that lower siRNA concentrations (50 nM instead of 75 nM for BIG1 and 25
nM instead of 50 nM for BI1G2) were sufficient for effective BIGs knockdown
(loss of BIG1 and redistribution of AP-1). As control, cells were exposed to
matching concentrations (200-300 nM) of a nonspecific GL2 luciferase siRNA

designed as described previously (Elbashir et al., 2002).

2.5 Construction of plasmids
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2.5.1 Construction of the Anti-GBF1, -BIG1, and -BIG2 short hairpin RNA-
expressing pSUPER-tet Plasmids

To create an inducible form of pSUPER (OligoEngine, Seattle, WA, USA) under
the control of the tet repressor, Javier Rosas replaced the promoter sequence of
this plasmid with the promoter of the pTER plasmid (Clontech, Mountain View,
CA). Briefly, a 2498-base pair fragment between the Hindlll and BamHI sites
from pTER was first amplified by PCR and cloned into the pGEM-T Easy vector
(Promega, Madison, WI) using overhanging 3’ deoxyadenine residues. A 1537-
base pair fragment containing the promoter with the tet repressor sequence was
then liberated with Hindlll and Aflll and used to replace the pSUPER promoter
using the same restriction sites. The resulting pPSUPER-tet plasmid was verified
by sequencing.

To generate Arf-GEF-targeting plasmids, pSUPER-tet was linearized by
double digestion with Hindlll and Bglll and synthetic 60-base pair oligomers
encoding the desired short hairpin RNA (shRNA) sequences were ultimately
inserted using these restriction sites. The double-stranded oligo sequences were
designed with cohesive Bglll and Hindlll sites: (5"
GATCCCCTTCAAGAGAYYYYYYYYYYYYYYYYYYYTTTTTA (3’) where
the 19-nucleotide X and Y residues corresponded to the target sense and antisense
sequences identified by Dharmacon (Lafayette, CO) as likely candidates for
siRNA-mediated silencing of GBF1, BIG1, and BIG2 expression. All
constructions were verified by sequencing. Plasmids were transfected into HelLa
cells using 1 ug of plasmid per well of a six-well dish, and cells were fixed after
96 h to allow an extra 24 h for expression and processing of ShRNAs.

2.5.2 Arfs tagged with GFP and mCherry

The construction of the plasmids encoding Arfl and Arf3 tagged with either GFP
or mCherry has been previously described (Chun et al., 2008).

2.5.3 Arf3 untagged or tagged with HA

We constructed the vectors to allow inducible expression of untagged Arf3 or
tagged with the HA epitope. To allow unidirectional cloning of the Arf3 cDNA
from pEGFP-N1 into pcDNA™4/TO vector (Invitrogen), the MCS in
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pcDNA™4/TO had to first be flipped in the opposite orientation. This was been
achieved by digesting with Pmel (which cuts bluntly at both ends of the MCS)
and re-ligating the isolated MCS fragment. Plasmids with the reversed MCS
within the new pcDNA™4/TO(-) vector were identified by screening for the
release of a 502 base pair band using Ndel and Xbal.

For the construction of the plasmid encoding untagged Arf3, Zoya
Shapovalova used appropriate forward and reverse primers to perform PCR and
lift the Arf3 cDNA found in a pET21d vector (Berger, 1998). The reverse primer
maintained the stop codon and Kpnl site while the forward primer included a
Xhol site. The PCR fragment was cleaved with Kpnl and Xhol and ligated into
similarly cut pcDNA™4/TO(-) vector. The construction of the HA tagged Arf3
was performed in two steps. First, Zoya Shapovalova modified pcDNA™4/TO(-)
vector (Invitrogen) by inserting annealed oligos encoding the HA tag at the 3’ end
of the MCS between the Kpnl and Hindlll sites. A stop codon was introduced
after the HA sequence. In the second step, a PCR fragment encoding Arf3 was
ligated into the newly modified pcDNA™4/TO(-)-HA vector digested with Xhol
and Kpnl to generate a cDNA with Arf3 in frame with the HA tag at the C-
terminus of the protein.

2.5.4 Swap chimeras and mutants between Arf3 and Arfl

Arfl_3 and Arf3_1 swap chimeras that contain the N and C-terminal part of each
Arf were constructed using PCR. The primers were designed as follows. For the
forward primer, an Xhol site was included at the 5’end for insertion in the plasmid
and three additional bases included to facilitate cleavage after PCR reaction. A
total of 20 nucleotides were included after the last mismatch. Reverse primers
were constructed following the same rules as for forward primers except that a
Kpnl site was now included at the 3’ end. PCR reactions were performed using a
plasmid encoding Arf3 as template. The resulting PCR products were digested
with Xhol and Kpnl and ligated into either similarly cut pEGFP-N1 vector to
yield Arfl_3-GFP and Arf3_1-GFP. In order to obtain Arfl_3 and Arf3_1 tagged
with HA lan Clarke digested the Arfl 3-GFP and Arf3_1-GFP plasmids using
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Xhol and Kpnl to release the Arf3/1 chimeras. These inserts were cloned into
similarly cut pcDNA™4/TO(-)-HA vector to yield Arfl_3-HA and Arf3_1-HA.

For the construction of Arf3FF (L9F/113F) and ArflLI (FOL/F13I) double
mutants we used also a PCR approach. As before, the forward primers included an
Xhol site at the 5’end for insertion in the plasmid, 3 extra nucleotides at 5” end to
facilitate cleavage after PCR reaction and an additional 20 nucleotides after the
last mismatch. The reverse primers were the same reverse primers used for the
construction of the Arf3/Arfl chimera. The resulting PCR products were digested
with Xhol and Kpnl and ligated into similarly cut pEGFP-N1 vector to yield
Arf3FF-GFP and Arf1LI-GFP.

For the construction of Arf3A174S or Arf3K180Q single mutants we used
also a PCR approach. As before, lan Clarke performed PCR reactions using Arf3
as template, a standard Arf3Nfor as a forward primer and either Arf3CSrev or
Arf3CQrev reverse primers bearing the point mutations A174S and K180Q,
respectively. The resulting PCR products were digested with Xhol and Kpnl and
ligated into similarly cut pEGFP-N1 vector to yield Arf3Al174S-GFP and
Arf3K180Q-GFP.

Table 2.7 Primers used for molecular cloning

Primer Name  Sequence Construct

Arf3for TAT ACC ATG GGC AAT ATC TTT Arf3 untagged in
GGA AAC CTT CTC AAG AGC CCA pcDNA4/TO
CTC GAG ACC ATG GGC AAT ATC
TTT GGA AAC

Arf3rev ACC GAC CGG TTA GTC GAG TTT Arf3 untagged in
TTGTTC TTC ACT CCATGG ACAC  pcDNA 4/TO

HAfor2 CTT ACC CAT ACG ATG TTC CAG pcDNA 4/TO(-)-
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HArev2

Arf3for

Arflfor

Arf3Crev

ArflCrev

Arf3NFFfor

ArflINLIfor

ATTACGCTTA

AGC TTA AGC GTA ATC TGG AAC
ATC GTATGG GTA AGG TAC

CCA CTC GAG ACC ATG GGC AAT
ATC TTT GGA AAC CTT CTC AAG
AGC CTG ATT

CCA CTC GAG ACC ATG GGC AAT
ATC TTT GCA AAC CTT TTC AAG
GGCCTGTTT

CAC AGG TAC CGC CTT CTT GTT
TTT GAG CTG ATT GGC CAG CCA
GTC CAG GCCTTC GTACAG

CAC AGG TAC CGC CTT CTG GTT
TCT GAG CTA ATT GGA CAG CCA
GTC CAG GGC TTC GTA CAG

CCA CTC GAG ACC ATG GGC AAT
ATC TTT GGA AAC CTT TTC AAG
AGC CTG TTT GGG AAG AAG GAG
ATG CGC ATC

CCA CTC GAG ACC ATG GGC AAT
ATC TTT GCA AAC CTT CTC AAG
GGC CTG ATT GGG AAG AAG GAG
ATG CGC ATC

HA

pcDNA 4/TO(-)-

HA

Arf3/1 chimera

Arf3/1 chimera

Arf3/1 chimera

Arf3/1 chimera

Arf3FF

ArflLl
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Arf3CSrev CAC AGG TAC CGC CTT CTT GTT Arf3A174S-GFP
TTT GAG CTG ATT GGA CAG CCA
GTC CAG GCCTTC GTACAG

Arf3CQrev CAC AGG TAC CGC CTT CTG GTT Arf3K180Q-
TTT GAG CTG ATT GGC CAG CCA GFP
GTC CAG GCCTTC GTACAG

2.6 Overexpression of VSVG-tsO45 and other cDNAs, temperature shift
experiments

Most experiments were performed with cells grown on glass coverslips either in
6-well plates or 12-well plates purchased from Falcon Plastics (Oxnard, CA). For
transient expression from plasmids, cell were grown on coverslips, transfected
with the specified amount of each plasmid using either FUGENE 6 (Roche
Diagnostics, Indianapolis, IN) or TransIT-LTI transfection reagent (Mirus,
Madison, WI) according to manufacturer's instructions. Transfected cells were
further cultured for the specified amount of time prior to fixation.

The vesicular stomatitis virus glycoprotein (VSVG)-GFP encoding
plasmid was a kind gift from Dr. John F. Presley (McGill University, Montreal,
QC, Canada). A VSVG-tsO45 virus stock was obtained from Dr. William Balch
(Scripps Institute, La Jolla, CA) and grown into a working stock by infection of
BHK cells at low multiplicity of infection. Measurement of VSVG traffic in
siRNA-treated cells involved separate transfections steps and various
combinations of temperature shifts, as illustrated in Figure 3.8. Briefly, HeLa cells
plated at ~15% confluency were transfected with the appropriate sSiRNA duplexes
24 h later. For VSVG-tsO45-GFP expression, knockdown cells were washed 50 h
after siRNA addition, transfected again with 1 ug of VSVG-encoding plasmid,
and returned to a 37°C incubator for a further 18 h. These cells were then
transferred to a 40°C water-jacketed CO, incubator for 4 h, followed by shift to
the permissive temperature 32°C for various lengths of time. This shortened
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incubation at 40°C minimized cellular stress and proved sufficient to accumulate
newly synthesized VSVG-protein in the ER. The 32°C incubation was performed
in a water bath and required the use of CO, independent media (Invitrogen). Cells
were fixed at different time points after shift to 32°C, as specified (Figures 3.8A,
3.9, 3.13, 3.14 and 4.17). For experiments shown in Figure 3.8B, cells were
transferred directly from 37 to 32°C to bypass the temperature shift to 40°C while
for experiments for the Figure 4.17 the cells were shifted to either 20°C or 32°C.
For experiments involving live virus, cells were infected with VSVtsO45 1 h
before being shifted to 40°C as described previously (Zhao et al., 2006). VSVG
was detected using a mouse monoclonal antibody (Kreis and Lodish, 1986).
VSVG-GFP was detected either directly using intrinsic GFP fluorescence or by IF
using a combination of antibody raised against GFP and ALEXA488-conjugated
secondary antibody. The latter method yielded stronger and more stable signal
that permitted analysis of cells with low to moderate levels of VSVG in order to
avoid artefacts due to overloading the ER with unfolded proteins.

For the 20°C temperature block experiments, the cells were either fixed

directly from the incubator for the 37°C condition or shifted to 20°C. For the latter
condition cells were washed and incubated in room temperature CO, Independent
Media (Invitrogen) and kept at 20°C in a water bath for the indicated time. Then
the cells were fixed with 3% PFA at 20°C for the first 5 minutes and then for
another 15 minutes at 37°C.
For the monensin treatment experiments, HeLa cells grown to ~60% density were
transfected with 2 ug plasmid encoding GalT-GFP per 60-mm plate. After 24 h,
cells were replated on glass coverslips at ~15% confluency and transfected with
the appropriate SiRNA duplexes 24 h later. 72 hours after siRNA transfection,
cells were treated with either 4 uM monensin or equivalent volume of methanol
for the periods of time specified and then fixed and processed for IF.

For Arf-GEF overexpression studies (Figures 3.1and 4.5), BHK cells or
HeLa cells grown on glass coverslips to ~50% density were transfected with 1 ug
of purified pCEP4 vector plasmid encoding either GBF1 (Claude et al., 1999) or
BIG1 (Mansour et al., 1999), using FUGENE 6 according to the manufacturer’s
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instructions. For exogenous expression of Golgi markers, HelLa cells were
cotransfected with 1 pg of plasmid encoding HA-furin that was obtained Dr. J.
Bonifacino (Cell Biology and Metabolism Branch, NIH, Bethesda, MD). 24 hours
after transfection, cells were briefly treated with 10 uM or 5ug/ml BFA or an
equivalent volume of DMSO, fixed, and processed for IF using the indicated

antibodies.

2.7 Immunofluorescence staining

The IF procedure was carried out on cells grown on glass coverslips sterilized by
ethanol and flaming. After drug treatment (if any drug treatment was necessary),
cells were washed once with PBS and fixed with 3% paraformaldehyde (with 100
uM calcium chloride and 100 uM magnesium chloride in PBS) at either 37°C or
20°C for 20 min. Fixation was terminated by incubation with quench buffer (50
mM ammonium chloride in PBS) for 10 min and this was followed by incubation
with a permeabilization buffer (0.1% Triton X-100 in PBS). When cells were
stained using the M3A5 (COPI) antibody 0.05% SDS was added to the
permeabilization buffer. Prior to incubation with antibodies, cells were blocked
using three, 5 min incubations with 0.2% gelatin in PBS. Cells double labelled
with mouse and rabbit antibodies were processed in a similar fashion as described
before (Zhao et al., 2002).

2.8 Fluorescence microscopy

2.8.1 Epifluorescence microscopy

Epifluorescence images were obtained using an Axioskop Il microscope (Carl
Zeiss, Thornwood, NY) equipped with a 63X objective (plan-Apocromat,
NA=1.4) and a CoolSNAPHQ monochrome CCD Photometrics camera (Tucson,

AZ). The images were exported as 12 bit images using Image Pro 5.1.

2.8.2 Confocal microscopy
Confocal images were obtained with a LSM 510 microscope (Carl Zeiss)

equipped with a 63x objective (NA=1.4) using 488 nm laser excitation and a 500-
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550 nm bandpass filter for Alexa488 and GFP, 543 nm laser excitation and a >560
nm longpass filter for Alexa594. When two markers were imaged in the same
cells, each fluorophore was excited and detected sequentially (multitrack mode) to
avoid channel bleed-through. Laser intensity and filters were adjusted to give
maximum signal but avoid saturation (grayscale intensity of 255). Tests
confirmed that under our detection conditions, images obtained in the red and
green channels were in register to within 60 nm. Unless otherwise indicated, a

single focal plane (0.8-1 um) was analyzed.

2.9 Image quantification and analysis

2.9.1 Quantification of fluorescence signal overlap for VSVG-positive
peripheral structures and ERGIC53 or Sec31 staining

Quantification of the extent of signal overlap between VSVG-GFP-positive
peripheral puncta and either ERGIC53 or Sec31 (Figure 3.10) was performed
essentially as previously described (Zhao et al., 2002). Briefly, NIH Image J was
used to generate separate masks for the green and red signal using a range of
threshold values that retained all discernable peripheral structures. At least 5 cells
were analyzed for each pair. Results are expressed as percentage of total spots
chosen for analysis in the green mask that were concentric with spots in the red
mask.

2.9.2 Quantification of Golgi complex polarization by line profile analysis
For Figure 3.16, to examine the relative signal distribution between a cis-Golgi
marker (p115 or GBF1) and a trans-Golgi marker (GalT-GFP) within a single
stack, we selected red and green structures of similar intensity that clearly
appeared contiguous and in close proximity (less than 0.8 um). The line profile
analysis was performed using Image-ProPlus Software (Media Cybernetics, Silver
Spring, MD). Efficient BIGs knockdown was confirmed by either redistribution
of BIG1 or AP-1 juxtanuclear staining.

2.9.3 Quantification of VSVG trafficking

To quantitate the impact of BIGs knockdown on VSVG trafficking shown in
Figure 3.14, we scored for the presence of VSVG at Golgi only (o,e) or at Golgi
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and PM (A, A) at each time point after release for both Mock (e and A, solid
line) and BIGs knockdown (o and A, dashed line) cells. Efficient BIGs
knockdown was confirmed by redistribution of BIG1 juxtanuclear staining. A
minimum of 25 cells were analysed for each condition. The fraction of cells with
the indicated pattern was expressed as percentage and is shown as a function of
time after shift down to 32°C.

To quantitate the impact of temperature shift to 20°C on VSVG trafficking
shown in Figure 4.17, we scored for the presence of VSVG at ER only (white
bars), Golgi only (hatched bars) or at Golgi and PM (black bars) at each time
point after release from 40°C block for both 32°C (control) and 20°C shifted cells.
A minimum of 25 cells were analysed for each condition. The fraction of cells
with the indicated pattern was expressed as percentage and is shown as a function
of time after shift down from 40°C.

To quantitate the impact of Arf3 knockdown on VSVG trafficking shown
in Figure 4.17, we scored for the presence of VSVG at ER only (white bars),
Golgi only (hatched bars) or at Golgi and PM (black bars) at each time point after
release for both Mock knockdown and Arf3 knockdown cells. A minimum of 25
cells were analysed for each condition. The fraction of cells with the indicated
pattern was expressed as percentage and is shown as a function of time after shift
down to 32°C.

2.9.4 Quantification of the protective effect of BIG1/GBF1 overexpression on
Arf3-GFP membrane recruitment after short BFA treatment

To examine the impact of BIG1 or GBF1 overexpression on Arf3-GFP membrane
recruitment after short BFA treatment shown in Figure 4.5, we scored for the
presence or absence of Arf3-GFP at the Golgi in cells overexpressing either BIG1
or GBF1 following 2 min treatment with 5ug/ml BFA. The bars represent the
percentage of cells with Arf3 still localized to the Golgi complex in cells
overexpressing either BIG1 or GBF1. A minimum of 30 cells were analysed for
each condition from at least four separate experiments.

2.9.5 Quantification of Arf3/Arfl redistribution after BIGs knockdown
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To quantitate the impact of BIGs knockdown on Arf3 or Arfl membrane
recruitment reported in Fig 4.6, we scored for the presence or absence of Arf3 or
Arfl at the Golgi in cells with BIGs knockdown or cells treated with Mock
siRNAs. Efficient BIGs knockdown was measured by redistribution of AP-1
juxtanuclear staining. The bars represent the percentage of cells with Arf3 (black
bars) or Arfl (hatched bars) localized to the Golgi complex, either in cells with
B1Gs knockdown or with Mock knockdown.
2.9.6 Quantification of fluorescence signal overlap
Quantification of the extent of signal overlap between p115 and GalT-GFP, GBF1
and GalT-GFP (Figure 3.16), Arf3-GFP with either BIG1, GBF1 or p115, Arf3-
HA with either BIG1 or GBF1, Arf3 (-mCherry or -HA or untagged) with GalT-
GFP (Figures 4.1 and 4.2), Arfl_3-GFP with either GBF1, p115 or BIG1, Arf3_1-
GFP with either GBF1, p115 and BIG1 (Figure 4.15), Arf3(A174S)-GFP with
either p115 and TGN46 and Arf3(K180Q)-GFP with either p115 and TGN46
(Figure 4.16) was performed in a very similar fashion for each pair using
Metamorph software (version 6.1). For both markers the areas corresponding to
the Golgi complex were identified by using an inclusive threshold set to contain
total membrane signal. In order to eliminate background noise signal outside of
the Golgi area, a median filter of 2 pixels was applied when necessary. Next, the
integrated signal intensity for each marker was determined by the software.
Finally, the degree of colocalization was reported as a percentage of overlap
between the integrated intensity for the first marker overlapping with the second
marker.
2.9.7 Quantification of Arf3-GFP fluorescence signal intensities at the Golgi
complex

The distribution of Arf3-GFP (Figure 4.10) was quantified using
Metamorph software (version 6.1). The GFP signal intensity at the Golgi
complex was quantified by first manually tracing a region of interest around
juxtanuclear GFP—positive structures excluding as much as possible the
nonspecific signal between the ribbons and then measuring the integrated signal

intensity within this area. Subsequently, the signal intensity for the whole cell
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was quantified by manually drawing a region of interest around the whole cell and
then measuring the integrated signal intensity. In order to determine the
background intensity we first drew a round region with an area of approximately
the same size as a nucleus in a region where no cells were present. Subsequently
we calculated the mean background intensity per pixel by dividing the integrated
signal intensity to the number of pixels present in this specific area. Next, to be
able to calculate the background intensity for both the Golgi complex and the
whole cell the mean background intensity per pixel was multiplied with the
number of pixels in both of these areas. Each of these values for total background
intensity were subtracted from the initial integrated signal intensity value to obtain
the final estimate for background corrected integrated signal intensity at the Golgi
and for the whole cell. At least 20 cells were analyzed for each time point for
each experiment. The integrated intensities and respective areas were exported to
Microsoft Excel in order to calculate the background corrected values that were
then expressed as the ratios of Arf3 signal at the Golgi complex relative to total
GFP signal. Ratios were plotted for each temperature shift experiment as a

function of time.

2.10 Preparation of cell extracts and analysis by RT-PCR and immunoblots
2.10.1 Analysis by RT-PCR

For RT-PCR analysis (Figure 3.2), 1-2 x10° cells grown in each well of a six-well
plate were trypsinized, washed, and processed using the RNAeasy kit according to
manufacturer’s instructions (Qiagen, Chatsworth, CA). Recovered RNA was
analyzed using Qiagen one-step RT-PCR kit according to manufacturer’s
instructions using gene-specific primers. PCR conditions and cycle numbers were
optimized for each primer pair to yield single products of expected size whose
level varied in proportion to the amount of RNA added.

2.10.2 SDS-polyacrylamide gel electrophoresis

Proteins samples were analyzed by electrophoresis on tris-glycine SDS
polyacrylamide gels (SDS-PAGE) calibrated with pre-stained molecular weight
standards (Bio-Rad Laboratories or Fermentas). Prior to SDS-PAGE sample
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buffer addition small aliquots of each sample were used to determine the protein
concentration using the Bio-Rad DC Protein Assay kit. Frozen cell lysates,
previously treated with SDS-PAGE sample buffer, were re-heated for 5 minutes at
95°C and subjected to centrifugation for 1 min at 13,000 rpm at room temperature.
75 ng of each sample was loaded per lane on either a 7.5% (Figure 3.3) or a 15%
(Figures 4.18 and 4.19) slab SDS gel. Samples were separated on a 6.5 inch wide
slab gel apparatus (CBS Scientific, Del Mar, CA), first at 70V for 30 min through
the stacking gel, then at 120V through the resolving gel.

2.10.3 Immunoblotting

Following separation of samples by SDS-PAGE, protein analysis by
immunoblotting was carried out essentially as previously described (Harlow and
Lane, 1988). Proteins were transferred to nitrocellulose membranes at 100 V for 2
h or 26 V overnight in a transfer buffer (25 mM Tris-HCI, 190 mM glycine, 20%
(v/v) methanol, 2.5% (v/v) isopropanol). Protein transfer was assessed by
incubating membranes with Ponceau S (0.1% (w/v) Ponceau S, 5% (v/v) acetic
acid) followed by two rinses with Milli-Q ddH,O. Nitrocellulose membranes
were blocked for 1 h in TTBS (50 mM NaCl, 0.5% (v/v) Tween, 20 mM Tris-
HCI, pH 7.5) containing 5% skim milk. Membranes were then incubated for 1 h
with primary antibodies (see Table 2.6) diluted in TTBS containing 2% milk.
Following 3 x 10 min washes with TTBS, the membranes were incubated with
HRP-conjugated secondary antibodies (Bio-Rad Laboratories, Hercules, CA) that
were detected by enhanced chemiluminescence (ECL) using the ECL-plus system
(GE Healthcare) following the manufacturer's instructions. The membranes were
exposed to Super RX medical X-ray film (Fyjifilm) in a FBXC 810
autoradiography cassette (Fisher Scientific) for different lengths of time to avoid
signal saturation and then the films were developed using an X-OMAT 2000A
processor (Kodak).

2.11 Analysis of Arf sequences.
Previous phylogenetic analysis identified six supergroups (Hampl et al., 2009; Li

et al., 2004), and with the exception of Rhizaria, extensive genomic information
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is available for each of those supergroups. Upon consultation with Dr. Joel Dacks
(University of Alberta), Dr. Paul Melancon elected to search the genome of two
representative species from each of those five groups. From excavata, were
chosenGiardia lamblia and Trypanosoma bruceii; from chromalveolata,
Tetrahymena thermophila and Toxoplasma gondii; from archaeplastida
Physcomitrellapatens, = Chlamydomonas reinhardtii; from  amoebozoa,
Dictyostelium  discoideum and from the very diverse opisthokonta
Saccharomyces cerevisiae (a fungus), Drosophila melanogaster and
Caenorabhditis elegans (invertebrates) and finally Homo sapiens (a mammal).
Proteomes (translated genomes) were queried with HsArfl using a protein-protein
Basic Local Alignment Search Tool (BLASTP) to identify the first Arf. The
BLASTP query was then repeated using a syngenic sequence. Single Arf
sequences were identified from the following genomes: Giardia |.
(XM_001704927);  Trypanosoma b. (XP_827586); Tetrahymena t.
(XM_001011573); Toxoplasma g. (AAF35891); Physcomitrellap. (EDQ59057);
Dictyostelium d. (EAL62820). Two related sequences were identified in
Chalmydomonas r. that were tentatively identified as class I(CRU27120) and
class I Arf (XM_001690841). Arfs sequences from Opisthokonta have been
previously analyzed (Li et al., 2004).

56



CHAPTER THREE:

GBF1 AND BIGs ARE REQUIRED FOR ASSEMBLY AND
MAINTENANCE OF THE GOLGI STACK AND TRANS-GOLGI

NETWORK, RESPECTIVELY

A version of this chapter has previously been published as “Distinct functions for
Arf nucleotide exchange factors at the Golgi complex: GBF1 and BIGs are
required for assembly and maintenance of the Golgi stack and TGN, respectively"
Manolea F., Claude A., Chun J., Rosas J. and Melancon P. (2008) Molecular
Biology of the Cell 19: 523-535.

I generated all the data presented in this chapter with the exception of panels C

and D in Figure 3.1 created by A. Claude and panel B in Figure 3.2 produced by
L. Channon.
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3.1 Overview

We examined the relative function of the two classes of GEFs for ADP-
ribosylation factors that regulate recruitment of coat proteins on the Golgi
complex. Complementary overexpression and RNA-based knockdown
approaches established that GBF1 regulates COPI recruitment on cis-Golgi
compartments, while BIGs appear specialized for adaptor proteins on the trans-
Golgi. Knockdown of GBF1 and/or COPI did not prevent export of VSVGtsO45
from the ER, but caused its accumulation onto peripheral vesiculo-tubular
clusters. In contrast, knockdown of BIG1 and BIG2 caused loss of clathrin
adaptor proteins and redistribution of several TGN markers, but had no impact on
COPI and several Golgi markers. Surprisingly, BIGs knockdown prevented
neither traffic of VSVGtsO45 to the plasma membrane nor assembly of a
polarized Golgi stack. Our observations indicate that COPII is the only coat
required for sorting and export from the ER exit sites, while GBF1 but not BIGs,
is required for COPI recruitment, Golgi sub-compartmentalization and cargo
progression to the cell surface. BIGs appear specialized for clathrin adaptor

recruitment and for assembly and maintenance of the TGN.
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3.2 Results

3.2.1 GBF1 and BIGL1 regulate the recruitment of different coat proteins on
the Golgi complex

Several overexpression studies have largely supported functional and selective
links between the cis-Golgi localized GBF1 and the COPI coat, and on the other
hand the trans-Golgi localized BIGs and the clathrin adapter AP-1. For example,
Nakayama and colleagues established that overexpression of GBF1 overcomes the
effects of BFA on Arfs and COPI (Kawamoto et al., 2002). This protective effect
appears specific since gross overexpression of GBF1 did not prevent release of
the clathrin adapter AP-1 (Figure 3.1B), while even moderate GBF1
overexpression was sufficient to abrogate the effects of BFA on COPI and the
medial-Golgi marker Man 1l (Figure 3.1 A and C). As expected from this
specificity, overexpression of GBF1, while it overcame the effects of BFA on the
Golgi stack (Claude et al., 1999; Kawamoto et al., 2002; Niu et al., 2005; Zhao et
al., 2006) (see also Figure 3.1C), did not prevent redistribution of the TGN
detected with exogenous HA-furin (Figure 3.1D).

Overexpression of BIGs has effects opposite to GBF1 on stabilization of
COPI and clathrin adaptors. Previous work demonstrated that BIG2
overexpression prevented release of the clathrin adaptor AP-1 but not that of
COPI (Shinotsuka et al., 2002b). Similarly, BIG1 overexpression did not
overcome the effects of BFA on COPI (Figure 3.1A) and the Golgi stack (Figure
3.1C), but did prevent the effects of BFA on the membrane recruitment of the
clathrin adaptor AP-1 (Figure 3.1B). Altogether, these results strongly suggest
that the two Arf-GEF subfamilies regulate the recruitment of distinct coat proteins
on the Golgi complex.

3.2.2 Knockdown of GBF1 confirms its role in regulating assembly of the
COPI coat

To examine in more detail the relative function of GBF1 and BIGs in the Golgi
complex, we turned to complementary siRNA-based methods to knockdown their
expression. RT-PCR analysis established that pools of RNA duplex
oligonucleotides targeted to GBF1, BIG1 or BIG2 (Figure 3.2A) effectively and
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Figure 3.1. Overexpression of GBF1 and BIG1 protect different coat

proteins and Golgi sub-compartments from BFA-induced redistribution.

BHK-21 cells were transfected with GBF1 or BIG1 encoding plasmids as indicated (A, B, C) or
with an equimolar mixture of GBF1 and HA-tagged furin plasmids (D). After 24 h, cells were
treated with 10 uM BFA or an equivalent volume of DMSO for either 2 min (A, B) or 20 min (C,
D). Following fixation, cells were double stained as indicated for either GBF1 or BIGI, in
combination with either COPI (A), AP-1 (B), Manll (C) or HA-furin (D). Transfection and
immuno-staining were performed as described in Chapter 2. Small asterisks indicate the position
of the nucleus of transfected cells. Images shown are representative of more than 2 separate

experiments. Bar, 20 pm.
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RTIPCR for 23 or 25 cycles
G1P

BIG1-RNAi - 30 hours
RT/PCR for 23 cycles
#2 #3 #4 B1P M M/S

GBF1 PCR

BIG1/BIG2-RNAi - 30 hours
RT/PCR for 27 cycles
M B1P B2P #1 #2 #3 #4

BIG1 PCR

Figure 3.2. Synthetic siRNA oligos yield specific and effective knockdown of
GBF1, BIG1, and BIG2 by RT-PCR analysis.

A. Diagram illustrating the relative positions of duplexes obtained from Dharmacon. Sec7 domain
in blue. B. HelLa cells were mock-transfected (M) or transfected with 100 nM of either individual
siRNAs or a pool of all four RNAs (P). polyA RNA was isolated 30 hour post-transfection and
RT-PCR reactions were performed with GBF1 or BIG1 or BIG2 specific primers. Some PCR
reactions were performed with 1/5 as much RNA obtained from mock -transfected cells or GBF1

siRNAs treated cells.
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selectively knocked down mRNA levels by more than 90% within 30 h of
transfection (Figure 3.2B). Analysis of cell extracts by immuno-blotting
established that GBF1 knockdown efficiently reduced GBF1 levels with no
detectable effect on either 3-COP, calnexin, BIGs or other TGN markers
examined (Figure 3.3). Similarly, BIGs knockdown reduced BIGs protein levels
with no detectable effect on AP-1, GGA3, TGN46, -COP, GBF1 or calnexin
(Figure 3.3). To further establish specificity of the knockdown, we individually
tested several RNA duplexes targeting different regions of the GEFs. With the
exception of BIG1 #1, all individual duplexes yielded knockdown comparable to
the pools; nevertheless, two each of the GBF1 (#2 and #3), BIG1 (#2 and #3) and
BIG2 (#1 and #3) targeted RNA duplexes appeared most effective (Figure 3.4)
and were selected for further analysis. Vectors encoding both GFP and short
hairpin RNAs corresponding to those sequences were constructed. Analysis of
transfectants readily identified in the GFP channel confirmed that each RNA
sequence effectively suppressed expression of the targeted Arf-GEF (Figure 3.5).

The availability of duplexes that effectively and selectively knockdown
Golgi-localized Arf-GEFs allowed us to examine their function in more detail. As
shown in Figure 3.6, A and B, GBF1 knockdown abrogated juxta-nuclear
localization of COPI in the vast majority of RNA-treated cells. Quantitative
analysis confirmed that treatment of monolayers with GBF1-targeted RNA
duplexes for 72 hours eliminated juxta-nuclear staining for COPI in greater than
90% of transfected cells (110 cells counted in 3 separate experiments). In some
cases, particularly at shorter times post RNA-transfection, GBF1 knockdown was
partial and resulted in appearance of several dispersed Golgi fragments showing
no or weak GBF1 staining and some residual COPI (Figure 3.7). For this reason,
complete loss of detectable membrane-associated COPI was used routinely as a
more sensitive measure of effective GBF1 knockdown.

Previous observations with BFA or GDP-arrested mutant forms of Arfl
(Dascher and Balch, 1994) predict that lack of COPI recruitment should not
impact the function of the COPII coat at ERES but eventually lead to loss of

detectable Golgi structures. As expected, GBF1 knockdown (confirmed by loss
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Figure 3.3. Western blot analysis confirms effective and specific knockdowns
of GBF1 and BIGs

HeLa cells were transfected with siRNAs targeting either GBF1, or both BIG1 and BIG2 for 72 h
as described in Chapter 2. Detergents lysates were prepared and equal amounts of total protein
were separated on a 7.5% SDS-PAGE gel. Following transfer to a nitrocellulose membrane, blots
were probed with the indicated antibodies. GBF1 KD efficiently reduced GBF1 levels with no
detectable effect on either B-COP, calnexin, BIGs or the other TGN markers examined. Similarly,
BIGs KD reduced BIG1 and BIG2 levels with no detectable effect on AP-1, GGA3, TGN46, B-

COP, GBF1 or calnexin. Blots shown are representative of 3 separate KD experiments.
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GBF1 Duilexz GBF1 Duilex3

Mock Luciferase BIG1 Duplex2 BIG1 Duplex3

Figure 3.4. Effective knockdown of GBF1 and BIGL1 using synthetic sSiRNA

oligos.

HeLa cells were transfected with individual duplexes targeting either GBF1 or BIG1 as described
in Chapter 2. Cells were fixed 72 hours post-transfection and stained for GBF1 or BIGL1.
Transfectants marked with asterisk. Insets show DAPI staining. Images are representative of at

least 3 separate KD experiments.
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BIG2

Figure 3.5. Specific and effective knockdown of GBF1, BIG1, and BIG2

using siRNA sequences expressed from pSUPER vector.

HeLa cells were transfected with 1 pg of GFP-encoding pSUPER plasmids modified with

a tet repressor regulated cassette driving expression of either nothing (Ctl) or various individual
shRNAs targeting GBF1, BIG1, or BIG2 (see Chapter 2 for construction details). After 96 h, cells
were fixed and stained for the markers indicated on the left. Outlines mark GFP-positive
transformed cells that were identified in the green channel (shown in inset). Images shown are

representative of at least 3 separate experiments. Bar, 20 um.



G. BIG1/COPI

Figure 3.6. Knockdown of GBF1 prevents assembly of the Golgi complex.

HeLa cells were transfected with an equimolar mixture of GBF1-targeting siRNA duplexes #2 and
#3 as described in Chapter 2. After 72 h, cells were fixed and double-stained for the markers
indicated. Top panels (A, B) show the pattern observed with GBF1/COPI double-staining. The
remaining panels (C-H) display the distribution of various ERES (Sec31), Golgi (Manll, pl115,
giantin), and TGN (BIG1, TGN46) markers, with the inset showing the pattern obtained with the
second marker (GBF1 or COPI). Cells with effective KD (loss/redistribution of GBF1/COPI) were

outlined. Images shown are representative of at least 3 separate experiments. Bar, 20 um.
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Figure 3.7. Partial GBF1 knockdown produces Golgi complex fragmentation

as marked by dispersed COPI staining.

HeLa cells were transfected with an equimolar mixture of GBF1-targeting siRNA duplexes #2 and
#3 as described in Chapter 2. After 72 h, cells were fixed and double-stained for GBF1 and
COPI... Cells with partial GBF1 KD, identified by apparent loss of GBF1 staining but retention of
fragmented COPI staining, were marked by an asterisk. Images shown are representative of at

least 3 separate experiments.
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of GBF1/COPI staining, insets) caused no significant change in the overall
number and distribution of the ERES marker Sec31 (Figure 3.6 C). In contrast,
loss of GBF1 led to complete redistribution of juxta-nuclear signal for the well-
characterized medial-Golgi marker Manll (Figure 3.6D). GBF1 knockdown also
caused redistribution the cis-Golgi markers p115 and giantin (Figure 3.6, E and
F). Interestingly, as previously observed following BFA treatment (Nelson et al.,
1998; Seelig et al., 1994; Seemann et al., 2000), a significant fraction of these
proteins accumulated in peripheral puncta, confirming that these proteins
efficiently traffic and accumulate into post-ERES structures in absence of a
functional COPI coat. We expected disruption of Golgi traffic to also affect the
TGN since this organelle receives material from both endosomes and the Golgi
stack. Indeed, as shown in Figure 3.6, G and H, loss of the Golgi complex led to
redistribution of both BIG1 and the TGN marker TGN46. These results confirm
that GBF1 is required for the membrane recruitment of COPI and assembly of the
Golgi complex.

3.2.3 GBF1 knockdown does not prevent export from the ER but blocks
cargo in post-ERES peripheral VTC structures

It has been argued that cargo export from the ER requires a functional COPI
system(Altan-Bonnet et al., 2004). This conclusion is based on the observation
that BFA blocks export of anterograde cargo molecules such as VSVG and
largely prevents their concentration at ERES or VTCs (Ward et al., 2001). The
identification of knockdown conditions that effectively reduce GBF1 levels
allowed us to test if a functional COPI system and the activity of GBF1 was
necessary for cargo traffic out of ERES. To measure cargo traffic out of the ER,
we took advantage of a thermo-sensitive mutant of VSVG (VSVG-tsO45)
(Bergmann, 1989) that can be accumulated in the ER at the non-permissive
temperature (40°C) and released synchronously upon shift to a permissive
temperature (32°C). Cells were transfected with a plasmid encoding a GFP-
tagged form of VSVG-tsO45 50 hours after RNA-transfection with either
luciferase (Mock), or GBF1-targeted RNA duplexes. As illustrated in Figure

3.8A, cells were shifted to the non-permissive temperature to accumulate VSVG
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Figure 3.8. GBF1 and/or COPI knockdown block VSVG traffic and cause

cargo accumulation in peripheral puncta and not ER.

A, B. HelLa cells were transfected with siRNA duplexes targeting luciferase (Mock), GBF1, and/or
BCOP, as indicated on the left. Fifty hours after transfection, cells were transfected again with a
plasmid encoding VSVGtsO45-GFP and then temperature-shifted and fixed, as illustrated. For
panel A cells were shifted to the nonpermissive temperature for 4 h before the shift to permissive
temperature, whereas in B cells were shifted directly to from 37°C to permissive temperature.
Cells were double-stained for COPI and GFP. Images reveal the VSVG-GFP pattern observed at
the indicated times after shift to permissive temperature. Knockdown was confirmed by
redistribution of COPI (not shown). Images shown are representative of at least 3 separate

experiments. Bar, 20 pm.
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in the ER, and analyzed at various time points following a shift to the permissive
temperature.

GBF1 knockdown blocked traffic of VSVG to the cell surface, but to our
surprise did not prevent VSVG accumulation in peripheral punctate structures.
The images shown in Figure 3.8A, confirmed that in cells treated with irrelevant
RNA, a large fraction of VSVG present in the ER at the beginning of the
temperature shift (t=0) trafficked to the cell surface within two hours. In sharp
contrast, VSVG cleared the ER but never accumulated in a juxta-nuclear structure
or reached the cell surface in cells transfected with GBF1-targeted siRNA (Figure
3.8A), even 120 min after temperature shift. Instead, VSVG accumulated in small
bright puncta in the cell periphery. Importantly, accumulation of VSVG in
peripheral structures was not caused by cellular stress or aggregation of misfolded
proteins at the non-permissive temperature (40°C) since similar puncta
accumulation was observed when cells were shifted directly to 32°C, bypassing
incubation at 40°C (Figure 3.8B).

To obtain independent confirmation that the effect of GBF1 knockdown
resulted from lack of COPI recruitment, we tested in parallel the impact of
reducing levels of the p-subunit of COPI on Golgi assembly and function. This
subunit plays a critical role in several COPI function such as Arf binding (Zhao et
al., 1997) and cargo recruitment (Eugster et al., 2004), and its knockdown was
expected to result in the effective loss of COPI activity. As described in Methods,
four B-COP-targeted RNA duplexes were tested for their ability to disperse Golgi
markers and the most effective one, duplex number 2, was selected for further
analysis. Treatment with this RNA duplex led to similar accumulation of VSVG
cargo into peripheral puncta (Figure 3.8, A and B). To ascertain that export from
ERES was not due to residual COPI activity, we re-examined cargo transport in
cells subjected to double knockdown. As shown in Figure 3.8, A and B (bottom
panels), loss of both GBF1 and COPI did not prevent complete clearing of VSVG
from the ER and its accumulation in peripheral puncta.

The accumulation of cargo in puncta observed in GBF1 and COPI

knockdown initially appeared inconsistent with the results previously reported
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with BFA. This apparent discrepancy prompted us to examine the impact of BFA
treatment on cargo accumulation in GBF1 knockdown cells. Interestingly,
treatment with BFA prior to the shift to permissive temperature prevented
accumulation of VSV-G in puncta and yielded the previously reported (Ward et
al., 2001), largely reticular pattern in both mock and GBF1 knockdown cells
(Figure 3.9). The observation that BFA treatment prevents accumulation of cargo
into peripheral VTCs, even in GBF1 knockdown cells, suggests that the drug
affects not only GBF1 activity but additional steps critical to cargo export from
ERES or cargo maintenance at VTCs.

Further analysis of the VSVG positive peripheral puncta identified them as
post-ERES structures. Images shown in Figure 3.10 (top panels) first confirmed
that they lack COPI, as expected. Furthermore, the VSV G-positive peripheral
structures stain for ERGIC53, but not for Sec31, and therefore likely correspond
to VTCs (Figure 3.10, middle and bottom panels). Quantitative analysis of these
and five similar images confirmed that greater than 87+6% of the VSVG positive
puncta (n=287) also contain ERGIC53 while fewer than 15+3% overlapped with
Sec31 (n=161). Altogether, these results demonstrate that cargo sorting from
ERES and transport to peripheral VTCs can take place even in the absence of
GBF1/CORPI.

3.2.4 BIGs knockdown blocks recruitment of clathrin adaptors but does not
prevent COPI recruitment or maintenance of the Golgi stack

Arf activation at the TGN has been implicated in the recruitment of several
clathrin adaptor molecules such as AP-1 and GGAs (Bonifacino and Traub,
2003), a process likely controlled by the TGN-localized BIGs. Since BIG1 and
BIG2 form heterodimers and likely perform redundant function at the TGN
(Yamaji et al., 2000), knockdown of both BIGs was necessary to examine their
function. To eliminate BIGs, we selected a combination of BIG1- and BIG2-
targeted RNA duplexes that as mentioned above proved effective in reducing
levels of both BIG1 and BIG2 in several immuno-blot (Figure 3.3) and IF
experiments (Figure 3.4 and 3.5). Overall, BIG1 and BIG2 appeared less stable
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Figure 3.9. BFA treatment prevents accumulation of VSVG in VTCs even in
cells lacking GBFL1.

HeLa cells were transfected with siRNA duplexes targeting luciferase (Mock) or GBFI, as
indicated on the left. Fifty hours after transfection, cells were transfected again with a plasmid
encoding VSVGtsO45-GFP, then temperature shifted, treated with DMSO/10 pg/ml BFA, and
fixed, as illustrated in the top diagram. Cells were double-stained for COPI and GFP. Images in
the bottom panels reveal the GFP-VSVG pattern. Knockdown was confirmed for DMSO treated
samples by redistribution of COPI (not shown). Images shown are representative of at least 2

separate experiments. Bar, 20 um.
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Figure 3.10. GBF1 knockdown traps cargo in ERGIC53-positive VTCs that

are separate from Sec31-positive ERES.

HeLa cells were transfected first with siRNA duplexes targeting GBF1 and 50 h later with a
plasmid encoding VSVGtsO45-GFP as described in Chapter 2. After 18 h, cells were shifted to
40°C for 4 h and then to 32°C for 120 min, as illustrated in Figure 3.7. Fixed cells were double-
stained for the indicated markers. Single-slice confocal images are shown. Insets display threefold
magnification of boxed areas of merged images shown in center panels. Images shown are

representative of at least 2 separate experiments. Bar, 20 um.

74



than GBF1 and were undetectable by IF in greater than 70% of the cells as early
as 48 h after transfection.

To confirm the involvement of BIGs in clathrin adaptor recruitment, we
first examined the impact of BIGs knockdown on the distribution of endogenous
AP-1 and GGA3. As shown in Figure 3.11, A and B, BIGs knockdown
eliminated bright juxta-nuclear staining for AP-1, yielding a weaker and more
dispersed punctate pattern. We observed identical AP-1 redistribution whether
performing knockdown treatment for 2 or 3 days, which led us to conclude that
residual membrane association of clathrin adapters likely reflects Arf activation
by endosome associated Arf-GEFs of the ARNOs and EFA6 sub-families
(D'Souza-Schorey and Chavrier, 2006). Quantitative analysis of these and similar
images from three separate experiments confirmed that BIGs knockdown caused
AP-1 redistribution in greater than 85% of transfected cells (n=61). BIGs
knockdown similarly caused redistribution of endogenous GGA3 from a compact
juxtanuclear structure to a diffuse pattern (Figure 3.11C).

The effects of BIGs knockdown appear specific for clathrin adaptors since
loss of BIGs had no measurable impact on the recruitment of the COPI coat
(Figure 3.11D). As expected from the presence of COPI on juxtanuclear
structures, loss of BIGs had no impact on the localization of cis- or medial- Golgi
markers such as GBF1 (Figure 3.16), p115 or Manll (Figure 3.11, E and F).
Retention of Golgi structures cannot reflect partial BIGs knockdown since a 2-day
treatment with siRNA duplexes was sufficient to eliminate BIG1 staining and
extending BIGs knockdown to 3 days did not cause detectable reduction or
fragmentation of Golgi signal in any of the transfectants examined. BIGs
knockdown for 3 days did not cause detectable reduction or fragmentation of
Golgi signal (Man II, p115, and COPI) in any of the transfectants examined
(n=30, 142, and 39, respectively).

3.2.5 BIGs knockdown disrupts assembly of the TGN
BIGs knockdown and/or consequent loss of adaptor recruitment in the Golgi
region leads to loss of a detectable TGN. The first indication that BIGs may be

essential for TGN assembly came from examination of the well-characterized
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C. GGA3/BIG1 D. COPI/BIG1

E. p115/BIG1

Figure 3.11. BIGs knockdown blocks recruitment of TGN-specific coats,

redistributes TGN markers, but does not prevent assembly the Golgi stack.

HeLa cells were transfected with pools of siRNA duplexes targeting both BIG1 (#2 and #3) and
BIG2 (#1- 4) as described in Chapter 2. Fixed cells were double-stained for the indicated markers.
A, B The pattern observed with BIGI/AP-1 double-staining. C—H The distribution of various
Golgi (COPI, p115, Manll) and TGN (GGA3, TGN46, sortilin) markers with the inset showing
pattern obtained with the second marker (BIGl or AP-1). Cells with effective KD
(loss/redistribution of BIG1/AP-1) were outlined. Images shown are representative of at least 3

separate experiments. Bar, 20 um.

76



TGN membrane marker TGN46. Effective BIGs knockdown, as measured by
AP-1 redistribution (inset), caused dispersal of TGN46 (Figure 3.11G). This
marker did not accumulate at the cell surface but rather relocalized to weak puncta
scattered throughout the cytoplasm, as previously observed in GBF1 knockdown
cells (Figure 3.6H). To further probe the impact of BIGs knockdown, we
examined the distribution of cargo receptors that cycle between the TGN and
endosomes to transport lysosomal hydrolases and whose function rely on GGAs
(Bonifacino and Traub, 2003; Ni et al., 2006). These sorting receptors include not
only canonical mannose 6-phosphate receptors, but also the more recently
described sortilin, a member of the VpslOp family. In sharp contrast to the
control, BIGs knockdown reproducibly prevented normal localization of sortilin;
this marker redistributed to a weak dispersed pattern and did not appear to
accumulate at the cell surface (Figure 3.11H).

To examine whether the redistribution of TGN markers resulted from a
defect in assembly and maintenance of a functional TGN, we took advantage of
the fact that treatment with the proton ionophore monensin traps a sub-set of
Golgi enzymes such as GalT into dispersed vacuoles derived from the TGN
(Borsig et al., 1999; Puri et al., 2002; Schaub et al., 2006). GalT resides
primarily in trans-Golgi cisternae but does cycle to and from the TGN where it
becomes trapped in monensin-treated cells (Schaub et al., 2006). Any residual
trafficking to the TGN in BIGs knockdown cells should therefore be detectable by
accumulation of GalT in remaining TGN structures following treatment with
monensin. We first verified that BIGs knockdown had no impact on the Golgi
localization of GalT and its co-distribution with the medial-Golgi marker Manll
(Figure 3.12, top panels). Secondly, we confirmed that in control cells a brief 15
min treatment with monensin was sufficient to cause accumulation of GalT in
vacuoles clearly separate from the Golgi ribbon marked by Manll (Figure 3.12,
middle panels). As shown in Figure 3.12 (bottom panels), monensin did not
change the GalT juxta-nuclear distribution in BIGs knockdown cells, even when

the treatment was lengthened from 15 to 30 min. Quantitative analysis revealed
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Figure 3.12. BIGs knockdown prevents monensin-induced redistribution of
GalT-GFP.

HeLa cells were transfected with a plasmid encoding GalT-GFP and a pool of siRNA duplexes
targeting either luciferase (Mock), or BIG1 and BIG2 (BIGs) as described in Chapter 2. Seventy-
two hours after siRNA transfection, cells were treated with either methanol or 4uM monensin for
the indicated periods of time. Cells were then fixed and stained for Manll and AP-1. Cells with
effective BIGs KD were identified by loss of AP-1 juxtanuclear staining (not shown). Single-slice
confocal images of the Manll (red) and GFP signal are shown. Merged images shown on the right.

Images shown are representative of at least 3 separate experiments. Bar, 20 um
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that GalT redistributed to dispersed vacuoles distinct from Manll positive Golgi
ribbons in greater than 91+4 % of control cells (n=117), while this occurred in
fewer than 14+£10% of knockdown cells (n=46). The lack of GalT redistribution
in the majority of BIGs knockdown cells demonstrates that effective knockdown
was achieved, and strongly suggests that BIGs play a critical role in assembly of
the TGN.

3.2.6 BIGs knockdown does not prevent cargo traffic to the cell surface or
assembly of a polarized Golgi stack

To determine whether the structures detected with several Golgi markers in BIGs
knockdown cells remained functional we first examined traffic of VSVG-tsO45-
GFP. Expression of BIGs was knocked down in HelLa cells as before, and then
these cells were subjected to a VSVG expression and temperature shift protocol
similar to that described in Figure 3.8A. As shown in Figure 3.13 and 3.14, BIGs
knockdown did not prevent VSVG transport to the juxta-nuclear region or its
appearance at the cell surface. VSVG reached the juxta-nuclear region 20 min
after shift to the permissive temperature and clearly accumulated at the PM within
two hours. Similar results were obtained either by infecting cells with the mutant
strain of VSV producing VSVGts045 or by transfecting cells with a plasmid
encoding for VSVGts045-CFP (Figure 3.15). Furthermore, loss of BIGs appeared
not to affect the kinetics of VSVG traffic since, at all time points examined, the
fraction of cells with VSVGts045-GFP at the Golgi or the PM were nearly
identical in mock and BIGs knockdown cells (Figure 3.14). These results clearly
demonstrate that BIGs and a functional TGN are not required for efficient sorting
of some cargo molecules to the PM of non-polarized cells.

The observation that BIGs knockdown does not prevent cargo traffic to the
cell surface suggests that the GBF1/COPI coat machinery may be sufficient to
drive assembly of a Golgi stack that can not only produce carriers for the PM but
may have retained its characteristic polarized organization. We tested this
possibility by examining the impact of BIGs knockdown on the relative
distribution of several markers with limited distribution within the Golgi stack.

HelLa cells were subjected to BIGs knockdown and examined by IF using a triple
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Figure 3.13. BIGs knockdown does not block traffic of VSVG to the cell
surface.

HeLa cells were transfected with siRNA duplexes targeting either luciferase (Mock) or BIG1 and
BIG2 (BIGs), as indicated on the top. Fifty hours after transfection, cells were transfected again
with a plasmid encoding VSV GtsO45-GFP, then temperature shifted, and fixed, as illustrated in
Figure 3.7. Cells fixed at the indicated times after shift-down to 32°C were double-stained for
BIG1 and GFP. Knockdown was confirmed by redistribution of BIG1 (not shown). Images reveal
the GFP-VSVG pattern observed at the times shown on the left side of the panels. Arrowheads
mark plasma membrane (PM) where VSVG accumulates. The nuclei of cells with effective KD
(loss of BIG1) were marked by asterisks. Images shown are representative of at least 6 separate

experiments. Bar, 20 pm.
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Figure 3.14. BIGs knockdown does not block traffic of VSVG to the cell

surface.

HeLa cells were transfected with siRNA duplexes targeting either luciferase (Mock) or BIG1 and
BIG2 (BIGs). Fifty hours after transfection, cells were transfected again with a plasmid encoding
VSVGtsO45-GFP, then temperature shifted, and fixed, as illustrated in Figure 3.7. At each time
point after release for both Mock (e and A, solid line) and BIGs KD (o and A, dashed line) cells,
a minimum of 25 cells were scored for presence of VSVG at Golgi only (o, e), or at Golgi and PM
(A, A). The fraction of cells with the indicated pattern was expressed as percentage and is shown

as a function of time after shift-down to 32°C.
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Figure 3.15. BIGs knockdown does not prevent transport of VSVG to the

cell surface.

HeLa cells were transfected with either luciferase-targeted RNA (top row) or a pool of RNA
duplexes comprised of BIG1 150nM (D2 and D3) & 200 nM BIG2 (D1, D2, D3 and D4) (middle
and bottom rows). 44 hours later, they were transfected with 1ug plasmid encoding VSVGts045-
CFP and shifted to 40°C for 8 hours to accumulate cargo protein in the ER (top and middle rows).
For the bottom row cells were infected with the live virus strain producing VSVGts045 and after 3
hours cells were shifted to 40°C for another 2 hours. Cells were then either fixed (t=0) or shifted
to 32°C for either 30 or 120 min. Transfectants with effective KD are marked by asterisks. Images

are representative of at least 2 separate KD experiments.
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labelling protocol. As shown in Figure 3.16, BIGs knockdown did not prevent
assembly of a polarized Golgi stack in which cis-Golgi markers such as p115 and
GBF1 remain well resolved from a trans-cisterna marker such as GalT-GFP.
Effective BIGs knockdown was confirmed using BIG1 and AP-1 as markers (blue
channel). Bottom most panels show an image of an enlarged area in which the
red (cis) and green (trans) signals have been merged. Normal separation of cis-
and trans-markers was observed in all transfectants examined (68 cells from three
separate experiments).

To better illustrate the spatial resolution of the Golgi markers, we
measured signal intensity along the white line shown in the merged image and
reported values for each marker in the graphs on the right. The graphs confirmed
good overlap of BIG1 and AP-1 with GalT-GFP in mock-treated cells, and clear
separation of cis- and trans-markers in both mock-treated and BIGs knockdown
cells. Quantitative analysis of the average distance between cis- and trans-Golgi
markers in several regions (n> 6) of cells from two separate experiments
established that the average distance between p115/GalT or GBF1/GalT peaks
were nearly identical in control and BIGs knockdown cells. Furthermore,
quantitative analysis of fluorescence signal overlap in several images similar to
those shown in Figure 3.16 confirmed that both pairs of cis/trans markers
remained well-resolved in BIGs knockdown cells (Table 3.1). Altogether, these
results strongly suggest that GBF1/COPI, but not BIGs/clathrin, is essential to

drive assembly and maintenance of a polarized Golgi stack.
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Figure 3.16. BIGs knockdown does not prevent assembly of a polarized

Golgi stack.

HeLa cells were transfected with a pool of siRNA duplexes targeting either luciferase (Mock), or
BIG1 and BIG2 (BIGs). After 48 h, cells were transfected again with a plasmid encoding GalT-
GFP. Cells were fixed 24 h later and double-stained for either BIG1/p115 or AP-1/GBF1. Single-
slice confocal images are shown. Merged images display the red and GFP signal from the enlarged
boxed areas. Graphs in the right column report pixel intensity profiles in all three channels along
the white bar shown in the merged panels. Images shown are representative of at least 3 separate

experiments. Bar, 20 pm.
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Table 3.1 BIGs knockdown does not affect separation of cis- and trans-Golgi

markers
p115vs GalT GBF1vs GalT
Mock 29+5% (n=6) 36+9% (n=8)
BIGs KD  27+9% (n=19) 30+10% (n=23)

The extent of signal overlap in percent between the two indicated markers was
measured as described in methods. Shown is the average + SD obtained for the

indicated conditions.
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3.3 Discussion

We exploited complementary overexpression and knockdown approaches to
examine the relative functions of GBF1 and BIGs at the Golgi complex. As
expected from their distinct localizations, overexpression of GBF1 and BIG1 had
opposite effects on the sensitivity of the COPI and AP-1 coats to BFA. GBF1
stabilized COPI and protected cis-compartments but not AP-1 or HA-furin
positive trans-Golgi membranes; in contrast BIG1 protected AP-1 but not COPI.
Knockdown with several specific RNA duplexes or shRNAs confirmed that
GBF1 and BIGs perform distinct functions in the Golgi complex. GBF1
knockdown caused redistribution of COPI and most Golgi markers to a diffuse
pattern while tethering factors such as p115 and giantin redistributed into puncta
and reticular structures. Contrary to expectations, knockdown of GBF1 and
CORPI, singly or in combination, did not prevent export of VSVGtsO45 from the
ER, but caused its accumulation into ERGIC53-positive puncta separate from
Sec31-positive ERES. On the other hand, BIGs knockdown had no impact on the
COPI machinery or several Golgi markers but caused loss of clathrin adaptor
proteins as well as redistribution of TGN46 and the sorting receptor sortilin.
Further tests with monensin confirmed loss of detectable sorting of GalT to the
TGN. Despite these clear effects on the TGN, BIGs knockdown prevented
neither traffic of VSV GtsO45 to the PM, nor assembly of a polarized Golgi stack.
Our observations indicate that COPII is the only coat required for sorting and
export from ERES. Furthermore, GBF1 but not BIGs appears necessary for COPI
recruitment and cargo progression from VTCs to cell surface. The maintenance
of a polarized Golgi stack in absence of BIGs suggests that the GBF1-COPI
machinery is sufficient to drive the maturation process responsible for Golgi
organization.

3.3.1 Effectiveness and selectivity of Golgi ArfGEFs knockdown

Several experiments established that the knockdown methods used in our study
led to selective and effective loss of the targeted proteins. Multiple observations
confirmed the selectivity of the knockdown effects. These include the fact that

similar knockdown effects were observed using any one of several sequences
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targeting different regions of the mRNA, and whether sequences were delivered
by direct transfection of duplexes or by plasmid-driven synthesis of short hairpins
RNA. The observation that targeting either §-COP or GBF1 had the same impact
on ER export and the Golgi complex further supports our conclusion that
knockdowns were selective.

The extent of knockdown varied within a given cell population, and
depended on the nature of the target and length of treatment. These variations
allowed us to identify with confidence cells displaying effective knockdown of
targeted proteins. For example, we could readily recognize cells with partial
knockdown for GBF1 (Figure 3.7); these cells lacked or showed little detectable
GBF1 but still displayed a fragmented Golgi complex stained weakly with COPI
(Figure 3.7). By selecting cells with no remaining COPI staining we could ensure
that all cells analyzed had effective GBF1 knockdown. In the case of BIGs, short
treatment (48 hrs) proved effective at eliminating BIG and dispersing AP-1 IF
signal. The fact that lengthening treatment to 72 hours had no further impact on
the distribution of TGN and Golgi markers established that effective knockdown
had been achieved.

3.3.2 GBF1 is essential for COPI recruitment and assembly of the Golgi
complex, but is not required for cargo concentration and export from ERES

Results obtained through our combined use of overexpression and RNA-
dependent silencing established that GBF1, but not BIGs, is required to activate
Arfs for recruitment of COPI. The localization of GBFL1 to early compartments of
the Golgi complex first suggested a functional link between GBF1 and COPI
(Kawamoto et al., 2002; Zhao et al., 2002). Subsequent studies revealed that
overexpression of the charge-reversal dominant negative mutant GBF1[E794K]
(Garcia-Mata et al., 2003), microinjection of neutralizing GBF1 antibodies (Zhao
et al., 2006) or use of the drug Golgicide A as a specific inhibitor of GBF1
function (Saenz et al., 2009) caused loss of COPI recruitment and subsequent
disassembly of the Golgi complex. The loss of COPI recruitment and Golgi
structure following GBF1 knockdown (Figure 3.6), as well as the coat and

compartment-specific protection conferred by GBF1 overexpression (Figure 3.1),
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extend these observations and confirm this functional link. We have no
explanation for the surprising observation by Lefrancois et al., suggesting that
GBF1 appears necessary for GGA activation at the TGN (Stéphane and Peter,
2007), since all other laboratories, including ours, support GBF1 function at the
cis-Golgi for COPI recruitment.

The availability of tools for the effective knockdown of GBF1 and COPI
allowed us to test the 2-step model which proposes that Arfs and COPI are
required for traffic out of ERES. Contrary to predictions from this model, we
observed that the GBF1/COPI machinery was not required for the concentration
and export of VSVG cargo from ERES. These results are consistent with a wealth
of information derived from yeast cell-free assays (Barlowe, 2003; Sato and
Nakano, 2007) and the recent identification of COPII carriers in animal cells
(Zeuschner et al., 2006). These results are also consistent with our previous
demonstration that GBF1 does not associate with ERES, but rather with VTCs
that are close but physically separate from ERES (Zhao et al., 2006). Finally, our
result have been confirmed recently by the use of the specific GBF1 inhibitor
golgicide A, which does not block VSVG trafficking at ERES, but the cargo
accumulates at ERGIC (Saenz et al., 2009).

To explain the apparent block in cargo export by BFA or Arf mutants
(Ward et al., 2001), we propose that these treatments do not block export of cargo
from the ER, but rather prevent cargo retention in VTCs by promoting retrograde
traffic from VTCs to the ER. This model is based on our recent demonstration
that BFA causes VTCs to lose their cargo to the ER through a microtubule-
dependent mechanism (Zhao et al., 2006). This could occur if the inactive GBF1
trapped on membranes by BFA (Niu et al., 2005; Szul et al., 2005; Zhao et al.,
2006) somehow interfered with protein sorting at ERES and/or VTCs.
Alternatively, BFA could affect additional targets such as BFA-induced ADP-
ribosylated substrate (BARS) that has been implicated in membrane scission of
COPI vesicles (Yang et al., 2005) and whose activity is inhibited by BFA-induced
ADP-ribosylation (Weigert et al., 1999).
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Surprisingly, a previous publication by Sztul and colleagues(Szul et al.,
2007) reported that GBF1 knockdown did not prevent assembly of the Golgi
complex and transport of all cargo molecules to the cell surface. This report is in
clear contradiction with the results presented in this chapter or the previous
reports using the GBF1[E794K] mutant (Garcia-Mata et al., 2003) or Golgicide A
(Saenz et al., 2009) that GBF1 knockdown prevented the formation of motile
transport competent carriers necessary for assembly and maintenance of the Golgi
complex. We conclude that Szul and colleagues actually achieved only partial
GBF1 knockdown and analysed cells with fragmented Golgi complexes, as
marked by the punctate COPI staining (Figure3.6).

In GBF1 knockdown cells, VSVG cargo accumulated in VTCs that
contained several tethering factors such as p115 and giantin, but failed to either
mature into Golgi resident enzymes-containing structures or to associate with
microtubules and migrate to the cell center. The fact that VSVG but not Golgi
resident enzymes accumulated in VTCs likely reflects the presence in VSVG of a
di-acidic sorting signal efficiently recognized by COPII (Nishimura et al., 1999;
Sato and Nakano, 2007). The reason for the lack of movement to the cell center
remains unknown but, as proposed by Sztul and colleagues (Garcia-Mata et al.,
2003), it may be related to the absence of COPI-driven active protein sorting that
normally drives formation of membrane domains critical for recruitment of other
proteins such as rabs and motors/accessory proteins (Short et al., 2005).

3.3.3 BIGs are required for recruitment of clathrin adaptor and
maintenance of the TGN

Previous work established that BIGs localize at the TGN and overlap with
clathrin, suggesting that BIGs regulate Arf activation for recruitment of GGAs
and other adaptor proteins such as AP-1 (Yamaji et al., 2000; Zhao et al., 2002).
We confirmed here the functional link between BIG1 and AP-1 by showing that
BIG1 overexpression stabilizes AP-1 but not COPI against dispersal following
short BFA treatment. Nakayama and colleagues confirmed a similar link between
BIG2 and AP-1 using related approaches (Shinotsuka et al., 2002b). As
predicted, BIGs knockdown caused loss of both AP-1 and GGA3 from the juxta-
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nuclear region. This redistribution of AP-1 is similar to that reported following
BFA treatment of several cell lines in which the Golgi complex is either naturally
resistant to BFA or acquired resistance following mutagenesis. For example, the
Golgi stack of MDCK and PtK1 cells (Robinson and Kreis, 1992) or mutagenized
CHO-K1 cells (Torii et al., 1995) remains unperturbed following BFA treatment
while some AP-1 localizes to disperse puncta. In all cases, residual membrane
association of clathrin adapters likely results from Arf activation by endosome-
associated BFA resistant Arf-GEFs of the ARNO and EFA6 sub-families
(D'Souza-Schorey and Chavrier, 2006).

Previous attempts to test the model that GGAs and APs recognize sorting
signals in endosomal-targeted cargo and drive maturation of the TGN, focused on
blocking the function of either AP1, 3 and 4 or GGAs (Bonifacino and Traub,
2003; Gleeson et al., 2004). However, expression of dominant negative mutants
or silencing of either types of adaptors led to variable outcomes ranging from
tubulation of the Golgi, accumulation of endosomal cargo in the TGN or its
dispersal to peripheral endosome structures (Ghosh et al., 2003; Puertollano et al.,
2001a; Puertollano et al., 2001b). These apparent discrepancies should not be
surprising, however, since current evidence suggests that adaptors function in
both anterograde and retrograde traffic, and at the TGN participate in a multistep
process involving both GGAs and APs (Ghosh and Kornfeld, 2004); loss of only a
subset of the adaptors would imbalance this process, with complex consequences.
Effective knockdown of BIGs circumvented this problem by preventing
recruitment of both APs and GGAs to the Golgi complex. Under these
conditions, we could readily detect loss of a recognizable juxta-nuclear TGN
structure stained by TGN46 or sortilin. Disruption of sorting to the TGN was
confirmed by clear loss of GalT accumulation in dispersed vacuoles following
monensin treatment. We predict that simultaneous silencing of all GGAs and
several APs will be required to observe effects similar to those we report for BIGs

knockdown.
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3.3.4 GBF1, but not BIGs, is required for assembly of a polarized Golgi
stack
One of the more surprising results of our study was the observation that BIGs
knockdown did not prevent assembly of a polarized Golgi stack in mammalian
cells. The Golgi complex acts as a dynamic sorting station that exploits two
separate coats to receive and package material for both anterograde and retrograde
traffic. For this reason, we expected that loss of its clathrin-based sorting
machinery would seriously disrupt complex homeostatic mechanisms that
normally maintain Golgi structure and function. Furthermore, previous work in S.
cerevisiae had already established that loss of Sec7p, the single orthologue of
BIGs, completely alters Golgi morphology and blocks protein secretion: Sec7
temperature sensitive mutants accumulate large numbers of stacked Golgi
membranes (Berkeley bodies) with concomitant block in traffic to the vacuole and
cell surface (Deitz et al., 2000; Esmon et al., 1981; Franzusoff and Schekman,
1989; Novick et al., 1980; Rambourg et al., 1993). Contrary to expectation, we
observed that in BIGs knockdown cells Golgi stacks not only retained a degree of
polarization similar to that of control cells, but also efficiently trafficked VSVG to
the cell surface (Figures 3.13, 3.14, 3.15 and 3.16).

The apparent discrepancy between the impact of Sec7 inactivation and
BIGs knockdown may reflect differences in the organization of the secretory
pathways of S. cerevisiae and animals. Yeast Golgi elements appear as fine or
coarse nodular networks that are neither cisternal nor arranged in stacks (Kepes et
al.,, 2005; Morin-Ganet et al., 2000; Rambourg et al., 2001). Several
morphogenetic studies revealed a gradual transformation of Golgi elements
following their initial assembly from ER-derived vesicles: from tubular clusters,
they become a network of fine tubules linked by nodes that transform into a
thicker nodular network which eventually releases secretory granules by rupture
of tubular areas. Of particular significance, mixed forms containing two networks
of different calibers have been observed (Morin-Ganet et al., 2000) and it is
therefore likely that the transformation from early to late elements involves

concerted action of both the COPI and clathrin coats within a transiently
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continuous network. This view is consistent with recent description of Golgi
maturation in live yeast (Losev et al., 2006; Matsuura-Tokita et al., 2006), and
may explain why early and late Golgi elements may not be able to function
independently in S. cerevisiae. In other words, loss of Sec7 would prevent further
maturation of the nodular network and cause accumulation of membranes unable
to release any cargo carriers.

In contrast, the Golgi complex of animal cells occurs as a structured stack
of flattened cisternae with varying extent of fenestration that is flanked by
extensive tubular-reticular networks (Mogelsvang et al., 2004; Rambourg and
Clermont, 1990; Thorne-Tjomsland et al., 1998). Previous work established that
several tethering factors such as pl15, GM130 and GRASP can associate
independently from oligosaccharide modifying enzymes to form a ribbon-like
reticulum that can act as a structural scaffold for the Golgi stack (Seemann et al.,
2000). Our results suggest that the GBF1-dependent recruitment of the COPI coat
is sufficient to promote the formation of specialized membrane domains and cargo
carriers that can move cargo from VTCs, assemble on this matrix and
subsequently drive the maturation process to yield a polarized stack. Arfs
regulate not only COPI but also lipid remodelling enzymes and we cannot exclude
the possibility that GBF1 may also be critical for control of phosphoinositide
levels and assembly of the p-I11 spectrin cytoskeleton (De Matteis and Godi,
2004b). The fact that one can eliminate BIGs and maintain much of this
organization suggests that these mechanisms are robust and that stacking may
permit the observed uncoupling of cis and trans-acting coats.

The observation that VSVG trafficked normally to the cell surface in BIGs
knockdown cells remains consistent with the well-established role of the TGN in
sorting of cargo to various destinations in both non-polarized and polarized cells
(Bard and Malhotra, 2006; Bonifacino and Traub, 2003; Rodriguez-Boulan et al.,
2005; Rodriguez-Boulan and Musch, 2005). Maturation by the COPI coat in
animal cells may allow the creation of membrane domains on the trans-side that
become enriched in anterograde cargo proteins and eventually peel off the stack to

carry some or all of its content to the cell surface. Under normal conditions such
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intermediates would likely be absorbed in the TGN from which cargo would be
then sorted to its various destinations. Our results establish that whatever
mechanisms normally drive traffic of VSVG from the TGN remain operational in
absence of TGN and BIGs/clathrin dependent sorting. The absence of a
detectable TGN in BIGs knockdown cells further suggests that little if any of the
membranes released from the Golgi stack remain in this area. Further work will
clearly be required to establish when and how the BIGs machinery is recruited to
late cisternae to facilitate membrane retention, formation of the TGN and sorting

of endosomal cargo.
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CHAPTER FOUR:

ARF3 IS ACTIVATED SPECIFICALLY BY THE LARGE GUANINE NUCLEOTIDE

EXCHANGE FACTORS BIGS AT THE TRANS-GOLGI NETWORK
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4.1 Overview

As established in chapter 3, two classes of Arf-GEFs regulate recruitment of coat
proteins on the Golgi complex, both of which are targets of BFA. GBF1 localizes
at the cis-Golgi complex where it regulates COPI recruitment. In contrast, BIG1
and BIG2 localize at the TGN and facilitate clathrin membrane recruitment. How
these Arf-GEFs regulate different coats in spite of their well-characterized
promiscuity towards class | and Il Arfs remains unknown. Here, we provide
evidence supporting for the first time the notion that Arf3 is activated uniquely by
BIGs at the TGN. Imaging experiments first established that Arf3 appears
separate from the cis-Golgi markers GBF1 and p115 while colocalizing to a large
extent with BIG1 and TGN46. Simultaneous knockdown of both BIGs
redistributed Arf3-GFP from Golgi membranes while overexpression of BIGL,
but not GBF1, protected Arf3-GFP Golgi localization from BFA-induced
redistribution. In a parallel experiment short treatment with BFA of BFY1 cells
redistributed AP1/Arf3 while COP1/Arfl membrane recruitment remained largely
unaffected. Shifting temperature to 20°C for 2 hours, a method known to block
cargo in trans-Golgi compartments, had a dramatic impact on Arf3 distribution.
Redistribution of Arf3 from Golgi membranes upon shift to 20°C was not
immediate but occurred gradually over 10 minutes. This redistribution was
specific for Arf3 since Arfl-GFP, BIG1, TGN46 and AP-1 remained unaffected.
Arfl and Arf3 differ in sequence only in two short regions at the N- and C-
termini. We constructed a series of Arfl1/Arf3 chimeras and observed that Arfl
chimeras containing the N-terminal region of Arf3 redistributed as WT Arf3 upon
shift to 20°C. Conversely, Arf3 chimeras containing the N-terminal region of
Arfl remained unaffected. Further analysis of point mutants identified two
residues critical for this property. Using the same Arfl/3 chimeras we were able
to demonstrate that the C-terminus directs Arf3’s specific localization.
Mutagenesis analysis of the variant amino acids from the C-terminus of Arf3
pointed towards A174 and K180 being important in directing Arf3 towards the
TGN. Arf3 knockdown had no impact on any of the markers tested or on VSVG
trafficking to PM. We conclude that Arf3 is likely activated specifically by BIGs
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at the TGN. At the same time, the amino acids at position 9 and 13 in the N-
terminus of Arf3 and Arfl are important in dictating temperature sensitivity while
residues Al174 and K180 from the C-terminus of Arf3 are important for its

specific Golgi localization.
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4.2 Results

4.2.1 Arf3 localizes specifically to the trans-compartments of the Golgi
complex.

The first observation that sparked our interest towards investigating in more detail
the specific localization and role of Arf3 was live cell imaging data obtained by
Dr. Justin Chun in NRK cells. His data indicate that GBF1-GFP and Arf3-
mCherry localize to distinct Golgi compartments (Chun et al., 2008). In order to
confirm this unexpected observation we examined the relative distribution of Arf3
and several cis- and trans-Golgi markers within the Golgi complex. Most of
those experiments took advantage of tagged forms of Arf3 expressed at low to
moderate levels since none of the available antibodies selectively detect
endogenous Arf3 in fixed cells. Some experiments used a pan-specific Arf
antibody to detect overexpressed untagged Arf3.

Double labeling experiments in NRK cells confirmed that Arf3 localizes
preferentially to a compartment containing trans-Golgi markers that is clearly
separate from the cis-Golgi (Figures 4.1A and 4.2A). Quantifying the extent of
overlap with various markers revealed that membrane-bound Arf3 colocalizes
with the trans-Golgi markers BIG1 (~ 80%) and GalT-GFP (~ 84%) whereas it
overlaps to a much smaller extent with the cis-Golgi markers GBF1 (~ 37%) and
pl15 (~ 30%) (Figures 4.1B and 4.2B). Similar results were obtained in HelLa
cells (Figures 4.3 and 4.4). Importantly, Arf3 tagged with either GFP or the
smaller HA epitope localized like untagged Arf3 to trans-compartments labelled
with GalT-GFP (Figure 4.2). All these observations suggest that Arf3 localizes at
the trans-side of the Golgi complex and that epitope-tagging does not interfere
with this process.

4.2.2 BIGs are critical for Arf3 recruitment to the trans-side of the Golgi
complex.

The specific localization for Arf3 described above (Figures 4.1, 4.2, 4.3 and 4.4)
and the fact that the only Arf-GEFs enriched at the trans-side of the Golgi
complex are BIG1 and BIG2 (Zhao et al., 2002) prompted us towards the next

logical question: could there be a functional link between BIGs and Arf3? We
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Figure 4.1. Arf3 localizes in a tag independent manner to a compartment
distinct from the cis-Golgi.

A. NRK cells were transfected for 24 h with plasmids encoding Arf3-GFP or Arf3-HA as
indicated. Fixed cells were stained for the specified markers and images were acquired using a
confocal microscope. Representative images selected from at least 2 separate experiments are
shown. B. Quantitative analysis of signal overlap between Arf3 and the specified markers was
performed as described in section 2.9.6. Error bars correspond to the mean + SD (n > 16 cells from

2 separate experiments).
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Figure 4.2. Arf3 localizes in a tag independent manner to the trans-side of

the Golgi complex.
A. NRK cells were transfected for 24 h with plasmids encoding Arf3-mCherry, Arf3-HA,

untagged Arf3 and GalT-GFP as indicated. Fixed cells were stained for the specified markers and
images were acquired using a confocal microscope. Untagged Arf3 was stained using a pan
specific Arf antibody (clone 1D9). Representative images selected from at least 2 separate
experiments are shown. B. Quantitative analysis of signal overlap between Arf3 and GalT-GFP
was performed as described in section 2.9.6. Error bars correspond to the mean + SD (n > 16 cells

from 2 separate experiments).

100



Figure 4.3. Arf3 localizes to a compartment clearly distinct from the cis-

Golgi in HeLa cells.

HeLa cells were transfected for 24 h with plasmids encoding Arf3-GFP or Arf3-HA as indicated.
Fixed cells were stained for the specified markers and images were acquired using a confocal
microscope. Representative images selected from at least 2 separate experiments are shown. Red

and green signal show distinct but sometimes complementary pattern.
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Figure 4.4. Arf3 also localizes to the trans-side of the Golgi complex in HeLa

cells, regardless of the tag.

HeLa cells were transfected with plasmids encoding Arf3-GFP, Arf3-mCherry, Arf3-HA and/or
GalT-GFP as indicated. Fixed cells were stained for the specified markers and images were
acquired using a confocal microscope. Representative images selected from at least 2 separate
experiments are shown. Although red and green signal vary in intensity, patterns are similar and

signal largely overlap.
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tested this hypothesis by a series of three complementary experiments. We first
examined if overexpression of BIG1 prevented dispersal of Arf3-GFP after short
BFA treatment. Overexpression of the Arf-GEF should protect the membrane
recruitment of its effectors from the effect of BFA in a similar fashion as GBF1 or
BIG1 overexpression protected COP1 or AP-1, respectively (Figure 3.1 A and B).
As predicted, Arf3-GFP fully dispersed in control cells shortly after BFA
addition, but remained Golgi-localized in cells overexpressing even moderate
levels of BIG1 (Figure 4.5A, top panels). In contrast, overexpression of GBF1
even to very high levels did not prevent BFA-induced redistribution of Arf3-GFP
(Figure 4.5A, bottom panels). Quantitative analysis of cells overexpressing either
BIG1 or GBF1 confirmed that Arf3-GFP still localized to juxtanuclear
membranes in 94+2% of BIG1 overexpressing cells but in only 4 + 1.3% of GBF1
overexpressing cells (Figure 4.5B).

To determine if BIGs were required for Arf3 activation and recruitment to
trans-Golgi  compartments we performed complementary  knockdown
experiments. We previously established that knockdown of BIGs disperses the
TGN but does not affect the GBF1/COP1 system and maintenance of a polarized
Golgi stack (Manolea et al., 2008). Since Arfl localizes preferentially towards
the cis-Golgi (Honda et al., 2005), it should depend primarily on GBF1, not BIGs
for its recruitment. We therefore predicted the cis- and trans-localized Arfl and
Arf3 would be differentially affected by loss of BIGs. To test this possibility, we
co-transfected HeLa cells with plasmids encoding Arf1-GFP and Arf3-Cherry and
examined the impact of BIGs knockdown on their distribution. As predicted,
knockdown of BIGs, measured by dispersal of juxtanuclear AP-1, caused
redistribution of Arf3 but not Arfl (Figure 4.6A). Quantitative analysis showed
Arf3 associated with the Golgi complex in only 4 + 3.6% of cells with AP-1
redistributed while Arfl was still membrane recruited in 98 + 2.6% of BIGs

knockdown cells (Figure 4.6B).
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Figure 4.5. Overexpression of BIG1, but not GBFL1, protects Arf3 from BFA-

induced redistribution.

A. Hela cells were co-transfected with plasmids encoding Arf3-GFP and either BIG1 or GBF1.
After 24 hours, cells were treated with 5pg/ml BFA for 2 min and then fixed and stained for BIG1
or GBF1. Representative epifluorescence images are shown. Small asterisks label the nucleus of
transfected cells. B. Quantitative analysis of cells overexpressing BIG1/GBF1 showing the
percentage of cells with Arf3 localized to the Golgi complex after BFA treatment was performed
as described in section 2.9.4. Error bars correspond to the mean + SD (n > 30 cells from at least 4

separate experiments as in A).
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Figure 4.6. BIGs knockdown redistributes Arf3 but not Arfl from Golgi

membranes.

HeLa cells were transfected with either irrelevant RNA (Mock KD) or a pool of siRNA duplexes
targeting BIG1 and BIG2 (BIGs KD) for 72 hours. 48 hours before fixation, cells were co-
transfected with Arfl-GFP and Arf3-mCherry. A. Fixed cells were stained for AP-1 and images
were acquired using a confocal microscope. Small asterisks label the nucleus in a cell with
efficient BIGs KD. B. Quantitative analysis of cells with Mock KD or BIGs KD showing the
percentage of cells with Arf3 or Arfl localized to the Golgi complex was performed as described
in section 2.9.5. Error bars correspond to the mean £ SD (n>30 cells from at least 4 separate

experiments as in B).
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4.2.3 Arf3 distribution remains sensitive to BFA in CHO mutant cells with
BFA resistant GBF1/COPI system.

The unexpected dependence of Arf3 membrane recruitment on BIGs prompted us
to test the functional link between the BIGs and Arf3 using one additional
approach. This time we took advantage of a CHO-derived mutant cell line, BFY1
that acquired a Golgi-specific resistance to BFA so that markers of the TGN and
endosomes, but not of the Golgi stack, dispersed upon BFA treatment. Current
evidence suggests that BFY-1 cells acquired a BFA resistant GBF1/COPI system
but retained a BIGs/clathrin system sensitive to BFA. This gave us the
opportunity to test if Arf3 remained sensitive to short treatment with BFA in the
BFY1 cell line, suggesting that Arf3 functions with BIGs at the TGN.

We first verified the predicted BFA resistance and sensitivity of the
GBF1/COP1 and BIGs/clathrin systems, respectively. As expected, whereas all
tested markers were sensitive to BFA in the parental CHO cell line (Figures 4.7
and 4.8, top panels), the GBF1/COP1 system in BFY1 cells acquired resistance to
short BFA treatment (Figure 4.7, bottom panels) while BIGs represented here by
AP-1 remained sensitive (Figure 4.8, bottom panels). More importantly, Arfl and
Arf3 displayed the predicted differential sensitivity to BFA in BFY1 cells
(Figures 4.7 and 4.8, bottom panels). We are confident about these results since
COPI andArfl remained membrane associated in the same BFY1 cells that show
redistributed Arf3 or AP-1, respectively.

To confirm our results, we directly compared the behaviour of the two
Arfs in BFYL1 cells co-transfected with plasmids encoding Arf3-mCherry and
Arfl-GFP. As expected, recruitment of Arf3-mCherry appeared sensitive to a
short BFA treatment while Arfl-GFP retained most of its juxtanuclear
localization (Figure 4.9) and was thus minimally sensitive to BFA. All these
observations taken together reinforce the functional link we describe between the
TGN localized Arf3 and the BIGs.
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Figure 4.7. Membrane recruitment of Arf3 remains BFA sensitive in BFY1

cells.

CHO and BFY1 cells were transfected with a plasmid encoding Arf3-GFP. After 24 hours, cells
were treated with 5ug/ml BFA for 2 min and then fixed and stained for COPI. Representative
epifluorescence images are shown selected from at least 2 separate experiments are shown. As

expected, COP1 remains membrane associated even after treatment with BFA.
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Figure 4.8. Arfl remains membrane associated after short BFA treatment

while AP-1 redistributes in BFY1 cells.

CHO and BFY1 cells were transfected with a plasmid encoding Arfl-GFP. After 24 hours, cells
were treated with 5ug/ml BFA for 2 min and then fixed and stained for AP-1. Representative

epifluorescence images selected from at least 2 separate experiments are shown.
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Figure 4.9. Arf3 redistributes in BFY1 cells after short BFA treatment while

Arfl remains membrane associated.
CHO and BFY1 cells were cotransfected with plasmids encoding Arfl-GFP and Arf3-mCherry.
After 24 hours, cells were treated with 5ug/ml BFA for 2 min and then fixed. Representative

epifluorescence images selected from at least 2 separate experiments are shown.
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4.2.4 Temperature shift to and from 20°C slowly redistributes Arf3 between
Golgi membranes and cytosol.
It was previously demonstrated that shifting temperature to 20°C blocks cargo
protein progression at trans-Golgi compartments and likely impacts TGN sorting
functions (Griffiths et al., 1989; Matlin and Simons, 1983; Saraste et al., 1986).
The observations that Arf3 localizes to trans-Golgi compartments (Figures 4.1,
4.2, 4.3 and 4.4) and that its membrane recruitment requires TGN-localized BIGs
(Figures 4.5, 4.6 and 4.9), prompted us to test if shifting temperature to 20°C
would affect Arf3. Indeed, lowering the temperature had a major impact on Arf3
membrane recruitment (Figure 4.10A, top panels). However, redistribution of
Arf3 from Golgi membranes upon shift to 20°C was not immediate, but proceeded
with a ty, of approximately 10 minutes (Figure 4.10B, left graph). When the
temperature was shifted back to 37°C from 20°C, Arf3 re-associated with Golgi
membranes but recruitment was also delayed with a ty, of approximately 7.5
minutes (Figure 4.10A, bottom panels and Figure 4.10B, right graph). This delay
in Arf3 redistribution between Golgi membranes and cytosol upon temperature
shift suggests enzymatic or lipid membrane remodelling processes being key
regulators in Arf3 membrane recruitment. The reduction in Arf3 recruitment at
20°C did not result from trivial explanations such as loss of BIGs or
disappearance of the TGN since the distribution of Arfl, TGN46, BIG1 or AP-1
remained unaffected (Figure 4.11).

One lipid component that could be affected by the temperature shift is the
TGN localized Ptdins(4)P. In order to accurately monitor the levels of PtdIns(4)P
we took advantage of a chimera containing YFP and two copies of the PH domain
of PI(4)P adaptor protein (FAPP) 2 (FAPP-PH-YFP) (Godi et al., 2004; Levine
and Munro, 2002). Unfortunately, the signal for FAPP-PH-YFP in the large
majority of cells analyzed after the temperature shift had very similar intensity
and pattern with the one observed it the cells fixed at 37°C (Figure 4.11). The
experiment suggests that the PtdIns(4) levels are not affected significantly by the

temperature change.
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Figure 4.10. Arf3 redistributes slowly between Golgi membranes and cytosol

upon temperature shift to either 20°C or 37°C.

A. HelLa cells were transfected with a plasmid encoding Arf3-GFP for 24 hours. Cells were then
shifted from 37°C to 20°C (top panels), or kept at 20°C for 1 hour and then shifted to 37°C (bottom
panels). Cells were fixed at the indicated time following shift. Representative epifluorescence
images are shown. B. Quantitative analysis of Arf3 signal at the Golgi complex expressed as
percent of total cell signal for temperature shift experiments performed as in A. (n>20 cells/time

point from at least 2 separate experiments).
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Figure 4.11. Temperature shift to 20°C has no impact on Golgi membrane

recruitment of Arfl-GFP, TGN46, BIG1, AP-1 or FAPP-PH-YFP.

HelLa cells were transfected with a plasmid encoding for Arfl-GFP or FAPP-PH-YFP or
transfection reagent only for 24 hours. Cells were either fixed directly from 37°C (left panels) or
shifted from 37°C to 20°C for either 30 minutes (FAPP-PH-YFP) or 2 hours (remaining right
panels) and then fixed. Cells were stained for the specified markers and images were acquired
using identical settings for the 37°C and the 20°C samples. Representative epifluorescence images

selected from at least 2 separate experiments are shown.
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Figure 4.12. Arf3 and Arfl differ only at their N- and C-termini

A. Sequence alignment of the N- and C-terminal regions of hArf3 and hArfl, showing the
corresponding secondary structure. Lines indicate the swapped regions. Variant residues shown
in bold. B. Snapshots of 2 different views of the N-terminal and C-terminal helixes of full length
Arfl-GDP (Amor et al, 1994) were visualized using PyMOL. Residues that are different between
Arf3 and Arfl are displayed in color.
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4.2.5 Temperature sensitivity for membrane recruitment of Arf3 and Arfl is
encrypted within their N-terminal helices.

The sequences of human Arfl and Arf3 differ in only two short regions at the N-
and C-termini (Figure 4.12A). To identify which region is important for
temperature sensitivity we generated Arf3/Arfl chimeras in which the variant
regions were swapped (regions marked by a line in Figure 4.12A). Analysis of
these chimeras revealed that Arfl constructs containing the N-terminal region of
Arf3 (black bar) redistributed as WT Arf3 upon shift to 20°C (Figure 4.13).
Conversely, Arf3 chimeras containing the N-terminal region of Arfl (hatched bar)
remained unaffected by the temperature change, like WT Arfl (Figure 4.13).
These results indicated that temperature sensitivity lies in the sequence of the N-
terminal helix.

Two unigue aromatic residues in Arfl have been implicated in membrane
association (Antonny et al., 1997; Losonczi et al., 2000) and were selected for
further analysis. We swapped the two F residues from Arfl (F9 and F13) with the
corresponding residues from Arf3 (L9 and 113) resulting in two chimeras, Arf3FF
(L9F, 113F) and ArflLI (FOL, F13I). The results from experiments using these
chimeras clearly demonstrate that Arf3FF-GFP mutant behaves as WT Arfl since
it recruits well to membranes and is not affected by the 20°C temperature shift
(Figure 4.14). On the other hand, the ArflLI-GFP mutant behaves as WT Arf3,
recruiting less efficiently to membranes and showing significant decrease in
membrane association at 20°C (Figure 4.14). We conclude that residues L9 and
113 are crucial in directing the temperature sensitivity of Arf3, while an F at
positions 9 and 13 will render an Arf resistant to temperature variation.

426 The C-terminal helix dictates localization of Arf3 to trans-Golgi
compartments

Arf3 and Arfl not only seem to have different temperature behaviors as we have
seen in the previous section (Figure 4.13) but they also differ in localization
within the Golgi complex. Arf3 concentrates towards the trans-side of the Golgi
complex as we previously demonstrated (Figures 4.1, 4.2, 4.3 and 4.4) while Arfl

seems to be recruited preferentially towards the cis-side (Honda et al., 2005). The
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Figure 4.13. The N-terminal helix determines the temperature sensitivity of
Arf3.
HeLa cells were transfected with the indicated Arf3/Arfl chimeras tagged with GFP. After 24

hours, cells were either kept 37°C or shifted to 20°C for 30 minutes and then fixed. Representative
epifluorescence images selected from at least 2 separate experiments are shown. A schematic

representation of transfected chimera is shown above each panel.
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Figure 4.14. Two residues in the N-terminal helix dictate the temperature

sensitivity for membrane recruitment of Arf3 and Arfl.

Hela cells were transfected with either Arf3FF-GFP or Arf1LI-GFP constructs as indicated. After
24 hours, cells were either kept at 37°C or shifted to 20°C for 30 minutes and then fixed.
Representative epifluorescence images are shown selected from at least 2 separate experiments.

Schematic representation of each construct shown above each set of panels.
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availability of Arf3/Arfl chimeras allowed us to determine which region might be
important for directing the specific localization of Arf3. We initially suspected
that the same N-terminal region important for membrane binding and temperature
sensitivity might also be important for directing the specific localization of Arf3.
To our surprise, the nature of the C-terminal rather than of the N-terminal helix in
Arf3 appeared to dictate concentration of the chimeras on trans-Golgi
compartments (Figure 4.15A). Quantitative analysis of signal overlap between
the Arf3/Arfl swap chimeras and GBF1, p115 and BIG1 confirmed accumulation
of Arf3_1-GFP and Arfl_3-GFP towards the cis- and trans-side of the Golgi
complex, respectively (Figure 4.15B). These results point towards the C-terminus
as being critical in targeting specifically Arf3 to the trans-side of the Golgi
complex.

For further analysis we constructed single mutants at the C-terminus in
which Arfl residues were substituted one by one into Arf3. HelLa cells
transfected with these constructs were then examined for a change from an Arf3-
like trans-Golgi complex localization to a more Arfl-like distribution on the cis-
side of the Golgi stack. Analysis of HeLa cells expressing either Arf3A174S-GFP
or Arf3K180Q-GFP revealed localization patterns similar to the cis-Golgi marker
pll5 and different from the trans-Golgi marker TGN46 (Figure 4.16A).
Quantifying the extent of colocalization revealed that membrane-bound
Arf3A174S-GFP and Arf3K180Q-GFP indeed colocalizes with the cis-Golgi
marker p115 (~ 70% and 65%, respectively) and overlap to a much smaller extent
with the trans-Golgi marker TGN46 (~ 40% and 35%, respectively) (Figure
4.16B). These preliminary results suggest that both residues A174 and K180 are
important in directing Arf3 specific localization.

4.2.7 Arf3 knockdown does not disperse the TGN and does not block VSVG
traffic at the Golgi complex.

Most secretory proteins traffic from the ER through the Golgi complex towards
the PM. This is the route employed by the glycoprotein of vesicular stomatitis
virus, VSVG, that was used in Chapter 3 to assess the impact of GBF1
knockdown and BIGs knockdown on protein traffic (see Figures 3.8, 3.9, 3.13-
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% colocalization of Arf with

Figure 4.15. The C-terminal helix of Arf3 is required for concentration on

the TGN.

A. HelLa cells were transfected with the indicated Arf3/Arfl chimeras tagged with GFP. After 24
hours, cells were fixed and stained for p115. Images were acquired using a confocal microscope.
B. Quantitative analysis of experiments similar to A showing signal overlap between the
Arf3/Arfl swap constructs and the specified markers. Error bars correspond to the mean = SD (n

> 7 cells from 2 separate experiments).
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Figure 4.16. Two residues in the C-terminal helix are critical for the specific

localization pattern of Arf3.

A. HeLa cells were transfected with the indicated Arf3A174S-GFP or Arf3K180Q-GFP chimeras.
After 24 hours, cells were fixed and stained for p115 or TGN46. Images were acquired using a
confocal microscope. B. Quantitative analysis of experiments similar to A showing signal
overlap between the Arf3/Arfl swap single mutants and the specified markers. Error bars

correspond to the mean + SD (n = 10 cells from 2 separate experiments).
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3.15). As mentioned earlier, traffic through this pathway is sensitive to shifts in
temperature with two well-characterized blocks at 15 °C and 20°C. For example,
EM studies revealed that a shift to 20°C blocks VSVG at the TGN (Griffiths et al.,
1989). The observations that Arf3 localizes specifically to the trans-side of the
Golgi complex and that Arf3 shows a dramatic decrease in membrane recruitment
after the downshift to 20°C (Figure 4.10) suggested a potential connection
between Arf3 and the temperature-dependent blockage of VSVG at the Golgi
complex.

To test this hypothesis, we analyzed cells treated with a pool of two
validated siRNAs that effectively block exogenous Arf3-GFP expression from co-
transfected plasmids (Figure 4.17). This was the only way to assess for the
effectiveness of the Arf3 knockdown since the commercially available antibodies
against Arf3 that we tested failed to give an immunoblots signal for either
endogenous or overexpressed Arf3 (Figure 4.18). In order to maximize the
knockdown effectiveness we doubled the siRNA amounts that were used and
waited for an additional two days (three days in total). We first confirmed that an
effective 20°C block could be observed using epifluorescence. Upon shift to the
permissive temperature, a thermo-sensitive form of VSVG reaches the PM in
control cells in less than 90 minutes (Figure 4.19A left panels and Figure 4.19B).
A shift to 20°C effectively prevented VSVG appearance at the PM and caused its
arrest at the Golgi complex (Figure 4.19A middle panels) in the vast majority of
cells examined (Figure 4.19B). To our surprise, VSVG was not blocked at the
Golgi complex but reached the PM in all the cells transfected with Arf3 siRNAs
(Figure 4.19 A and C). Parallel experiments established that treatment with Arf3
siRNAs had no impact on the TGN as judged by staining for TGN46 and BIG1 or
the clathrin adaptors AP-1 and GGA3 (Figure 4.20). These observations are
consistent with previously published data suggesting that knockdown of Arf3 by
itself did not significantly impact TGN architecture, clathrin adaptors recruitment
or VSVG trafficking (Volpicelli-Daley et al., 2005).
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Figure 4.17. Arf3-targeted siRNAs, either individually or a pool, efficiently

prevent Arf3-GFP expression.

HelLa cells were cotransfected with the indicated siRNAs targeting Arf3 and 1pg of plasmid
encoding for Arf3-GFP for 24 h as described in Chapter 2. Detergents lysates were prepared and
equal amounts of total protein were separated on a 15% SDS-PAGE gel. Following transfer to a
nitrocellulose membrane, blots were probed with an anti-GFP antibody. Blots shown are
representative of 3 separate experiments. Note the absence of cleavage products of the Arf3-GFP
chimera. Gels were calibrated with Molecular Weight Standards (Mol W S) whose mobility is

indicated on the right.
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Figure 4.18. Two commercial antibodies against Arf3 do not yield any
immunoblot signal for either endogenous or overexpressed Arf3.

HeLa cells were transfected with siRNAs targeting Arf3 (Duplex 5) or Luciferase (MockL) and
with 1ug of plasmid encoding for Arf3-GFP (+Arf3-GFP) for 24 h as described in Chapter 2.
Detergents lysates were prepared and equal amounts of total protein were separated on a 15%
SDS-PAGE gel. Following transfer to a nitrocellulose membrane, blots were probed either with
the specified commercial anti-Arf3 antibodies (A) or with an anti-GFP antibody (B). Arf3-GFP
mobility shown while endogenous Arf3 should be just above the 20 kDa. Blots shown are
representative of 3 separate experiments. The mobility of each molecular weight standard is shown

on the right side for top panels and in-between for bottom panels.
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Figure 4.19. Shift to 20°C, but not Arf3 knockdown, blocks VSVG traffic at

the Golgi complex.

A. HelLa cells were transfected at t=0 with either irrelevant siRNA (Mock KD, left panels), no
RNA (middle panels) or a pool of two validated Arf3 siRNA duplexes (Arf3 KD, right panels).
Fifty hours post-transfection, cells were transfected again with a plasmid encoding VSVGts045-
GFP. Temperature was shifted initially to 40°C for 4 hours and then to either 32°C or 20°C for the
length of time specified. Representative epifluorescence images are shown. B. Quantitative
analysis showing percent of cells with VSVG in specified structures following release at the two
different temperatures and time points. C. Quantitative analysis showing percentage of cells with
VSVG in specified structures following release at the indicated time points in either Mock or Arf3
KD cells. B and C. ER only, Golgi only and Golgi + PM distribution presented as white, hatched

and black columns respectively.
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Figure 4.20. Arf3 knockdown has no effect on either TGN structure or

membrane recruitment of clathrin adaptors AP1 and GGA3.

HeLa cells were transfected with either irrelevant siRNA (Mock KD, left panels) or a pool of two
validated Arf3 siRNA duplexes (Arf3 KD, right panels) as described in Chapter 2. 72 hours post
transfection cells were fixed and stained for the specified markers. Representative epifluorescence

images selected from at least 2 separate experiments are shown.
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4.3 Discussion

Following up on a serendipitous observation, we established that Arf3 localizes
preferentially to the trans-side of the Golgi complex, where it overlaps
significantly with the trans-markers BIG1 and GalT-GFP and shows good
separation from the cis-markers p115 and GBF1. The C-terminus of Arf3 appears
critical for targeting Arf3 to trans-compartments within the Golgi complex. A
more detailed mutagenesis analysis revealed the importance of the amino acids
A174 and K180 for directing Arf3 to the trans-side of the Golgi complex. Three
complementary approaches established a functional link between Arf3 and the
only Arf-GEFs localized at the TGN, BIG1 and BIG2. These included
overexpression and knockdown of the specific Arf-GEFs, as well as brief BFA
treatment of BFA-resistant BFY1 cell line. Our studies also uncovered a unique
temperature sensitivity for Arf3 membrane recruitment upon shift to 20°C. This
redistribution between the Golgi membranes and cytosol occurred slowly, with a
half time of approximately 10 minutes. Analysis of swap chimeras and point
mutants identified two residues at positions 9 and 13 of the N-terminal helix that
appear to determine temperature sensitivity of Arf3 or Arfl. Lastly, whereas
temperature shift to 20°C clearly blocked VSVG trafficking at the Golgi complex,
Arf3 knockdown did not affect either VSVG trafficking to the PM or the

localization of several markers of the Golgi stack or TGN.

4.3.1 Arf3is uniquely recruited to the TGN
In a series of experiments using confocal microscopy we confirmed a previous
observation by Dr. Justin Chun in our laboratory, namely that Arf3 localizes
separately from the cis-Golgi marker GBF1. We also extended and strengthened
this observation by localizing Arf3 more specifically to the trans-side of the Golgi
complex. This conclusion is based on a large number of complementary
observations that involved multiple tagged forms in several cell lines co-stained
for a wide variety of markers.

The lack of specific antibodies that will selectively recognize endogenous

Arf3 forced us to use some other means to examine the intracellular localization
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of Arf3. We made use of either epitope-tagged Arf3 chimeras or stained for
overexpressed untagged Arf3 using a pan specific Arf antibody (clone 1D9) that
recognises Arfl, 3, 5 and to a lesser extent Arf4. In order to address concerns that
arise from the use of tags, we varied the size of the tag by using either the large
GFP or a smaller epitope like HA (Figures 4.1, 4.2, 4.3 and 4.4.). Importantly, we
also confirmed that tagged Arf3 chimeras yielded the same localisation pattern as
overexpressed untagged Arf3 (Figure 4.2). To add another level of confidence to
our unexpected results we performed all the experiments in both NRK cells and
HeLa cells and used multiple markers for both the cis- and the trans-side of the
Golgi complex. Quantification was performed with NRK cells because this cell
line displays better separation of cis- and trans-Golgi complex markers than HelLa
cells, in our hands. Previous studies established that GBF1 and p115 localize
towards the cis-side of the Golgi complex while BIG1 and GalT are localized
towards the trans-side (Schaub et al., 2006; Zhao et al., 2002). The degree of
separation of Arf3 with GBF1 and p115, as well as the degree of colocalization
with GalT-GFP and BIG1 strongly suggests that Arf3 localizes at the TGN and
most probably also at the trans-Golgi cisternae.

As in any experiments involving overexpression, we had to take into
account the level of expression for each of the chimera tested. To avoid
interference with normal function and proper localization of both endogenous and
exogenously expressed proteins, we selected for analysis transfected cells with
levels of overexpression as low as possible. We were able to get a sense for the
level of overexpression of each construct by observing the ratio between the Golgi
localisation and the cytoplasmic localisation. In other words, the cells with low to
medium levels of expression from the monolayer were the cells with a clear Golgi
complex localization and little cytoplasmic staining and these cells were favoured
for subsequent analysis. On the other hand, cells with high cytoplasmic staining,
sometime to the level of obstructing the Golgi complex signal, were considered to
have high levels of overexpression and were not included in our analysis.

It may be important to note that the Arf3-GFP construct reproducibly

yielded lower signal and much better ratio for Golgi complex versus cytoplasm
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compared with the Arf3-HA construct. This likely does not result from high
background signal due to nonspecific binding of the anti-HA antibody. We think
that Arf3-HA indeed expressed to higher levels than Arf3-GFP since preliminary
results suggest that Arf3 overexpression over a certain level interferes with GBF1
membrane recruitment and this was observed more often with Arf3-HA than with
Arf3-GFP. This very intriguing observation will be discussed in more detail in
the last section of the chapter. To conclude, we were very careful in our
overexpression experiments to analyse cells with low to intermediate level of
expression and avoid high levels of overexpression.

4.3.2 Arf3is most likely activated by BIGs at the TGN

A series of three complementary experiments firmly established a functional link
between the BIGs and Arf3 first suggested by their very similar localization
patterns. First, the overexpression of BIG1 but not GBF1 protected Arf3
localization to the Golgi complex from a short BFA treatment (Figure 4.5). This
result agrees with data presented in chapter 3 that demonstrated selective effects
of GBF1 or BIG1 overexpression on early and late compartments (Figure 3.1).
We have no explanation for the apparent contradiction with a previous report that
overexpression of GBF1 can protect Arfl, 3, 4 and 5 from BFA-induced
redistribution (Kawamoto et al., 2002). Secondly, knockdown of BIGs
redistributed Arf3 from the membranes but had no significant impact on Arfl
Golgi localization (Figure 4.6). Lastly, a brief BFA treatment of BFY1 cells, a
cell line with a BFA-resistant GBF1 system but BFA-sensitive BIGs system,
redistributed Arf3 from the Golgi membranes while Arfl was only marginally
affected (Figure 4.9).

Each of the approaches summarized in the previous paragraph has
strengths and weaknesses that differ from one experiment to another and therefore
make the experiments complement each other. For example, even though
overexpression or knockdown of BIGs might have some other unanticipated
effects, the probability that these “off target” effects would be the same and
account for the effect on Arf3 should be minimal. On the other hand, the BFY1

experiment, even though we do not know the exact mechanism that makes the
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GBF1 compartment selectively resistant to BFA, provides independent
confirmation of our results. Altogether, the three experiments combine to
strengthen our conclusion.
4.3.3 The unexpected localization of Arf3 to the trans-compartments of the
Golgi complex is mediated by the C-terminus
To tease out the region in Arf3 important for its specific localization we
constructed swap chimeras between Arfl and Arf3. This approach was greatly
facilitated by the fact that Arfl and Arf3 are 96% identical in sequence and that
variations are limited to the N-terminus (4 amino acids) and the C-terminus (3
amino acids) (Figure 4.12A). Quantitative analysis of the colocalization of
chimeras with either GBF1, p115 or BIG1 clearly suggested that Arf3_1-GFP
localized towards the cis-side of the Golgi complex, while Arfl_3-GFP localized
like Arf3 towards the trans-side (Figure 4.15). Analysis of single point mutants
revealed that mutation of either A174 or K180 into the corresponding Arfl
residues caused the construct to lose the trans-localization specific to Arf3 and
accumulate instead on the cis-side of the Golgi stack (Figure 4.16). These results
point towards the C-terminal fragment and, more precisely, residues S174 and
Q180 as being involved in directing Arf3 to the trans-side of the Golgi complex.

We initially expected that the same N-terminal region important for
temperature sensitivity and for insertion into the lipid membrane (Losonczi et al.,
2000) would be also the one important in directing the specific localization for
Arf3.  The presence of the N-terminus at the membrane provides obvious
opportunities to either make contact with a specific lipid environment or to
interact with a specific protein. This would provide a targeting mechanism to
direct Arf3 to a specific location within the Golgi complex. However, the
quantification analysis demonstrated unambiguously that the region important in
Arf3 specific localization is not the N-terminus but rather the C-terminus (Figure
4.15B).

The mechanism through which residues A174 or K180 target Arf3 to

trans-Golgi compartments remains unknown. The mechanism could be either

direct, the amino acids being part of a targeting sequence that binds a putative
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receptor, or could be indirect, through changes in the tertiary structure of the
protein important for binding a putative receptor or lipid domain. As it can be
seen from the crystal structure of Arfl (Figure 4.12B), those residues lie on the
surface and are very close to the loop between the N-terminus and the rest of the
protein core. Since the N-terminus makes close contact with the lipid membrane
(Losonczi et al., 2000), therefore the two residues should be available for
interaction with a putative receptor. This prediction is based on the assumption
that Arfl and Arf3 being almost identical in sequence should also be very similar
in structure. This is likely the case since structures for Arf4 and Arf5 have been
reported and found nearly identical to that of Arfl in that region.

4.3.4 The unusual temperature sensitivity of Arf3 is dictated by two specific
amino acids present in the N-terminal helix

Arf3 has not only a particular localization pattern, but seems to have also unique
temperature sensitivity. We observed that shifting cells from 37°C to 20°C had a
major impact on Arf3 membrane recruitment while Arfl remained unaffected.
Importantly, this effect was fully reversible as Arf3 returned to Golgi membranes
with similar kinetics following a shift from 20°C to 37°C. Using the Arf3/Arf1
chimeras we were able to demonstrate that the temperature sensitivity determinant
lies within the N-terminus of Arf3 and Arfl. A more detailed analysis using
mutagenesis identified hydrophobic amino acids 9 and 13 as being important in
directing temperature sensitivity.

Of the four residues different between the Arf3 and Arfl N-termini,
several lines of evidence made us focus initially on hydrophobic residues at
positions 9 and 13. First, the myristoylated N-terminal helix has been implicated
in Arf-membrane association and hydrophobic residues in Arfl appear to interact
directly with the membrane (Antonny et al., 1997). Second, the long aliphatic L
and | residues at positions 9 and 13 appear unique to Arf3 since F residues are
found in the single ancestral Arfs present in organisms like Giardia lamblia and
Dictyostelium discoideum, as well as in Arfl, 2, 4 and 5 in nearly all other species
examined (Figure 4.21). Lastly, L and/or | residues are present at those positions

in all Arf3 sequences examined (Figure 4.21). This observation suggests that the
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Figure 4.21. Sequence alignment of human, bovine and other non

mammalian Arfs.

Sequence alignment of the amino and carboxy termini of Arfs encoded in several representative
genomes of the supergroups Excavata, (Giardia lamblia and Trypanosoma bruceii);
Chromalveolata (Tetrahymena thermophila and Toxoplasma gondii); Archaeplastida
(Physcomitrella patens and Chlamydomonas reinhardtii); Amoebozoa (Dictyostelium
discoideum) and Opisthokonta (Saccharomyces cerevisiae, Drosophila melanogaster and
Caenorabhditis elegans and Homo sapiens).

1 Several genomes encode a single ancestral Arf. The two ScArfs are more related to each other
than to any other Arfs.

* Those are the only Class | Arfs expressed in those organisms.
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temperature sensitivity of Arf3 is conserved throughout all species and might be
an important feature of Arf3 function. Also, the presence of F9 and F13 in nearly
all the other Arfs that localize at the Golgi complex suggests that their membrane
recruitment might be temperature insensitive as observed with Arfl. Still, we
cannot conclude that L and | are important for temperature sensitivity since we do
not know yet whether it is the loss of F or gain of L and | that alters the
temperature sensitivity of the Arf. A change of the amino acids to A might help
clarify the temperature sensitivity/insensitivity mechanism. At the same time, we
did not confirmed yet that the variant amino acids at positions 6 and 11 do not
affect the above described features of Arf3/Arfl. Future mutagenesis analysis
will be needed to settle this issue.

4.3.5 Redistribution of Arf3 following temperature shift is a relatively slow
process.

. The mechanism underlying the distinct temperature sensitivity of Arf3 or Arfl
remains a mystery. When cells were shifted from 37°C to 20°C, the proportion of
Arf3 present at the Golgi membranes decreased dramatically while Arfl remained
unaffected. This effect was fully reversible as Arf3 returned to Golgi membranes
with similar kinetics following a shift from 20°C to 37°C. Importantly, the
redistribution of Arf3 from the Golgi membranes was not an immediate one, but
occurred with a considerable delay, having a half time of approximately 10
minutes. Also reassociation to Golgi membranes upon shift from 20°C to 37°C
occurred with a similar delay, having a half time of approximately 7.5 minutes.
We hypothesize that the recovery was slightly faster because all the cellular
events happen faster at 37°C compared with the events occurring at 20°C. The
delay in the redistribution to and from the Golgi complex and cytosol suggests a
rearrangement of the membrane composition, most probably lipids, or post-
translational changes in a putative membrane receptor. The temperature
sensitivity does not seem to be a property of an Arf localized only to the TGN,
since the Arf3_1-GFP construct redistributed from the cis-Golgi membranes upon
shift to 20°C (Figures 4.13 and 4.15). This observation suggests that the

temperature sensitivity is mainly an intrinsic property of the Arf and depends to a
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lesser degree on the nature of the lipid membrane or the receptor. However, we
cannot exclude the possibility that the temperature shift drastically alters lipid
composition and the cis- trans- organization that would induce a loss in Golgi
complex polarization with eventual redistribution of Arf3-like proteins, a
possibility worth testing in the near future.

We tested if Golgi-associated Ptdins(4)P levels, sensed by FAPP-PH-YFP
(Godi et al., 2004), would be affected by lowering the temperature to 20°C. The
localization of FAPP-PH-YFP at the Golgi complex did not seem to be affected
by the temperature change suggesting that Ptdins(4)P levels are not affected
(Figure 4.11). Still, this experiment was done in fixed cells and a subtle change in
PtdIns(4)P levels could have been missed. Live cell imaging experiments, even
though technically challenging, might provide more accurate Kinetics data that
might reveal a small change in PtdIns(4) levels that could still be significant and
affect Arf3 membrane localization.
4.3.6 Arf3 function still remains a mystery
Even though we have some clues, the function of Arf3 still eludes us. One
classical way to gain insight into any protein function is to knockdown its
expression. Previously, Volpicelli-Daley and colleagues (Volpicelli-Daley et al.,
2005) investigated the effect of Arf3 knockdown without finding any effect on
any of the markers tested. We hypothesised that these authors did not observe
effects because they were using ShRNAs expressed from a plasmid, a method that
might not be very effective in knocking down the levels of Arf3 sufficiently
enough to see an effect. Since a knockdown obtained with transfected siRNAS is
supposed to be more robust than using shRNAs, we reattempted Arf3 knockdown
experiments hoping this time for a more efficient knockdown and quantifiable
effects. Unfortunately, when we attempted to investigate how efficient the Arf3
knockdown was, neither of the two anti-Arf3 antibodies tested were successful in
recognizing the endogenous protein by immunoblotting (Figure 4.19). To
overcome this problem we elected to examine the impact of single and pooled
siRNAs on expression of Arf3-GFP. This approach identified two of the four

siRNAs tested as the most effective in preventing expression of Arf3-GFP (Figure
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4.18). A pool of those two oligos was used for subsequent studies. Unfortunately,
even when using high quantities of siRNAs and long time points, we were unable
to observe an effect on either clathrin adaptors or other TGN markers tested
(Figure 4.20). 1 recognize that this conclusion is true only if we obtained an
effective knockdown of endogenous Arf3. Future experiments should confirm the
efficiency of Arf3 knockdown and then should test for additional markers or
processes that might be regulated by Arf3 function, such as Mannose 6 Phosphate
Receptor distribution and cathepsin D trafficking.

We also tested an intriguing link between Arf3 function and VSVG
trafficking out of the TGN. This link was suggested by the apparently coincident
loss of Arf3 membrane recruitment and blockage of VSVG in the TGN upon shift
to 20°C. We first confirmed that a 20°C block could be readily observed using
immuno-fluorescence. When we tested the impact of Arf3 knockdown on VSVG
trafficking to the PM, quantification analysis clearly showed no difference
between the mock-treated cells and the siRNAs treated cells (Figure 4.19). This
result may not be so surprising since Arf3 seems to be functionally related to
BIGs and we previously demonstrated that knockdown of BIGs has no impact on
VSVG trafficking towards the PM (Figure 3.13 and 3.14). It may be important to
note that even if the lack of VSVG sorting at the TGN does not result from loss of
Arf3 function, the two effects may share a common mechanism. Indeed, the 20°C
temperature shift may slowly alter the TGN to cause both loss of Arf3 recruitment
and VSVG trafficking.

Finding proteins whose membrane recruitment or localization is affected
by shifting temperature to 20°C in a fashion similar to Arf3 provides an alternate
avenue to identify candidates that work in conjunction with Arf3. Unfortunately,
the localization of all the markers tested did not appear to be affected by the
temperature change. In the future we could perform experiments testing not only
for additional makers, but also for a change in activity of proteins that might be
affected by the 20°C block. In case we obtain some positive results, we do realise
that some of these markers or processes might not be directly related to Arf3, as
observed for the VSVG (Figure 4.19).
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Arf3 might have a surprising additional function besides the most
probable one of regulating recruitment of clathrin adaptors at the TGN. As
alluded to earlier in the thesis, overexpression of Arf3 at high levels caused
consistent reduction of GBF1 recruitment to Golgi membranes. Furthermore, the
level of expression of Arf3 correlated directly with the intensity of the down
regulation. We hypothesise that the presence of Arf3 at the trans-side of the
Golgi complex serves as a negative regulator for GBF1 membrane recruitment,
making it possible to maintain two different structural entities within the same
Golgi complex: the Golgi stack with GBF1/COPI system being major regulators
at this location and the TGN with BIGs/clathrin being governors at this quasi
independent side of the Golgi complex. A more detailed discussion about why
and how Arf3 might prevent GBF1 membrane recruitment is presented in Chapter
5. Future experiments will be needed in order to bring light on these Arf3

functions at the trans-Golgi complex.
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CHAPTER FIVE:

GENERAL DISCUSSION AND FUTURE PERSPECTIVES
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5.1 Synopsis

The work presented in this thesis explored new avenues to characterize the roles
of GBF1, BIGs and Arf3 at the Golgi complex. Initially, complementary
overexpression and RNA-based knockdown approaches established that GBF1
regulates COPI recruitment on cis-Golgi compartments, while BIGs appear
specialized for clathrin adaptor proteins on the trans-side of the Golgi complex.
Overexpressed GBF1 protected COPI from BFA-induced redistribution while its
knockdown prevented Golgi complex assembly. In contrast, overexpressed BIG1
protected clathrin adaptor proteins  but not COPI from BFA-induced
redistribution, while BIGs knockdown caused redistribution of several TGN
markers and had no impact on GBF1, COPI and several other Golgi stack
markers. Surprisingly, knockdown of GBF1 and/or COPI did not prevent export
of VSVGtsO45 from the ER, but caused its accumulation into peripheral vesiculo-
tubular clusters. Even more surprisingly, BIGs knockdown prevented neither
traffic of VSVGtsO45 to the plasma membrane nor assembly of a polarized Golgi
stack. Our observations indicate that COPII is the only coat required for sorting
and export from the ER exit sites, while GBF1 but not BIGs, is required for COPI
recruitment, Golgi sub-compartmentalization and cargo progression to the cell
surface. BIGs appear specialized for clathrin adaptor recruitment and for
assembly and maintenance of the TGN. Furthermore, other observations
suggested for the first time the notion that Arf3 is activated uniquely by BIGs at
the trans-side of the Golgi complex. Initially, imaging experiments established
that Arf3 appears separate from cis-Golgi markers while colocalizing to a large
extent with trans-Golgi compartments. Subsequently, a series of three separate
experiments involving overexpression, knockdown and the mutant cell line BFY1
established a functional link between Arf3 and BIGs. On the other hand, shifting
temperature to 20°C redistributed Arf3 from Golgi membranes.  This
redistribution was specific for Arf3 since Arfl-GFP, TGN46, BIG1 and AP-1
remained unaffected. Arfl and Arf3 differ in sequence only in two short regions
at the N- and C-termini. Taking advantage of Arfl/Arf3 chimeras we observed

that the N-terminal region of Arf3 and Arfl seems to be directing the temperature
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sensitivity of the proteins while the C-terminus seems to be important in directing
the specific localization of Arf3. Further analysis of point mutants identified two
residues in either the N-terminus of Arf3/1 and the C-terminus of Arf3 which are
critical for each of the properties above mentioned. Unfortunately, Arf3
knockdown had no impact on any of the markers tested or on VSVG trafficking to
PM. We conclude that Arf3 is specifically activated by BIGs at the trans-side of
the Golgi complex. Figure 5.1 presents in a diagram form the main findings and
conclusions. The data and the ideas presented in this thesis have uncovered many
potential directions for future research. The discussion that follows emphasizes
the significance of our findings and proposes potential directions that may be

pursued to extend the work presented.
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Figure 5.1. Diagram representing major findings and conclusions depicted

on to the secretory pathway.

Traffic out of ERES depends only on COPII and is independent of GBF1/COPI machinery.
GBF1/COPI machinery alone is sufficient to drive the maturation process responsible for Golgi
complex organization.

TGN is represented separate from the Golgi stack to suggest the separate identities of the two
compartments of the Golgi complex.

Sorting to PM could be BIGs dependent (light green arrows) and BIGs independent (dark
green arrows).

Sorting and trafficking of VSVG to the PM is independent of BIGs and can occur with similar
kinetics from both TGN (continuous dark green arrows) and trans-cisterna (discontinuous
arrow).

Arf3 localizes specifically to TGN where is activated uniquely by BIGs.
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5.2 Mechanism of sorting from the Golgi complex to PM.

One of our most unexpected result was that knockdown of BIGs had no detectable
effect on VSVG export to the PM. This finding was later confirmed by Ishizaki
and colleagues (Ishizaki et al., 2008). This result came as a surprise for two
reasons: because BIGs are the only Arf-GEFs known to be present at the TGN to
regulate sorting of cargo and exit from the Golgi complex (Zhao et al., 2002), and
because the BIGs homologue, Sec7, is essential for secretion in yeast (Achstetter
et al., 1988). Our finding seems to contradict the dogma of that time, but, after a
more careful evaluation of the literature we were able to find experimental data
that agrees with our findings and can contribute to a new understanding of the
sorting process from the Golgi complex to the PM. Initial data came from
experiments using BFA. In cells treated with the fungal metabolite, only a portion
of the VSVG cargo was redistributed to the ER with a significant amount
remaining in the Golgi region. Export from the Golgi region to the PM continued
even in the presence of BFA, suggesting that export mechanisms remain active in
the absence of BIGs activity (Chege and Pfeffer, 1990). Our observations are also
in line with previous demonstration that the clathrin coat assembles only on the
last cisterna leaving earlier cisternae to produce Golgi to PM carriers (Ladinsky
etal., 1999; Mogelsvang et al., 2004). More recently the laboratory of Lippincott-
Schwartz proposed a new model for trafficking and sorting at the Golgi complex,
the rapid-partitioning model. This model is based on sorting of lipids into
different domains at each level of the Golgi and association of proteins with their
preferred lipid environment (Patterson et al., 2008). This brings us back to our
data about the VSVG export to the PM which seems to be independent of BIGs
suggesting that the sorting and exiting mechanism of VSVG at the Golgi could be
a lipid based one. This mechanism most probably occurs at the TGN, but in the
absence of BIGs and a TGN structure, the lipid sorting mechanism occurs with

similar efficiency at the trans-side of the Golgi stack.
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5.3 Identifying Arf3 receptors localized to the TGN
The restricted localization pattern of Arf3 towards the trans-side of the Golgi
complex, suggestive of a specific putative membrane receptor at this location,
came as a complete surprise for a number of reasons. Initially, multiple Arf3
effectors were identified, including Arfaptin 1, Arfaptin 2 (Kanoh et al., 1997),
mitotic kinesin-like protein 1 (MKLP1) (Boman et al., 1999) and phospholipase
D (PLD) (Cockcroft et al., 1994), but subsequent work established that none of
these discriminated between Arfl and Arf3. Furthermore, in vitro and in vivo
studies established that Golgi-localized GEFs could activate equally Arfl and
Arf3 (Islam et al., 2007; Kawamoto et al., 2002; Shin et al., 2004). Lastly,
Donaldson and colleagues identified a centrally located MXXE motif, present in
all Class | Arfs, that targets Arfl to its receptor membrin on cis-Golgi membranes
and should target Arf3 similarly to the same location (Honda et al., 2005).

A few more recent observations in the literature suggest that Arfl and
Arf3 may perform different functions at different locations after all, suggesting
different putative membrane receptors. An initial study of the biochemical
properties of Arfl and Arf3 suggested that the two Arfs might have different
functions at the Golgi complex (Taylor et al., 1992). Furthermore, in an attempt
to identify specific function for each of the Arfs using an shRNA-based approach,
Volpicelli-Daley et al., discovered that double knockdown of Arfl+Arf4 and
Arf3+Arf4 caused dramatically different effects (Volpicelli-Daley et al., 2005).
More recently, Chun et al., reported that Arf3, unlike Arfl or class Il Arfs, did not
localize to ERGIC structures or Golgi compartments containing GBF1 (Chun et
al., 2008). All these data together strengthen our observation that Arf3 localizes
and most probably functions in a distinct compartment than Arfl, suggesting
recruitment by different membrane receptors or by different membrane targeting
mechanisms.

The exact mechanism by which the C-terminus of Arf3, and more
precisely the amino acids Ala 174 and Lys 180, direct Arf3 to the trans-side of the
Golgi complex remains to be uncovered. The C-terminal helix of Arf3 could be

important in targeting Arf3 to its specific location within the Golgi complex by
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participating in two different targeting mechanisms. First, the C-terminal helix of
Arf3 might be a specific signal sequence that would, by itself, direct the Arf3 to
trans-Golgi compartments.  Alternatively, a more complicated targeting
mechanism, might involve a combination of the C-terminus together with other
structural components of Arf3 such as the N-terminus, in a tri-dimensional
recognition patch in which the C-terminal helix is a crucial component. If the C-
terminal helix of Arf3 acts as a targeting sequence on its own, then it should be
targeted to the Golgi complex and more specifically to trans-compartments. One
way to test if the C-terminus of Arf3 acts as a targeting sequence directing Arf3 to
its specific localization would be to assemble additional constructs in which the
C-terminal helix of Arf3, or Arfl as a control, would be attached to GFP. It could
be that the interaction between the C-terminal helix and the putative trans-
localized receptor for Arf3 might be a weak one and that the membrane
interaction of the full length Arf3 might be immediately stabilized by subsequent
interactions with either the BIGs, clathrin adaptors or an Arf-GAP. One
alternative to enhance the putative faint Golgi signal would be to use an anti-GFP
antibody followed by a fluorescent secondary antibody. In case there is still no
clear Golgi localization with the Arf3C-terminus-GFP construct and the anti-GFP
antibody staining, additional chimeras could be constructed to increase the chance
of detecting this weak interaction. A chimera composed of three copies of the
Arf3 C-terminus in frame with GFP (Arf3CtermX3-GFP) could be constructed.
One alternative might be to tag the C-terminal helix with a dimeric protein such as
GST, or dimeric fluorescent protein. If any one of these Arf3 C-terminus
constructs would localize to the Golgi complex, and more precisely to the trans-
Golgi compartments, this could be interpreted that the C-terminal helix acts as a
targeting signal that directs Arf3 to its specific localization within the Golgi
complex. This targeting signal could override the MXXE targeting motif present
in Arfl and Arf3 that would normally localize both proteins to the membrin-rich
membranes of the cis-Golgi complex.

Another way to confirm the specific localization of Arf3 would be to

identify the putative membrane receptor that recruits Arf3 specifically to the
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trans-side of the Golgi complex. Chimeras tagged with the Arf3 C-terminal helix
that localize at the Golgi complex could be further used in pull-down experiments,
most probably with the use of bi-functional cross-linkers. One other option to
identify the putative receptor for Arf3 would be a candidate approach testing all
known trans-Golgi localized SNAREs for their potential involvement in Arf3
membrane recruitment.  Briefly, the localization pattern of Arf3 would be
compared with TGN-localized SNAREs to give an initial hint about the potential
receptor. Afterwards, the relationship would be confirmed by in vitro binding
experiments, or by monitoring Arf3 distribution following either knockdown of

the candidate or combination of its overexpression and short BFA-treatment.

5.4 Examining the function of Arf3 at the trans-side of the Golgi complex

Elucidating Arf3 function might prove more challenging than we initially thought.
The large majority of the literature to date, most probably because of the vast
similarity between the sequences, localization patterns and effectors of Arfl and
Arf3, suggests Arf3 functions in a redundant fashion with Arfl (Islam et al., 2007;
Kawamoto et al., 2002; Shin et al., 2004; Togawa et al., 1999). This might be the
reason why Arfl is the most studied of the two while little attention was given to
Arf3. We established, for the first time, that Arf3 actually localizes more towards
the trans-side of the Golgi complex (Figures 4.1, 4.2, 4.3 and 4.4) in contrast with
Arfl which localizes more towards the cis-side (Honda et al., 2005). Because the
TGN is considered to be the main sorting centre for proteins and lipids (De
Matteis and Luini, 2008), our discovery suggests that Arf3 may regulate the
sorting of cargo on its way out of the Golgi complex. Investigating in more detail
the localization for Arf3 using EM might give us a better sense of its function.
Localization of Arf3 within the TGN to regions marked by the clathrin coat would
suggest a different function than if Arf3 localized to TGN regions lacking the
clathrin coat or to the most trans-cisterna of the Golgi stack. This would be a
strong indication that Arf3 functions in clathrin-dependent or clathrin-independent
sorting. Alternatively, concentration of Arf3 towards the rims of the cisternae

would suggest a different function than an Arf3 evenly localized throughout the

144



cisternae. Also, a good colocalization with BIG1 and BIG2 and a good separation
from GBF1 might be a good argument towards a new and exciting function that
we are going to discuss towards the end of this subchapter.

Arf3 mutants are another option to get insight into the function of the
protein. Dominant-inactive mutants like Arf3 T31N and Arf3 N1261 as well as
dominant-active mutants like Arf3 Q71L were constructed and used in the past to
elucidate the function of Arf3. By overexpressing the N1261 and T31N mutants,
most probably at too high levels, Volpicelli-Dalley et al., concluded that Arf3,
together with Arfl and Arf4, participate in COPlI membrane recruitment and
Golgi complex maintenance (Volpicelli-Daley et al., 2005). Shin et al., by means
of the T31N mutant found that Arf3, in a parallel fashion with Arfl, exaggerates
the BIG2(E738K)-induced tubulation of endosomal membranes, supporting the
idea that BIG2 has an exchange activity toward Arfl and Arf3 in vivo (Shin et al.,
2004). Further studies showed Arf3 to regulate the localization of clathrin adaptor
AP-4 to the TGN, even though it seems to do it to a lesser extent than Arfl
(Boehm et al., 2001). Future experiments using the Arf3 T31N and Q71L
mutants could investigate the potential new role of Arf3 at the trans-side of the
Golgi complex. Additional experiments might also investigate if the T31N or
Q71L would have an impact on TGN architecture, clathrin membrane
recruitment, sorting to and from endosomes. Further tests would examine if there
is an impact on phosphoinositide metabolism and in particular on PI4P
production, considering the facts that is the most abundant PIP present at the TGN
and might have an important role in regulating lipid based sorting (D'Angelo et
al., 2008). Complementary experiments should test if Arf3 Q71L expression
would protect clathrin adaptors membrane recruitment, or any other process that
is BFA sensitive and might be regulated by Arf3, from short BFA treatment.

Over the years, additional functions have been suggested for Arf3.
Furthermore, Arf3 might have a totally surprising and crucial function in
maintaining the polarity between the two major regulatory systems that work at
the Golgi complex, the GBF1/COP1 system at the Golgi stack and BIGs/clathrin

system at the TGN. We serendipitously observed that Arf3 overexpression,
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especially at high levels, was consistently accompanied by significant reduction in
membrane recruitment of GBF1 (Figure 5.2). Furthermore, the extent of
reduction in GBF1 signal correlated with the level of expression of Arf3. We
therefore hypothesise that the presence of Arf3 on the trans-side of the Golgi
complex provides a negative regulatory effect for GBF1 membrane recruitment.
This would provide an efficient mechanism to maintain the functional polarization
of two different entities within the same Golgi complex: the Golgi stack with
GBF1/COPI system being major regulator at this location while the TGN having
the BIGs/clathrin controlling the opposite side of the Golgi complex. Multiple
observations in the literature, as presented in the Introduction in 1.3.1, support the
notion that within the same Golgi complex there are actually two separate entities
that function in close proximity. In order to be able to regulate the transition to
and the maintenance of the TGN compartment, despite the massive flow of
proteins and membranes from the Golgi stack, a very efficient regulatory
mechanism must be in place. The Arf3 negative regulatory effect on GBF1
membrane recruitment as well as a positive effect on BIGs activity might provide
the necessary mechanism (Figure 5.3). The localization pattern for Arf3 that we
describe in chapter 4 would certainly fit with this proposed mechanism. We plan
to further test our hypothesis using Arf3 knockdown, Arf3 mutants and in vitro
testing experiments. If our hypothesis is right, then Arf3 knockdown or the
Arf3T31N dominant negative mutant should allow GBF1 to localize also to the
trans-compartment of the Golgi complex. At the same time, the dominant-active
mutant Arf3Q71L, expressed at high enough levels to saturate the TGN binding
sites and bleed into the cis-side of the Golgi complex, should be much more
efficient in getting GBF1 off the membranes than the WT Arf3 is.

5.5 The mechanism of temperature (in)sensitivity of Arf3 and Arfl

One intriguing property of Arf3 membrane association was its unusual
temperature sensitivity. Redistribution between Golgi membranes and cytosol
occurred slowly with a half time of 10 minutes for the redistribution to cytosol at

20°C and about 7.5 minutes for recruitment back to the Golgi complex at 37°C.
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Figure 5.2. Arf3-HA overexpression at high levels displaces endogenous

GBF1 from the Golgi membranes.

HeLa cells were transfected with a plasmid encoding for Arf3-HA for 24 h. Cells were then fixed
and stained for GBF1 and HA as indicated. Representative epifluorescence images are shown. L,
M and H over the nuclei of the transfected cells represent Low, Medium and High levels of

expression for the Arf3-HA construct.
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Figure 5.3. Arf3 could function in up-regulating BIGs and down-regulating

GBF1 membrane recruitment.

Soluble Arf3-GDP and BIGs are recruited to the membrane through association with organelle-
specific receptors. While the myristoylated N-terminus of Arf3 (red) binds the lipid bilayer the C-
terminus of Arf3 (light green) is important in binding the specific membrane receptor. At the
membrane, BIGs promote release of GDP and binding of GTP, a reaction blocked by the drug
BFA. Active Arf3-GTP locked on the membrane can either promote BIGs activity by promoting
or stabilizing BIGs membrane recruitment (A) or inhibit GBF1 membrane recruitment by

sequestering its receptor (B).
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Elucidation of the mechanism responsible for the distinct temperature
sensitivity of Arf3 or Arfl might yield valuable insight on Arf3 function. One
possibility might be that lowering the temperature would increase the strength of
the hydrophobic bonds present between the N-terminus and the hydrophobic
groove where the N-terminus usually rests when Arf3 is in the cytosol. This
mechanism would prevent or slow down the movement of the N-terminus out of
the hydrophobic groove at the lower temperature, conformational change
necessary for Arf3 to bind the membranes and then to be activated. However, this
mechanism predicts an immediate repercussion on Arf3 membrane recruitment
after the temperature shift and therefore does not fit with the delayed
redistribution observed in our experiments.  Actually, the delay in the
redistribution to and from the Golgi complex and cytosol suggest most probably a
change in lipid composition of the Golgi complex or a post-translational
modification on a putative receptor. One other possibility that we can consider
might be post-translational changes in a putative membrane receptor. A test of
this possibility will first require identification of this putative receptor.

As a speculation, it would be very tempting to convert the temperature
“insensitive” Arfs to “sensitive” ones by mutating amino acids F9 and F13 to L9
and 113 and see what would be the effect of shifting temperature to 20°C on a
series of markers and processes. This would have to be done in cells that were co-
transfected with siRNAs targeting the endogenous Arf and the mutants would
have to be engineered to be RNAI resistant. The advantage of this method would
be that we would be able to see immediate effects of the “temperature
knockdown” and prevent unexpected adaptative processes that could happen over

several days in a classic knockdown experiment.

5.6 Concluding remarks

Since the identification of the first Arf (Enomoto and Gill, 1980; Kahn and
Gilman, 1984) and the first Arf-GEF (Chardin et al., 1996), much progress has
been made in characterizing their biochemical and molecular properties. As

described in this thesis, we helped to better understand the functions of GBF1,
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BIGs and Arf3 at the Golgi complex. While our work confirmed in an elegant
way the sole requirement for COPII during export out of ERES, the role of GBF1
in COPI membrane recruitment and Golgi complex formation and maintenance,
the similar role of BIGs in clathrin membrane recruitment and TGN formation
and maintenance, we also had some surprising discoveries. We were intrigued by
the fact that BIGs knockdown had no impact on the kinetics of VSVG trafficking
to the cell surface or on the polarization of the Golgi stack. We were also
intrigued by the particular localization pattern of Arf3 as well as by its unique
temperature sensitivity. However, our work is just the beginning for our
understanding of Arf3 function at the trans-side of the Golgi complex and some
important questions remain unanswered. For example, what is the exact
mechanism that specifies a particular location on the Golgi membranes where a
specific Arf, like Arf3, or Arf-GEF is going to be recruited? If there is a specific
membrane receptor for each Arf or Arf-GEF? and if so, what are their identities?
What role play and how important are lipids in trafficking and sorting within and
out of the Golgi complex? And last but not least, what is the function of Arf3 at
the trans-side of the Golgi complex? Is Arf3 regulating lipid remodelling and
lipid sorting at TGN? Is Arf3 the “magic” switch that turns the Golgi stack
membranes into TGN membranes? Answers to these questions will ultimately
lead to a better understanding of Arfs and ArfGEFs function at the Golgi complex
as well as to a more global understanding of the nature and function of the Golgi

complex.
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