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ABSTRACT

Sorting and trafficking of integral membrane proteins to the plasma membrane is
essential for cellular homeostasis. Our understanding of the pathways and sorting signals
that regulate protein trafficking is far from complete, particularly as it relates to protein
exit from the Golgi. The reovirus fusion-associated small transmembrane (FAST) proteins
are small integral membrane proteins that traffic through the ER-Golgi pathway to the
plasma membrane where they cause cell-cell membrane fusion. The small sizes of FAST
proteins and their simple structures provide an excellent system to identify factors and
pathways affecting plasma membrane trafficking.

Using the reptilian reovirus p14 FAST protein, I discovered that a polybasic motif
(PBM), located four residues downstream of the transmembrane domain in the cytoplasmic
tail of p14, is required for p14 export from the Golgi to the plasma membrane. Extensive
mutagenesis of the PBM indicated that the number, but not the identity or position, of basic
residues in the PBM directs p14 trafficking to the plasma membrane, with a minimum of
three basic residues being required for efficient Golgi export. Insertion of the PBM into a
Golgi-resident ERGIC-53 chimeric protein resulted in protein trafficking to the plasma
membrane, indicating the p14 PBM functions as an autonomous Golgi export signal.

I also discovered that the PBM can serve diverse trafficking roles depending on its
proximity to the transmembrane domain. The PBM exerts no effect when located at internal
positions in the 68-residue p14 cytoplasmic tail, it functions as an ER retention signal when
located at the C-terminus, and when present at both membrane-proximal and -distal
locations promotes export to and retrieval from the Golgi complex. Interestingly, the
conflicting signals provided by membrane-proximal and -distal PBMs induce extensive ER
tubulation and segregation of luminal ER components. A single trafficking motif can
therefore exert remarkably diverse, position-dependent effects on protein trafficking and
membrane compartment morphogenesis.

To determine how the pl4 PBM directs Golgi-plasma membrane transport, I
examined the effects of various trafficking factors and pathways on this process. Yeast
two-hybrid analysis identified Rab11A as a genetic interaction partner of pl4. Co-
immunoprecipitation (co-IP) determined that p14 interacts preferentially with GTP-bound
activated Rab11A in a PBM-dependent manner. Overexpression of dominant-negative
Rabl1A, but not Rab$5, significantly reduced pl4 surface expression. Fluorescence
resonance energy transfer (FRET) microscopy indicated activated Rab11 directly interacts
with p14 dependent on the PBM, the first example of activated Rab11 directly interacting
with membrane cargo for Golgi-plasma membrane trafficking. Furthermore, RNA
interference revealed that both Rab11 and adaptor protein 1 (AP1), but not AP3 or AP4,
are required for efficient p14 trafficking from the trans-Golgi network (TGN) to the plasma
membrane. This is also the first indication of Rabs regulating adaptor proteins at the TGN
for anterograde vesicle traffic, and provides a clear indication that AP1 can mediate
anterograde traffic from the Golgi to the plasma membrane. I conclude that the p14 PBM
functions as a novel autonomous tribasic Golgi export signal by directing interaction with
activated Rabll1, resulting in pl4 sorting into APIl-coated vesicles at the TGN for
trafficking to the plasma membrane, either directly or via endosomal recycling pathways.
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CHAPTER 1
INTRODUCTION

1.1 Overview

Membrane proteins are essential for numerous cellular functions and use secretory
pathways to traffic to their respective subcellular compartments. Our understanding of the
molecular mechanisms regulating the various steps of membrane protein trafficking remain
incomplete, particularly in regard to protein trafficking from the trans-Golgi network
(TGN), which is considered the main ‘sorting hub’ for vesicle traffic. [ used a unique family
of viral fusion proteins, the reovirus fusion-associated small transmembrane (FAST)
proteins, as tools to study intracellular trafficking pathways. My results identified the
polybasic motif (PBM) of the pl14 FAST protein as a novel tribasic autonomous Golgi
export signal that can exert multiple effects on trafficking depending on its membrane-
proximity. I further discovered that the PBM regulates interaction of pl4 with activated
Rab11 and sorting into adaptor protein (AP) 1 complex-coated vesicles for export from the
Golgi and transport to the plasma membrane, a novel active Rab11-dependent cargo sorting
mechanism at the TGN for biosynthetic anterograde transport. In this chapter, I introduce
membrane proteins and secretory pathways, and describe our current understanding of
molecular mechanisms regulating protein traffic through the secretory pathway. I also
introduce the fusogenic reoviruses and described the characteristics of the FAST proteins

they encode.

1.2 Membrane protein trafficking

1.2.1 Membrane proteins

Approximately one third of the human proteome are membrane proteins, which are
involved in range of essential cellular functions including allowing cells to specifically
communicate with the extracellular environment (Almen et al., 2009). Over 50% of current
pharmaceutical drugs target membrane proteins, and aberrant trafficking and subcellular
localization of membrane proteins leads to variety of human diseases (described in 1.10).

Membranes proteins are subcategorized based on the nature of their interaction with



cellular membranes. Monotopic membrane proteins interact with only one side of the lipid
bilayer, while bitopic and multitopic membrane proteins span the membrane bilayer once
or multiple times, respectively. Bitopic or multitopic membrane proteins are also known as
integral membrane or transmembrane proteins. Bitopic membrane proteins can be further
subcategorized depending on their topology (Goder and Spiess, 2001; Higy et al., 2004).
The Type I transmembrane proteins are targeted to the endoplasmic reticulum (ER)
membrane by an N-terminal signal peptide (described in 1.3) that is subsequently cleaved
to generate an ER luminal N-terminus and cytoplasmic C-terminus. The Type II
transmembrane proteins are targeted to the ER by a non-cleavable signal anchor that also
functions as the transmembrane domain, targeting the C-terminus to the ER lumen and the
N-terminus to the cytoplasm. The Type III transmembrane proteins also lack a cleavable
signal peptide and use their transmembrane domain as a signal anchor; however, it
functions as a reverse signal anchor that targets the N-terminus to the ER lumen to obtain
a similar topology as Type I transmembrane proteins. Tail-anchored transmembrane
proteins have their transmembrane domain, which also function as a signal anchor, close
to the C-terminus and therefore, post-translationally inserted into the ER membrane in
contrast to co-translational membrane insertion of Type I, II and III transmembrane

proteins (described in 1.3).

Transmembrane protein topology is significantly influenced by a biased
distribution of basic residues on the cytoplasmic side of the transmembrane domain, the
so-called ‘positive-inside’ rule (von Heijne, 1986). Early studies by von Heijne revealed
that cytoplasmic regions of transmembrane proteins are rich in lysine and arginine residues,
and that removal of this highly charged region and the addition of four lysine residues to
the extra-cytoplasmic side resulted in the Escherichia coli (E. coli) membrane protein
leader peptidase assuming the reverse topology (von Heijne, 1989). Similar studies
confirmed the positive-inside rule for eukaryotic membrane proteins (Sipos and von
Heijne, 1993). More recent bioinformatic analysis of 107 genomes also indicated a biased
distribution of basic residues towards the cytoplasmic side of transmembrane proteins,

suggesting the positive-inside rule is broadly applicable (Nilsson et al., 2005).

Membrane proteins use intracellular vesicle transport and the secretory pathway to

localize to the correct membrane compartment. Once the membrane protein is targeted to



the ER membrane by a signal peptide or signal anchor, the protein is translocated into the
ER membrane and traffics through the ER-Golgi pathway, accompanied by necessary post-
translational modifications, to its destined cellular compartment (Figure 1.1). Membrane
proteins at the plasma membrane can also be endocytosed and recycled back to the plasma
membrane, or trafficked through endosomal pathways to lysosomes for degradation
(Figure 1.1). Protein transport in the forward direction from the ER to the Golgi to the
plasma membrane is known as anterograde transport, while protein transport in the reverse
direction from the plasma membrane to endosomes to the Golgi to the ER is known as
retrograde transport. Recent advances in molecular cell biology have provided in-depth
knowledge of various factors that play key roles in these cellular transport pathways.
Details of protein trafficking in the secretory and endocytic pathways and the regulatory

molecules involved are discussed in the following sub-sections.

1.2.2 Mechanisms of membrane protein trafficking

The secretory pathway sorts and delivers numerous proteins, termed ‘cargo’
proteins, to their correct intracellular compartments or for secretion by exocytosis. Cargo
proteins are delivered to their final destinations through a series of vesicle budding events
from the donor membrane compartment and fusion with an acceptor compartment along
the secretory pathway (Figure 1.2). A great deal of research has gone into understanding
how cargo proteins are specifically sorted into these budding vesicles. Two contrasting
models have been proposed to explain cargo protein sorting and export from the ER, the
bulk-flow and receptor-mediated export models (Figure 1.3), and these models have been
applied to other cellular compartments from which vesicles bud. The latter model is now

widely accepted and considered a better fit for recent data.

The bulk-flow model (Figure 1.3) suggests that cargo proteins move by default
from the ER to the Golgi to the plasma membrane and require no signals for export from
the ER or the Golgi (Barlowe, 2003; Warren and Mellman, 1999). Sorting signals are only
needed for cargo proteins to be diverted from the default pathway for delivery to
compartments other than the plasma membrane. Early studies by Rothman and colleagues
with a tripeptide containing an acceptor sequence for N-linked glycosylation indicated this

tripeptide was glycosylated in the ER and trafficked to the Golgi, where oligosaccharide



chains were processed and the tripeptide was then secreted into the medium (Wieland et
al., 1987). They suggested that no trafficking signal was necessary, as this tripeptide was
too short to contain any sorting signals for efficient transport from the ER to the Golgi and
from the Golgi to the plasma membrane. However, later studies indicated that glycosylated
proteins are trafficked from the ER to the Golgi by interaction with cargo receptors such
as ERGIC-53 that interact with carbohydrates (Appenzeller et al., 1999), and N-linked
glycosylation itself is a plasma membrane targeting signal from the Golgi (Gut et al., 1998).
There is no cargo receptor identified to interact with carbohydrates to mediate Golgi to
plasma membrane transport. Conformational changes in the cargo protein induced by
glycosylation may mediate plasma membrane transport. Another group showed that
soluble cargo proteins were not concentrated in ER buds and traffic from the ER to the
Golgi through concentration in post ER tubular structures that are devoid of coat proteins
supporting the bulk-flow model (Martinez-Menarguez et al., 1999). For such a mechanism,
some form of cargo aggregation may be required to pass ER quality control and exit from
the ER. If true, cargo aggregation may be facilitated by particular sequence that serve as
an export signal for exit from the ER. With many examples identified for sorting signals
involved in trafficking from the ER and Golgi, the bulk-flow model has been put on rest
(Rodriguez-Boulan and Musch, 2005). Mutations in the basolateral plasma membrane
sorting signals resulted in cargo protein localization to the apical plasma membrane
suggested that the cargo proteins traffic through constitutive transport from the Golgi to
the apical plasma membrane in the absence of sorting signal. However, these cargo proteins
were N- or O- glycosylated, which serve as an apical sorting determinant (Fiedler and

Simons, 1995; Gut et al., 1998; Matter and Mellman, 1994; Yeaman et al., 1997).

The receptor-mediated export model (Figure 1.3) suggests that each and every
cargo protein requires signals for selective incorporation into ER-derived vesicles for ER
export (Kuehn and Schekman, 1997). In several instances, these export signals have been
shown to directly or indirectly interact with vesicle coat proteins. Resident ER proteins
could be excluded by an active retention system, while proteins involved in vesicle
formation and fusion that travel with the cargo may contain signals that mediate retrieval
from post-ER compartments. The selective concentration of cargo proteins in vesicles

surrounded by coat protein II (COPII) complex (defined in 1.4.1), a protein complex that



mediates traffic from the ER to the Golgi, favors this model (Bednarek et al., 1995). In this
model, sorting signals in luminal cargo would require a transmembrane receptor that
recognizes the signal and can interact with the COPII complex. The membrane proteins
such as ERGIC-53, p24 and KDEL receptor recycle between the ER and the Golgi and act
as such transmembrane receptors for luminal cargo (Appenzeller et al., 1999; Belden and
Barlowe, 2001; Capitani and Sallese, 2009; Muniz et al., 2000; Nichols et al., 1998). For
example, the luminal domain of ERGIC-53, a single-pass transmembrane protein, displays
lectin activity that recognizes a subset of glycoproteins, allowing ERGIC-53 to function as
a transport receptor to promote ER-Golgi transport (Appenzeller et al., 1999; Itin et al.,
1996; Nichols et al., 1998). Similarly, KDEL receptor is a seven transmembrane domain
protein that functions in retrieval to the ER of luminal proteins containing the tetrapeptide
KDEL sequence (Capitani and Sallese, 2009). There are numerous examples of sorting
signals, including dibasic-, tribasic-, tyrosine- and dileucine-based sorting signals, that
interact with particular components of various coat protein complexes such as COPI,
COPII and APs for protein sorting and trafficking (described below and summarized in
Figure 1.4). Thus, the receptor-mediated export model is clearly involved in most, and

perhaps all, intracellular protein sorting and trafficking mechanisms.

1.3 Protein targeting to the ER

The starting point of the secretory pathway is targeting of secretory and membrane
proteins to the ER. The most prominent mechanism of membrane insertion involves co-
translational insertion mediated by a cytosolic signal-recognition particle (SRP), ER-
localized SRP receptor and ER translocon complex formed by Sec61 (Osborne et al., 2005;
Shan and Walter, 2005). The signal sequence or signal anchor sequence present near the
N-terminus of most cargo proteins interacts with SRP as it emerges from the ribosome. The
ribosome-nascent chain complex is delivered to the ER membrane by interaction between
the SRP and SRP receptor. Upon ER membrane arrival, the ribosome-nascent chain
complex is delivered to the ER translocon apparatus, and the SRP and SRP receptor are
released and recycled. The translocon apparatus then translocates the growing polypeptide
into the ER lumen, or in the case of membrane proteins until the stop transfer sequence (i.e.

the transmembrane domain) mediates integration into the ER membrane (Saraogi and



Shan, 2011; Shan and Walter, 2005; Shao and Hegde, 2011). Signal sequences may or may
not be cleaved by signal peptidase resident on the luminal side of the ER membrane and
further cleaved by signal peptide peptidase (Hegde and Bernstein, 2006; Martoglio and
Dobberstein, 1998). Some cargo proteins are co-translationally inserted into the ER
membrane by an SRP-independent mechanism (Martoglio and Dobberstein, 1998). A
recent study identified a network of cytosolic factors that promote SRP-independent
protein insertion into the ER (Ast et al., 2013). These ER-targeting mechanisms prevent

protein mis-folding or aggregation in the cytoplasm.

Although the majority of secretory pathway proteins are co-translationally inserted
into the ER, some proteins are inserted post-translationally. Some soluble secretory
proteins contain a moderately hydrophobic signal sequence that escapes co-translational
SRP recognition and are therefore post-translationally targeted to the ER. A complex of
Sec61, Sec62 and Sec63 at the ER membrane with luminal chaperone BiP mediates post-
translational translocation of these soluble secretory proteins (Rapoport, 2007). Tail-
anchored membrane proteins, such as SNARE (soluble N-ethylmaleimide-sensitive factor
attachment protein receptor) proteins involved in vesicle fusion, contain a C-terminal
transmembrane domain that also functions as signal sequence for ER insertion, and is only
exposed to the cytosolic targeting factors on termination of protein synthesis and release
from ribosomes (Borgese and Fasana, 2011; Kutay et al., 1993; Rabu et al., 2009; Shao
and Hegde, 2011; Wattenberg and Lithgow, 2001). The mechanism for ER translocation
of tail-anchored proteins was recently revealed. The cytosolic ATPase transmembrane
recognition complex (TRC) 40 (also known as arsenical pump-driving ATPase protein,
Asnal) recognizes the transmembrane domain of newly synthesized tail-anchored proteins
(Borgese and Fasana, 2011; Favaloro et al., 2010; Stefanovic and Hegde, 2007) and directs
them to the ER membrane by interaction with the tryptophan-rich basic protein (WRB) and
calcium-modulating cyclophilin ligand (CAML) protein in the ER membrane (Vilardi et
al., 2011; Yamamoto and Sakisaka, 2012). CAML and WRB interact with each other by
their transmembrane domains and synergistically mediate ER membrane insertion of tail-

anchored proteins (Yamamoto and Sakisaka, 2012).



1.4 Traffic from the ER

1.4.1 The COPII complex

Once secretory and membrane proteins are targeted to the ER, anterograde transport
of these newly synthesized proteins from the ER (also referred to as the biosynthetic
transport pathway) is mediated by the COPII complex. Components of COPII, first
identified in S. cerevisiae, were found to be essential for cell viability and are conserved
throughout all known eukaryotes (Duden, 2003). The COPII complex comprises the small
GTPase secretion-associated ras-related protein 1 (Sarl), the Sec23/24 complex and the
Sec13/31 complex (Barlowe et al., 1994). Formation of COPII coated vesicles is initiated
by Secl2, an ER membrane-bound guanine-exchange factor (GEF) for Sarl, which
activates Sarl by GTP binding (Barlowe and Schekman, 1993). Activated Sarl binds to
the ER membrane where it recruits the Sec23/24 complex and subsequently the Sec13/31
complex, leading to coat polymerization and vesicle bud formation (Barlowe et al., 1994).
Secretory and membrane cargo proteins containing short linear ER export signals
(described in more detail in 1.4.4) that interact with components of the COPII complex are
incorporated during vesicle formation (Dong et al., 2012; Duvernay et al., 2009a; Duvernay
et al., 2009b; Giraudo and Maccioni, 2003; Miller et al., 2002; Nishimura and Balch, 1997;
Nufer et al., 2003; Sevier et al., 2000; Zhang et al., 2011). After vesicle budding, GTP
hydrolysis by Sarl, facilitated by Sec23 and Sec31, promotes coat depolymerization
(Antonny et al., 2001) and vesicle fusion with the acceptor compartment mediated by

SNARE proteins (Jahn and Scheller, 2006; Malsam et al., 2008).

Structural studies on components of the COPII complex have provided useful
insights into the mechanism of coat formation. The crystal structure of Sec12 reveals that
potassium binding in the cytosolic domain is critical for Sec12 GEF activity to activate
Sarl (McMahon et al., 2012). Upon GTP binding, the N-terminal helix of Sarl swings out,
exposing hydrophobic residues that lead to attachment of Sarl to the ER membrane (Huang
et al., 2001). The amphipathic helix region of the Sarl N-terminus recruits the Sec23/24
heterodimer complex that forms a bow-tie shape containing a concave membrane-proximal
positively charged inner surface (Bi et al., 2002; Bi et al., 2007). This curved positively
charged surface would initiate membrane curvature favoring membrane deformation and

vesiculation for ER exit. The Sec23/24 complex then binds with the Sec13/31 to form a



heterotetramer, which forms the outer coat layer consisting of cuboctahedral geometry
(Stagg et al., 2006). The sizes of the cages are approximately 600 A (Antonny et al., 2003;
Matsuoka et al., 2001; Stagg et al., 2006), which brings into question the mechanism of
transport for large cargos, such as procollagen, that have sizes of ~3000 A (Jones et al.,
2003; Stephens and Pepperkok, 2002). The mechanism was explained by cryogenic
electron tomographic reconstitution of Sec13/31 tubules 3300 A in length and 300 A in
diameter (O'Donnell et al., 2011). Also, cryogenic electron microscopy studies of Sec13/31
along with Sec23 revealed that Sec23 binding induces Sec13/31 to form vesicles/tubules
with a variety of geometries (Bhattacharya et al., 2012), providing a further mechanism for
transport of large cargo from the ER. A recent report showed that mature
glycosylphosphatidylinositol-anchored proteins in the ER lumen bind to cargo receptor
membrane protein p24 that stimulates COPII complex recruitment for ER export
(Manzano-Lopez et al., 2015) suggesting that cargo proteins can regulate assembly and

required sizes of the COPII cage.

1.4.2 ER exit sites

COPII budding occurs at specific sites of the ER called the transitional ER (tER)
or ER exit site (ERES) that include post-ER structures prior to fusion with or becoming the
ER-Golgi intermediate compartment (ERGIC) (Budnik and Stephens, 2009). After
translation, all secretory and membrane cargo proteins enter into the ERES, which is devoid
of ribosomes (Oreci et al., 1991), for sorting and export from the ER. The ER exit sites are
part of larger export complexes comprising buds bearing tER components facing towards
the ERGIC (Balch et al., 1994; Bannykh et al., 1996; Schweizer et al., 1991). The post-ER
compartment in the vicinity of the ERES includes tubulo-vesicular membranes coated with
COPII complex and free COPII coated vesicles (Mironov et al., 2003; Zeuschner et al.,
2006). However, a recent report challenges this model of cytosolic release of COPII
vesicles from the ERES that tether and fuse with the neighboring ERGIC. Through high-
speed and super-resolution microscopy, Kurokawa et al. report a ‘hug and kiss” model for
the cis-Golgi that approaches and contacts the ERES to capture cargo proteins by
simultaneous collapse of the COPII cage (Kurokawa et al., 2014). However, it is possible

that free COPII vesicles could be released and immediately captured by the cis-Golgi.



Moreover, this study was conducted using S. cerevisiae that does not have highly organized
ERESs and Golgi structures (Preuss et al., 1992; Rossanese et al., 1999). Similar
experiments need to be performed in mammalian cells to more clearly define the nature of

cargo export from the ERES.

The peripheral ER membrane protein Sec16 plays an important role in organization
of the ERES. As with COPII components, Secl6 was first identified in a S. cerevisiae
screen for secretory pathway mutants and shown to localize to the ER (Espenshade et al.,
1995; Novick et al., 1980). Two mammalian orthologues, Sec16A and Sec16B, have been
identified and also localize to ERESs (Bhattacharyya and Glick, 2007; Hughes et al., 2009;
linuma et al., 2007; Watson et al., 2006). Both yeast and mammalian Sec16 interact with
COPII components Sec23, Sec24, Sec13 and Sec31, and overexpression or depletion of
Secl16 disorganizes ERESs (Bharucha et al., 2013; Bhattacharyya and Glick, 2007,
Espenshade et al., 1995; Gimeno et al., 1996; Hughes et al., 2009; linuma et al., 2007;
Shaywitz et al., 1997). Sec16 stabilizes the Sar1-GTP-Sec23/24 complex on liposomes, by
preventing premature GTP hydrolysis (Kung et al., 2012; Supek et al., 2002; Yorimitsu
and Sato, 2012). Moreover, fluorescence recovery after photobleaching (FRAP)
experiments indicate that recycling of Secl6 from the membrane is slower than that of
Sec23, and there is a greater immobile pool of Sec16 on ER membranes (Hughes et al.,
2009). These observations suggest that Secl16 is a scaffolding protein that provides a
platform for COPII assembly. In contrast, the ‘anchor-away’ technique (Haruki et al.,
2008), where a protein of interest remains cytosolic by anchoring to ribosomes upon
addition of rapamycin, used to analyze whether Sec16 is a scaffolding protein, showed that
removal of COPII from ERESs also results in removal of Sec16, while loss of Sec16 from
ERES does not displace COPII (Bharucha et al., 2013). This observation suggests that the
COPII complex mediates recruitment of Sec16, not the other way around, and proposes
that Sec16 does not organize COPII but rather COPII turnover can account for Secl6
effects on ERES. More studies clearly need to be done to define more precisely the

sequence of events that regulate ERES assembly and function.

Another important regulator of ERES is phosphatidylinositol-4-phosphate (P1(4)P).
PI(4)P plays an important role in Golgi vesicular trafficking by recruiting Arfl GTPase

and pleckstrin homology (PH) domain-containing accessory proteins four-phosphate-



adaptor protein (FAPP) 1 and FAPP2 which are primarily involved in lipid transport (Godi
etal.,2004; He et al., 2011). Evidence shows that PI(4)P also regulates ER export. Addition
of the FAPP1-PH domain inhibits COPII vesicle budding in vitro (Blumental-Perry et al.,
2006). Also, PI4P is enriched on ER membranes upon Sarl activation. The presence of the
PI(4)P phosphatase Sac1 results in reduced vesicle production in vitro (Blumental-Perry et
al., 2006), and knockdown of ER-associated phosphatidylinositol-4-kinase I1la (PI4KIIIa),
which synthesizes PI(4)P, reduces the number of ERESs in cells (Farhan et al., 2008).
Therefore, production of PI(4)P at the ERES by PI4KIIla may assist Sarl membrane

constriction and nucleation of COPII assembly that mediates ER export.

1.4.3 The ER-Golgi intermediate compartment (ERGIC)

The destination of ER export vesicles is a vesicular-tubular cluster of membranes
that is known as the ERGIC. The type I membrane protein ERGIC-53 is required for
maintaining the structural integrity of the ERGIC, in addition to cargo sorting from the ER
(Appenzeller et al., 1999; Hauri et al., 2000; Nichols et al., 1998). In addition to ERGIC-
53, cargo receptor membrane proteins Surf4 and p25, which recycle in the early secretory
pathway similar to ERGIC-53, are also required to maintain the ERGIC architecture
(Mitrovic et al., 2008). ERGIC-53 interacts directly with Sec23 at the ER for cargo sorting
into COPII vesicles that travel to the ERGIC. Cargo proteins are dissociated in the ERGIC
and sorted for trafficking to the Golgi or back to the ER, and ERGIC-53 is recycled back
to the ER (Kappeler et al., 1997). Two models have been proposed for cargo transport from
the ER to the Golgi complex via the ERGIC. The transport complex model proposes that
ERGIC clusters are transient cargo containers formed by homotypic fusion of COPII
vesicles, which then migrate to and fuse with or give rise to the cis-Golgi. The stable
compartment model suggests the ERGIC is best considered as a separate membrane
compartment that receives cargo from the ER and generates anterograde cargo destined for
the Golgi (Appenzeller-Herzog and Hauri, 2006). The transport complex model was
initially based on observations showing large carriers transporting cargo from the ERES to
the Golgi, and these carriers were identical to the ERGIC clusters defined by ERGIC-53
(Bannykh et al., 1998; Stephens and Pepperkok, 2001). The stable compartment model

originated from results showing that low temperature inhibition of ERGIC-to-Golgi
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trafficking did not inhibit ER-to-ERGIC transport and did not increase the number of
ERGIC clusters (Klumperman et al., 1998). More recent studies have not resolved which
of this models is correct. For example, ERGIC transport carriers can directly be formed
from COPII-dependent protrusions, and p25 plays a role in de novo ERGIC formation
(Lavoie et al., 1999; Mironov et al., 2003). However, inhibiting homotypic fusion of COPII
vesicles did not prevent transport complex formation (Mironov et al., 2003), supporting
the stable compartment model. Large anterograde carriers can leave the ERGIC-53
containing compartment behind while moving to the Golgi (Ben-Tekaya et al., 2005), again
consistent with the stable compartment model. However, knockdown of the ER-ERGIC
recycling cargo adaptor Surfs4 with ERGIC-53 or p25 results in reduced numbers of
ERGIC clusters (Mitrovic et al., 2008), suggesting the ERGIC clusters are transient, more
in-line with the transport complex model for traffic through the ERGIC. Hence, the precise

mechanisms governing the formation and function of the ERGIC remain unresolved.

1.4.4 ER export signals

Numerous ER export signals have been identified in the cytosolic tail of various
membrane proteins, and several of these signals have been shown to interact with
components of the COPII complex for ER export. For instance, dibasic motifs
(R/K)X(R/K) in glycosyltransferases and RNKR in Crumbs, a type I membrane protein
required for Drosophila epithelial polarity, interact with Sarl for ER export (Giraudo and
Maccioni, 2003; Kumichel et al., 2015; Quintero et al., 2010). Diacidic-based motifs (DXE,
DXD, FXYENEV), dileucine-based motifs (FXcLL, EX3LL, FNX,LLX3L),
diphenylalanine motifs (QX7FF), ¢X¢dX¢ motifs [FXFXF, (V/L/F)X(I/L)X(M/L)] and
other motifs, such as the tribasic RRR, YNNSNPF, LXX(L/M)E, IXM, R(I/L) motifs,
have been identified as ER export signals in membrane proteins and many of them have
been shown to directly interact with the Sec24 subunit of COPII complex to exit from the
ER (Barlowe, 2003; Bermak et al., 2001; Dong et al., 2012; Duvernay et al., 2004; Farhan
et al.,, 2007; Ma et al., 2001; Mancias and Goldberg, 2008; Mossessova et al., 2003;
Nishimura and Balch, 1997; Nishimura et al., 1999; Nufer et al., 2003; Robert et al., 2005;
Schulein et al., 1998; Stockklausner et al., 2001; Sucic et al., 2011; Wang et al., 2004;

Zhang et al., 2011). Sec24 was recently shown to simultaneously bind to two sorting signals
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(DXE and IFRTL) to drive ER export, suggesting that high levels of efficient capture and
specificity are employed in the ER export process (Pagant et al., 2015).

1.4.5 ER retention/retrieval signals

The retention and retrieval of ER proteins is largely mediated by sorting signals
containing basic residues that interact with components of the COPI complex, a coat
protein complex that mediates retrograde traffic from the Golgi to the ER (described in
1.5.1). For example, the di-lysine motifs KXKXX or KKXX at the C-terminus of the
cytosolic tail of membrane proteins is an ER retention signal that functions by interacting
with components of the COPI complex to retrieve proteins to the ER (Cosson and
Letourneur, 1994; Jackson et al., 1990; Teasdale and Jackson, 1996; Zerangue et al., 2001).
The function of these di-lysine motifs depends on the length and structure of the
cytoplasmic domain (Shikano and Li, 2003; Vincent et al., 1998), and they can also mediate
direct ER retention in addition to retrieval to the ER (Andersson et al., 1999). Recent
structural studies reveal electrostatic binding pockets in COPI subunits that bind terminally
located di-lysine motifs (KKXX and KXKXX), with a specific requirement of two-residue
spacing from the C-terminus (Jackson et al., 2012). Another dibasic motif, RXR, also
functions as an ER retention/retrieval signal (Bichet et al., 2000; Margeta-Mitrovic et al.,
2000; Scott et al., 2001; Zerangue et al., 2001; Zerangue et al., 1999) that depends on the
length of the cytoplasmic tail (Shikano and Li, 2003). Similarly, the type II membrane
protein glucosidase I contains cytosolic N-terminal di-arginine motifs (RR, RXR, RXXR)
in plants and a tri-arginine motif (RRR) in humans that both function as ER retention
signals (Boulaflous et al., 2009; Hardt et al., 2003). Thus, terminal basic residues are

widely employed for ER retention and retrieval.

1.5 Traffic from the Golgi

The Golgi complex serves as the main sorting station for anterograde transport of
newly synthesized proteins destined for the plasma membrane or other organelles (De
Matteis and Luini, 2008; Jackson, 2009; Surma et al., 2012). It also plays an important role
in receiving traffic from the endocytic pathways. The Golgi complex is composed of a

variable number of Golgi stacks, referred to as cis, medial and trans stacks. The cis and
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trans sides of the Golgi complex are associated with tubulovesicular structures called the
ERGIC and the trans-Golgi network (TGN), respectively, representing cargo entry and exit
at both sides. As described above, ER-to-Golgi anterograde traffic is mediated by COPII
coated vesicles while retrograde traffic from the Golgi to the ER is mediated by COPI
coated vesicles (Figure 1.4). Traffic from the TGN to endosomes, lysosomes and the
plasma membrane is mediated by hetero-tetrameric AP complexes or monomeric adaptor
GGA (Golgi-localizing y-adaptin ear-containing Arf-binding) proteins that link vesicles
with clathrin coat proteins, while traffic from endosomes to the TGN is mediated by

retromer complex (Figure 1.4). Details of these coat complexes are described below.

1.5.1 The COPI complex

COPI coat proteins are involved in cargo trafficking in the Golgi-to-ER retrieval
pathway, as well as retrograde flow between the Golgi compartments. COPI vesicles are
composed of the small GTPase Arfl (ADP ribosylation factor 1) and a coatomer complex
of ~600 kDa containing seven subunits, a-, -, B’-, y-, d-, €- and {-COP. All components
of COPI are essential for yeast cell viability, except for e-COP, and are conserved in all
known eukaryotes, similar to the COPII components (Duden, 2003). Activation of Arfl is
mediated by GEFs of the BIG (brefeldin A—inhibited GEF) family localized to the trans
side of the Golgi, and GBF (Golgi-specific brefeldin A—resistance factor) family members
localized to early Golgi compartments (Bui et al., 2009; Gillingham and Munro, 2007).
The coatomer is recruited as a single complex to the membrane (Hara-Kuge et al., 1994).
However, based on homology to other coat protein complexes, two ‘subdomains’ can be
distinguished: the adaptor subcomplex (B-, y-, 6- and {-COP) and a cage like subcomplex
(a-, B’- and &-COP) (Faini et al., 2013). The adaptor subcomplex of COPI binds to two
Arfl molecules (Sun et al., 2007; Zhao et al., 1997), which was confirmed through
structural determination by X-ray crystallography (Yu et al., 2012). The structure of the y-
-COP-Arfl complex revealed residues in y-COP for Arfl binding, and similar residues
were predicted by homology in B-COP and confirmed by mutagenesis for Arfl binding
(Yu et al., 2012). The a-f’-COP complex forms a triskelion with three copies by
converging through axial ends of the B-propeller domain of B’-COP, which shares partial
similarities with the cages formed by both clathrin and COPII (Lee and Goldberg, 2010).
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The B-propeller structure of the B’-COP subunit was also shown to bind with a di-lysine
sorting motif (Jackson et al., 2012), indicating a role for B’-COP in cargo selection in
addition to cage formation. Single-particle electron microscopy of the complete heptameric
COPI complex reveals a globular mass, representing the adaptor subcomplex surmounted
by an extended domain representing the cage subcomplex, and with substantial
conformational flexibility likely required for scaffolding function (Yip and Walz, 2011).
GTP hydrolysis by Arfl, promoted by Arfl GTPase activating proteins (ArfGAPs), results
in COPI coat depolymerization (Cukierman et al., 1995; Reinhard et al., 2003; Tanigawa
et al., 1993). ArfGAP1 contains an amphipathic lipid packing sensor (ALPS) motif that
senses curved membranes and serves as a mechanism to associate with COPI vesicles
(Bigay et al., 2005; Bigay et al., 2003), while ArfGAP2/3 associates directly with the COPI
complex for coat depolymerization (Frigerio et al., 2007; Kliouchnikov et al., 2009;

Pevzner et al., 2012; Weimer et al., 2008).

1.5.2 The adaptor proteins (APs)

APs are another key component in vesicle trafficking, and form the coat around
post-Golgi vesicles as well as playing an important role in cargo sorting. APs are hetero-
tetrameric complexes with two large subunits (~100 kDa), a medium (~50 kDa) and a small
subunit (~20kDa) (Hirst et al., 2013; Robinson, 2004). There are five distinct APs: AP1
mediates traffic between tubular endosomes and the TGN, although the trafficking
direction is unclear (Canuel et al., 2008; Robinson et al., 2010); AP2 is involved in vesicle
formation at the plasma membrane for endocytosis (described below in 1.7.1); AP3
mediates traffic from the TGN and/or early endosome to late endosomes; AP4 mediates
traffic from the TGN to endosomes, lysosomes and basolateral membranes; and APS is
localized to late endosomes but the precise function is unclear (Hirst et al., 2011; Hirst et
al., 2013; Nakatsu and Ohno, 2003; Ohno, 2006; Popova et al., 2013; Robinson, 2004).
AP1 and AP3 also have cell-type specific isoforms; AP1-B is expressed in polarized
epithelial cells and mediates basolateral sorting, while AP3-B is expressed in neurons and

mediates synaptic-vesicle biogenesis (Ohno, 2006; Robinson, 2004).

The regulation and functional mechanisms vary between different APs. The

assembly of AP3 and AP4 on the membrane is regulated by activation of the Arfl GTPase,
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while assembly of AP1 is regulated by both Arfl and PI(4)P (Wang et al., 2003). In
contrast, assembly of the AP2 complex is regulated by phosphatidylinositol-4,5-
bisphosphate (P1(4,5)P>) (Honing et al., 2005). Positively charged patches of basic residues
in AP1 and AP2 are involved in binding to respective PIPs (Heldwein et al., 2004). AP5
assembly on the membrane was not inhibited by brefeldin A treatment and, therefore,
remain independent of Arfl GTPase (Hirst et al., 2011). Moreover, AP1, AP2 and AP3
interact with clathrin molecules to form clathrin coated vesicles, while AP4 and AP5 do
not interact with clathrin (Hirst et al., 2011; Robinson, 2004). Crystal structures of AP1
and AP2 core complexes comprising the N-termini of the large subunits plus intact medium
and small subunits display similar structures, defined as an inactive conformation in which
the cargo binding site is inaccessible (Collins et al., 2002; Heldwein et al., 2004). Upon
membrane recruitment of AP1 by Arfl, or AP2 by PI(4,5)P2, changes in the conformation
of the AP complexes expose the cargo binding site with pockets for tyrosine and tyrosine+3
bulky amino acid of YXX¢ motif (Jackson et al., 2010; Ren et al., 2013). The coat layer
formed by AP complexes is removed by dephosphorylation of AP components and of
phosphatidylinositol phosphates (PIPs) that reduces adaptors affinity to vesicles (Ghosh
and Kornfeld, 2003; Verstreken et al., 2003).

1.5.3 GGA proteins

Membrane transport between the TGN and endosomes is also mediated by
monomeric clathrin adaptor proteins called GGA proteins. There are three GGA isoforms
found in humans (GGA1, GGA2 and GGA3) and two in the yeast (Ggal and Gga2). All
GGAs are 60-80 kDa in size and have common structural and functional domains; a VHS
(Vps-27, Hrs and STAM) domain, a GAT (GGA and Tom1) domain, a hinge region, and
a GAE (y-adaptin ear homology) domain (Bonifacino, 2004; Nakayama and Wakatsuki,
2003). The membrane recruitment of GGAs is mediated by GAT domain interaction with
membrane-bound activated Arfl, and this interaction hinders the action of Arf-GAPs
providing transient stabilization of a GGA-Arf-GTP complex (Jacques et al., 2002). Upon
membrane recruitment of GGA, the VHS domain comes into close proximity with the
membrane and sorts cargo proteins by interaction with di-leucine-based sorting signals in

the cytoplasmic tails of membrane cargo proteins (He et al., 2002; Nielsen et al., 2001;
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Puertollano et al., 2001a; Takatsu et al., 2001; Zhu et al., 2001) and this interaction is
enhanced by phosphorylation of a serine residue within the di-leucine motif (von Arnim et
al., 2004; Wahle et al., 2005). A clathrin-box like sequence in the hinge region of
membrane-bound GGA recruits clathrin by interaction with the terminal domain of clathrin
to form clathrin coated vesicles (Mullins and Bonifacino, 2001; Puertollano et al., 2001b;
Stahlschmidt et al., 2014). The WNSF motif in the hinge region binds to the GAE domain
for auto-regulation of GGA function (Inoue et al., 2007). The GAE domain also binds to a
variety of accessory proteins via the DFGX¢ motif, which may facilitate vesicle budding,

cargo sorting, coat assembly and disassembly (Bonifacino, 2004).

1.5.5 Golgi sorting signals

In spite of the Golgi being the main sorting hub for cargo proteins and the
identification of various coat proteins functioning at the Golgi, few Golgi sorting signals
have been identified. Two types of motifs, di-leucine based ((D/E)XXXL(L/I) and
DXXLL) and tyrosine based (YXX¢) motifs interact with GGAs and APs, respectively,
for protein sorting from the Golgi to the basolateral plasma membrane and for endocytosis
(Anitei and Hoflack, 2011; De Matteis and Luini, 2008; Rodriguez-Boulan and Musch,
2005). Tyrosine-based motifs were first identified in low-density-lipoprotein receptor
(LDLR), the polymeric-immunoglobulin-A receptor (pIgAR), and the transferrin receptor
(TfR) (Matter and Mellman, 1994); and di-leucine-based motif in Fc receptor (FcR)
(Hunziker and Fumey, 1994; Matter et al., 1994). These motifs were also shown to target
E-cadherin and vesicular stomatitis virus glycoprotein (VSV-G) to basolateral membranes
(Miranda et al., 2001; Thomas and Roth, 1994). Alternatively, single-leucine-based motifs
were also identified in stem cell factor and CD147 for basolateral targeting (Deora et al.,
2004; Wehrle-Haller and Imhof, 2001). Substitution mutations of these basolateral sorting
motifs results in mis-sorting of proteins to apical membranes rather than accumulation in
the Golgi, owing to their O- or N-linked glycans that function in apical targeting (Carvajal-
Gonzalez et al., 2012; De Matteis and Luini, 2008; Rodriguez-Boulan and Musch, 2005),
implying that these basolateral targeting motifs are Golgi sorting signals rather than Golgi
export signals. Recently, a novel tyrosine-based motif (YX[F/Y/L][F/L]E) was identified

in amyloid precursor protein (APP) for its traffic from the TGN to the endosomes (Burgos
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et al., 2010). Alanine substitution of this motif inhibited APP traffic to the endosomes and

resulted in accumulation in the Golgi.

1.6 Traffic through the Golgi

Mechanisms for protein trafficking through the Golgi complex remain highly
debatable and various models have been proposed (Glick and Luini, 2011). The vesicular
trafficking model and the cisternal-maturation model (Figure 1.5) are the oldest and remain
extensively discussed (Jackson, 2009; James Morre and Mollenhauer, 2007; Simon, 2008).
At present, the cisternal-maturation model is better accepted and explains most of the

experimental data reported so far.

The vesicular transport model (Figure 1.5), in which the Golgi is viewed as being
composed of distinct stable compartments and cargo proteins move from one compartment
to the next in COPI coated vesicles, was widely accepted for a long time (Dunphy and
Rothman, 1985; Farquhar, 1985; Farquhar and Palade, 1981; Rothman, 1981; Rothman
and Wieland, 1996). This model was extended with the view that COPI could mediate
bidirectional transport; anterograde transport of cargo proteins and retrograde transport of
vesicle trafficking components (Orci et al., 2000; Pelham and Rothman, 2000). Polarized
distribution of glycosylation enzymes supports this model, such that each Golgi
compartment contains a unique set of Golgi-resident enzymes that process cargo proteins
in an assembly line fashion (Kleene and Berger, 1993; Nilsson et al., 2009; Rabouille et
al., 1995). Some studies have showed COPI vesicles containing secretory cargo proteins,
supporting the view that cargo proteins traffic in a forward direction via vesicles between
the Golgi compartments (Malsam et al., 2005; Orci et al., 1997; Ostermann et al., 1993).
However, other studies failed to detect any secretory cargo in COPI coated vesicles (Dahan
et al., 1994; Gilchrist et al., 2006; Martinez-Menarguez et al., 2001). Also, the traffic of
large cargo proteins such as procollagen through Golgi cisternae could not be explained by
the vesicular transport model (Becker et al., 1995; Bonfanti et al., 1998; Mironov et al.,
2001). Moreover, the transient nature of yeast Golgi cisternae, a fused Golgi network in
microsporidia, tubular connections between cisternae in mammalian cells, and the mobility

of Golgi-resident enzymes between compartments are also not explained by this stable
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compartment model (Beznoussenko et al., 2007; Losev et al., 2006; Matsuura-Tokita et al.,

2006; Trucco et al., 2004; Wooding and Pelham, 1998).

In contrast, the cisternal-maturation model (Figure 1.5) suggests that one set of
Golgi-resident proteins replaces another as cargo traffics within the Golgi complex, is a
better fit for most of these observations. Homotypic fusion of COPII vesicles or ER-derived
carriers would form a cis-Golgi cisterna that matures into the TGN and disintegrates into
vesicles and other type of carriers. As the cargo moves forward, the Golgi-resident proteins
are retrieved to the younger cisternae by COPI vesicles (Bonfanti et al., 1998; Gilchrist et
al., 2006; Glick and Malhotra, 1998; Malsam et al., 2005; Martinez-Menarguez et al., 2001;
Rabouille and Klumperman, 2005). In fact, Golgi cisternal maturation with cargo and
retrieval of Golgi-resident enzymes were visualized in live-cell imaging experiments
(Losev et al., 2006, Matsuura-Tokita et al., 2006). However, this model still cannot explain
the fused Golgi network in microsporidia or tubular connections between Golgi cisternae
(Beznoussenko et al., 2007; Trucco et al., 2004). The extended cisternal-maturation model
with tubular transport could accommodate these results (Glick and Luini, 2011). Moreover,
studies by Lippincott-Schwartz and coworkers suggest a dramatic revision of these
traditional models by proposing a rapid-partitioning model for traffic within the Golgi
(Patterson et al., 2008). They observed cargo diffusion into and out of Golgi export
domains and exit from the Golgi with exponential kinetics, and proposed that secretory
cargo partitions into processing and export domains upon arrival at the Golgi and exit from
every level of the Golgi to their final destinations (Lippincott-Schwartz and Phair, 2010;
Patterson et al., 2008). In this rapid-partitioning model, the Golgi operates as a single
compartment that contradicts the observation of polarized distribution of Golgi enzymes
and the existence of discrete Golgi cisternae. Moreover, the rapid-partitioning model also
cannot explain the slower traffic of large cargo such as procollagen (Bonfanti et al., 1998;
Mironov et al., 2001; Trucco et al., 2004). The cisternal-maturation model with tubular
transport between cisternae could explain cargo diffusion within the Golgi and the
exponential kinetics of smaller secretory cargo exit and, therefore, seems a more plausible

model for traffic through the Golgi.
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1.7 Endocytic pathways

Cells take up extracellular materials as well as cell surface-expressed proteins by
various mechanisms of endocytosis. Endocytic mechanisms can be classified into two
subgroups, clathrin-mediated endocytosis (described below) and clathrin-independent
endocytosis. Many clathrin-independent endocytosis mechanisms remain less well
characterized in terms of their molecular details and cargo specificity, and will not be
further discussed. During endocytosis, internalized vesicles immediately fuse with or
become early endosomes, which are considered a main sorting station for the endocytic
pathway (Huotari and Helenius, 2011). Early endosomes contain membrane
microdomains, each enriched in various trafficking regulators such as Rab4, Rab5, Rab7,
Rabl11, retromer complex and caveolae (Hayer et al., 2010; Rojas et al., 2008; Vonderheit
and Helenius, 2005), and sort cargo proteins to the plasma membrane, recycling endosomes
or the TGN. Early endosomes mature into late endosomes, which can then fuse with
lysosomes to form endolysosomes for degradation of luminal contents (Huotari and
Helenius, 2011). Alternatively, inward budding into late endosomes generates multi-
vesicular bodies containing luminal vesicles that are released from cells as exosomes,
following fusion of the limiting multi-vesicular body membrane with the plasma

membrane.

1.7.1 Clathrin-mediated endocytosis

Clathrin-mediated endocytosis is the most studied mechanism of endocytosis.
Formation of clathrin-coated pits is initiated by recruitment of AP2 to the plasma
membrane by PI(4,5)P> (Honing et al., 2005). However, more recent studies have shown
that the initiation stage may involve a putative nucleation module composed of FCH-
domain-only (FCHO) proteins, EGFR pathway substrate 15 (EPS15) and intersectins that
assemble at the plasma membrane due to their preferences to PI(4,5)P2 (Henne et al., 2010;
Reider et al., 2009; Stimpson et al., 2009). Proteins of the putative nucleation module then
recruit AP2 to the membrane, which changes the conformation of the AP2 core complex
to expose the cargo binding sites and mediates cargo selection by interaction with di-
leucine- and tyrosine-based motifs (Jackson et al., 2010; Kelly and Owen, 2011; Traub,

2009). The conformational changes in AP2 following membrane recruitment and cargo
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binding also relieves auto-inhibition of clathrin association, triggering clathrin recruitment
and formation of clathrin-coated pits (Kelly et al., 2014). A variety of accessary proteins
are also assembled during clathrin-coated vesicle formation for endocytosis (McMahon
and Boucrot, 2011; Traub, 2011). For instance, the GTPase dynamin is recruited by BAR-
domain-containing proteins such as endophillin and sorting nexin (SNX) 9, which bind to
curved membranes and likely mediate neck formation. The SRC homology 3 (SH3) domain
of these BAR proteins interacts with proline-rich regions of dynamin, which mediates
scission of clathrin-coated vesicles by GTP hydrolysis (Bashkirov et al., 2008; Ferguson et
al., 2009; Hinshaw and Schmid, 1995; Sundborger et al., 2011; Sweitzer and Hinshaw,
1998). Dynamin also mediates vesicle fission at the plasma membrane for various clathrin-
independent endocytic mechanisms (Mercer et al., 2010). Endophillin was also recently
shown to mediate clathrin-independent endocytic mechanisms (Boucrot et al., 2015;
Renard et al., 2015). Once the endocytic vesicle is detached from the plasma membrane,
ATPase heat-shock cognate 70 (HSC70) and its cofactor auxilin mediate disassembly of
the clathrin coat (Schlossman et al., 1984; Ungewickell et al., 1995). Auxilin is recruited
after vesicle budding by binding to the terminal domain and ankle of the clathrin triskelium,
and localizes under the ‘hub’ of neighboring triskelia where the uncoating reaction is
initiated upon HSC70 recruitment (Fotin et al., 2004; Rapoport et al., 2008; Scheele et al.,
2001; Taylor et al., 2011; Xing et al., 2010). The vesicle is then ready to fuse with the target

endosomal compartment for further processing.

1.7.2 The retromer complex

Another trafficking regulator, the retromer complex, mediates sorting and
trafficking of proteins from endosomes. The retromer complex was first identified in yeast
as an endosomal coat-protein complex required for cargo retrieval from endosomes to the
TGN (Seaman et al., 1998). The hetero-pentameric retromer complex is composed of a
vacuolar protein sorting (VPS) trimer VPS26-VPS29-VPS35 subcomplex and a SNX
dimer subcomplex mainly composed of SNX1/2-SNX5/6 (Burd and Cullen, 2014; Collins,
2008; Seaman, 2012). SNX3 and SNX27 are present in alternative retromer complexes
(Harterink et al., 2011; Steinberg et al., 2013). SNXs contain a Bin/Amphiphysin/Rvs

(BAR) domain that can induce and/or sense membrane curvature and tubules (Carlton et
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al., 2004; van Weering et al., 2012), and a phox-homology (PX) domain that binds to
phosphatidylinositol-3-phosphate (PI(3)P) (Carlton et al., 2004; Cullen, 2008; Seet and
Hong, 2006). The SNX dimer complex associates with endosomal membranes by binding
to PI(3)P and recruits the VPS trimer complex to the membrane (Haft et al., 2000; Harterink
etal., 2011; Seaman et al., 1998; Vardarajan et al., 2012). However, VPS trimers were also
shown to be associated with late endosomal membranes via Rab7 (Balderhaar et al., 2010;
Liu et al., 2012; Nakada-Tsukui et al., 2005; Rojas et al., 2008; Seaman et al., 2009;
Zelazny et al., 2013). The VPS trimer functions in cargo sorting, mainly through VPS35
interaction with simple hydrophobic cargo-sorting motifs (Nothwehr et al., 2000; Seaman,
2007), and VPS26, SNX3 and SNX27 also play a role in cargo selection (Fjorback et al.,
2012; Steinberg et al., 2013; Temkin et al., 2011). In addition to cargo retrieval from
endosomes to the TGN, retromers influence a wide array of cellular functions such as
establishment of cell polarity, cargo recycling from endosomes to the plasma membrane
and transcytosis (Lohia et al., 2012; Pocha et al., 2011; Seaman, 2012; Verges et al., 2004;
Zhou et al., 2011).

1.7.3 Endocytic sorting signals

Various sorting signals that function at distinct steps of the endocytic pathway have
been identified. For example, di-leucine- and tyrosine-based motifs ((D/E)XXL(L/I),
YXX¢, NPXY) interact with AP2 subunits and endocytose plasma membrane proteins into
clathrin-coated vesicles (Bonifacino and Traub, 2003; Kelly and Owen, 2011; Traub,
2009). Protein recycling to the plasma membrane from recycling endosomes is mediated
by sorting motifs such as LF, RF, KR, PLSLL (Dai et al., 2004; Li et al., 2007), and from
early endosomes by DSLL, NPXY and proline-rich motifs that interact with clathrin or
retromer coat complexes (Gage et al., 2001; Parachoniak et al., 2011; Temkin et al., 2011;
van Kerkhof et al., 2005). Interestingly, a single motif can have dual sorting functions. For
example, the GDAY motif in the natriuretic peptide receptor A (NPRA) serves a dual role
as an endocytosis signal and a recycling signal (Pandey et al., 2005), while a YXX¢ motif
in the Coxsackie- and adenovirus-receptor (CAR) protein can sort cargo from the TGN to

the basolateral membrane via interaction with AP1-A, and from recycling endosomes to
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the basolateral membrane via interaction with AP1-B (Carvajal-Gonzalez et al., 2012; Diaz

et al., 2009).

1.8 Rab GTPases

Rab GTPases are considered as the master regulator of vesicular trafficking. They
are the largest sub-family of the Ras superfamily, comprising approximately 70 members
in humans (Bhuin and Roy, 2014; Wandinger-Ness and Zerial, 2014). Rabs exist in two
forms, an activated GTP-bound form and an inactive GDP-bound form. GEFs convert
inactive GDP-bound Rabs to the active GTP-bound form, while GTPase-activating
proteins (GAPs) enhance the Rab GTPase activity converting the active Rab back to the
inactive GDP-bound state (Figure 1.6). The inactive form of Rabs is kept in the cytoplasm
by their association with GDP-dissociation inhibitors (GDIs) (Ullrich et al., 1993). In their
active form, Rab GTPases localize to the cytosolic face of membranes via geranylgeranyl
moieties covalently attached to each of two C-terminal cysteines (Kinsella and Maltese,
1992; Lane and Beese, 2006; Sasaki et al., 1990; Seabra et al., 1991). Individual Rabs
localize to distinct membranes that is thought to be mediated by GDIs, GDI dissociation
factors (GDFs), Rab escort proteins (REPs) and GEFs, making Rabs useful markers for
specific membrane compartments (Barr, 2013; Pfeffer, 2013; Seabra and Wasmeier, 2004;
Sivars et al., 2005; Ullrich et al., 1993; Wu et al., 2010).

Various Rabs have been shown to mediate diverse range of trafficking-related
processes such as vesicle formation, cargo selection, vesicle motility, vesicle uncoating and
vesicle tethering and fusion (Hutagalung and Novick, 2011; Stenmark, 2009). Cargo
selection is a key process for protein sorting during vesicle formation, which is usually
mediated by components of coat complexes as described above. However, there is
increasing evidence of Rabs interacting with cargo molecules for cargo sorting during
vesicle formation (Aloisi and Bucci, 2013). Rab5 and Rab11 are involved in the endocytic
trafficking pathway and are particularly relevant to results discussed in this thesis, and are

described below in more detail.
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1.8.1 Rab5

Rabs5 is involved in a range of functions in vesicular trafficking. For example, Rab5
sequesters transferrin receptor into clathrin-coated pits (McLauchlan et al., 1998). Rab5
also binds to the human prostacyclin receptor and frizzled GPCRs, independent of Rab5
GTP/GDP bound status (O'Keeffe et al., 2008; Purvanov et al., 2010; Strutt and Vincent,
2010), while internalization of the angiotensin II type 1A receptor is dependent on binding
to the GDP-bound form of Rab5 (Seachrist et al., 2002). Other Rab5 trafficking functions
include promoting vesicle motility along microtubules (Nielsen et al., 1999), vesicle
tethering to acceptor membranes (Gorvel et al., 1991; Rubino et al., 2000) and uncoating
of clathrin-coated vesicles (Semerdjieva et al., 2008). Rab5 activation also promotes focal-
adhesion disassembly and concomitant cell migration (Mendoza et al., 2014). These
functions are regulated by different effectors of Rab5 and highlight the variety of functions
that can be mediated by the same Rab molecule. How Rabs recruit distinct effectors in

different processes remains unknown.

1.8.2 Rab11

Rabl11 has three subfamily members, Rab11A, Rab11B and Rab11C (also known
as Rab25). Rab11A and Rab11B share 89% sequence identity but have only 61% and 66%
sequence identity, respectively, with Rab25 (Kelly et al., 2012; Welz et al., 2014). While
Rab11A is ubiquitously expressed (Kikuchi et al., 1988; Sakurada et al., 1991), Rab11B is
predominantly expressed in brain, heart and testes (Lai et al., 1994), and Rab25 is
expressed in kidney, lung and gastric track (Goldenring et al., 1993).

Rabl11 and its effector molecules mediate a variety of cellular functions, including
cargo sorting and recycling (Lindsay and McCaffrey, 2002; Mammoto et al., 1999; Welsh
et al., 2007; Welz et al., 2014), vesicle motility on microtubules (Hales et al., 2002;
Lapierre and Goldenring, 2005; Schonteich et al., 2008), cytokinesis (Horgan and
McCaffrey, 2012), cancer cell migration (Caswell et al., 2008; Laflamme et al., 2012;
Westlake et al., 2007) and primary ciliogenesis (Knodler et al., 2010). The Rab11 family-
interacting proteins (FIPs) are Rab11 effectors that bind to Rab11 via a conserved Rab11-
binding domain (RBD). The crystal structure of this interaction indicates a heterotetrameric

complex formed of a central parallel FIP dimer with Rab11 on either side (Eathiraj et al.,
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2006; Horgan and McCaffrey, 2009; Jagoe et al., 2006). Rab11 was shown to be associated
with TGN membranes (Urbe et al., 1993) and to mediate traffic of VSV-G from the TGN
to the plasma membrane (Chen et al., 1998). However, whether Rab11 interacts with VSV-
G was not determined. While Rab11 is known to regulate the recycling of numerous cargo
proteins (Aloisi and Bucci, 2013; Kelly et al., 2012), few cargo proteins have been shown
to directly interact with Rab11 by GST pull-down assays, mostly with the GDP-bound
inactive form of Rab11 (Hamelin et al., 2005; Parent et al., 2009; van de Graaf et al., 2006;
Wikstrom et al., 2008). To date, Rab11 interactions with cargo proteins are implicated in

cargo recycling to the plasma membrane, but not anterograde transport from the TGN.

1.9 Phosphatidylinositol phosphates (PIPs)

PIPs are involved in a variety of cellular functions such as signaling, cytoskeletal
dynamics and membrane trafficking (Balla, 2013; Waugh, 2015). PIPs are phosphorylated
derivatives of phosphatidylinositol (PI), which can be phosphorylated in combination at
hydroxyl groups of the 3rd, 4th and 5th carbon positions of the inositol ring to produce
seven different PIPs: PI(3)P, PI(4)P, phosphatidylinositol-5-phosphate (PI(5)P),
phosphatidylinositol-3,4-bisphosphate (PI(3,4)P2), PI(4,5)P2, phosphatidylinositol-3,5-
bisphosphate (PI(3,5)P2) and phosphatidylinositol-3,4,5-triphosphate (PI(3,4,5)P3). PIPs
are interconverted by specific kinases and phosphatases that add or remove phosphate
groups to maintain distinct PIP populations in different organelles. For example, PI(3)P is
predominantly present in endosomes, PI(4)P at the TGN, and PI(4,5)P; and PI(3,4,5)P3 at
the plasma membrane (Brill et al., 2011). Multiple effector proteins interact with PIPs via
PIP-interacting domains and localize to particular organelles. For instance, PH domains of
lipid-transfer proteins such as oxysterol-binding protein (OSBP), ceramide-transfer protein
(CERT) or four-phosphate-adaptor protein (FAPP) bind with PI(4)P resulting in protein
localization to the Golgi complex where they play essential roles in lipid synthesis and
membrane traffic (Carvajal-Gonzalez et al., 2012; Hanada et al., 2009; Ngo et al., 2010).
The PH domain of Akt binds specifically with P1(3,4,5)P; and mediates signaling pathways
for cell growth, proliferation and survival (Park et al., 2008; Varnai et al., 2005; Vivanco
and Sawyers, 2002). The PX-domain or FVYE-domain proteins such as SNXs specifically

interact with PI(3)P to localize to endosomes to mediate membrane traffic (Cullen, 2008;
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Lemmon, 2007). In addition, the PX-domain of Vam7p, a SNARE molecule, interacts with
PI(3)P for docking onto yeast vacuole for homotypic fusion (Boeddinghaus et al., 2002).
PH, PX and FYVE domains are approximately 60-130 amino acids in length and fold into
distinct tertiary structures to interact with particular PIP molecules through interface of
basic residues (Bravo et al., 2001; Burd and Emr, 1998; Ferguson et al., 1995; Kutateladze
et al., 1999). PI(3)P, PI(4)P and PI(4,5)P2 were shown to mediate vesicle formation at
distinct cellular compartments by recruitment of retromer, AP1 and AP2 coat complex
components, respectively, implying their important roles in initiation of vesicle formation

(Carlton et al., 2004; Honing et al., 2005; Wang et al., 2003).

1.10 Defects in membrane trafficking

Membrane trafficking pathways are tightly regulated and important for proper
cellular function. Various diseases in humans are due to defects in these trafficking
pathways. For example, genetic mutations in the Sec23 and Sec24 subunits of COPII
complex are linked to cranio-lentico-sutural dysplasia and osteogenesis imperfecta,
respectively, in which ER export of cargo proteins such as procollagen is defective (Garbes
et al., 2015). Genetic mutations in AP3 subunits lead to mis-localization of
endosomal/lysosomal transmembrane proteins such as tyrosinase, CD63 and Lamp1/2 to
the plasma membrane and cause Hermansky-Padlock syndrome (HPS) (Cobbold et al.,
2003; Starcevic et al., 2002). Mutations in AP4 and AP5 are associated with hereditary
spastic paraplegia (HSP), an inherited neurodegenerative disorder (Hirst et al., 2013). Loss
of the retromer complex results in amyloidogenic processing of APP, contributing to the
pathogenesis of Alzheimer’s disease (Choy et al., 2012; He et al., 2005; Muhammad et al.,
2008; Siegenthaler and Rajendran, 2012; Small et al., 2005; Wen et al., 2011). A genetic
mutation, Asp620Asn, in the retromer subunit VPS35 is linked to Parkinson’s disease
(Vilarino-Guell et al., 2011; Wen et al., 2011). Missorting of many transmembrane proteins
is also linked to several genetic diseases (Mellman and Nelson, 2008), including hereditary
familial hypercholesterolemia and retinitis pigmentosa diseases, in which low-density-
lipoprotein receptor (LDLR) and rhodopsin, respectively, are missorted to the apical

membrane (Koivisto et al., 2001; Sung and Tai, 2000).
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1.11 Trafficking Summary

Anterograde traffic from the ER to the Golgi is mediated by numerous sorting
signals that specifically interact with components of COPII coat complex. In contrast, few
Golgi sorting signals have been identified, with no definitive export signals for traffic to
plasma membrane, even after identification of multiple type of coat complexes such as
APs, GGAs, COPI and retromer that function at the Golgi for vesicular trafficking.
Moreover, sorting signals can have dual sorting functions that may depend on the length
and tertiary structure of the cytoplasmic tail. Various regulatory molecules such as Arfs,
Rabs and PIPs play important roles in these complex and tightly regulated trafficking
processes. Many aspects of vesicular trafficking such as cargo sorting, spatiotemporal
regulation of vesicle formation, assembly and disassembly remain ill-defined, particularly

as it relates to the traffic from the Golgi to the plasma membrane.

1.12 Fusogenic reoviruses and FAST proteins

1.12.1 Fusogenic ortho- and aquareoviruses

Orthoreoviruses and Aquareoviruses are two related genera in the virus family
Reoviridae, a large diverse group of nonenveloped viruses with double-stranded RNA
genomes containing 10 or 11 genome segments, respectively (Nibert and Duncan, 2013).
Historically, reovirus terminology comes from ‘respiratory enteric orphan’ viruses that
were first isolated from human respiratory and gastrointestinal tracks, and called orphan
viruses since they were not associated with any disease. These prototypical mammalian
reoviruses (MRVs) are one of six recognized species of orthoreoviruses, and they infect a
wide range of mammalian hosts. The other five species of orthoreoviruses are named
according to their host species (avian, reptilian and baboon reoviruses, abbreviated ARV,
RRV and BRYV, respectively) or location of first isolation (Nelson Bay reovirus and
Broome reovirus, abbreviated NBV and BroV, respectively). The latter two species were
isolated from bats, and are distinct from other bat reovirus isolates that belong to the MRV
species (Kohl et al., 2012; Steyer et al., 2013). Aside from MRV, all of the other
orthoreovirus species induce cell-cell fusion and syncytium formation (Ciechonska and
Duncan, 2014; Duncan, 1999; Duncan et al., 2004). The two recognized species of

aquareoviruses are also fusogenic (Samal et al., 2005). These fusogenic ortho- and

26



aquareoviruses are the only known examples of nonenveloped viruses that induce

syncytium formation.

The prototypical MR Vs are generally nonpathogenic following natural infections,
generating subclinical infections or mild respiratory or gastrointestinal symptoms. In
contrast, the fusogenic reoviruses are associated with a variety of clinical syndromes and
disease states such as pneumonia, neurological disorders, enteric syndromes and
meningoencephalomyelitis (Benavente and Martinez-Costas, 2007; Chua et al., 2007;
Lamirande et al., 1999; Leland et al., 2000; Vieler et al., 1994). There is also a correlation
between syncytium formation and virulence of the fusogenic reoviruses (Duncan and

Sullivan, 1998).

The fusogenic bat reoviruses were isolated following zoonotic transmission to
humans in association with acute respiratory disease, with some indication of possible
human-human transmission (Cheng et al., 2009; Chua et al., 2007; Chua et al., 2008; Chua
etal., 2011; Wong et al., 2012; Yamanaka et al., 2014). A small-scale survey in Malaysia
also indicated a 13% seroprevalence of infection by fusogenic bat reoviruses (Chua et al.,
2007), suggesting zoonotic transmission may be common. The correlation between cell-
cell fusion and pathogenicity and the evidence of zoonotic transmission suggest fusogenic
reoviruses represent a potential threat as emerging human pathogens (Smith and Wang,

2013).

1.12.2 FAST protein family

The fusion-associated small transmembrane (FAST) proteins represents a unique
family of proteins that are responsible for the cell-cell fusion and syncytiogenic activity of
fusogenic reoviruses (Boutilier and Duncan, 2011; Ciechonska and Duncan, 2014).
Currently, there are six members in the FAST protein family (Figure 1.7), named according
to their molecular mass in kDa; pl0 proteins encoded by avian and Nelson Bay
orthoreoviruses, pl3 of Broome orthoreovirus, pl4 of reptilian orthoreovirus, pl15 of
baboon orthoreovirus, and the pl6 and p22 proteins of aquareoviruseses (Dawe and
Duncan, 2002; Duncan et al., 2004; Guo et al., 2013; Racine et al., 2009; Shmulevitz and
Duncan, 2000; Thalmann et al., 2010). FAST proteins are nonstructural proteins that are

expressed only during active virus infection. Upon their expression in vertebrate cells,
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FAST proteins traffic through the ER-Golgi secretory pathway to the plasma membrane
where they cause cell-cell membrane fusion (Corcoran and Duncan, 2004; Dawe et al.,

2005).

FAST protein-mediated cell-cell fusion maintains cell viability, providing a means
for cell-cell virus transmission without the need for virus particle release and reentry.
However, extensive FAST protein-mediated syncytiogenesis in transfected cell
monolayers triggers membrane instability and apoptosis leading to a burst of virus release
(Salsman et al., 2005). Moreover, recent data suggest FAST proteins and reovirus particles
are released from cells in exosomes (Jolene Read, PhD thesis, Dalhousie University). These
observations suggest that fusogenic reoviruses first exploit cell-cell fusion events for
localized spread followed by systemic spread by release of large numbers of virus progeny
through leaky syncytia and possibly infectious exosomes, either or both of which could

explain the correlation between virulence and the FAST proteins (Brown et al., 2009).

The fusogenic reoviruses also employ an interesting mechanism to regulate FAST
protein-mediated cell-cell fusion, and to coordinate the virus replication cycle with
syncytiogenesis. Unlike enveloped virus fusion proteins (White et al., 2008), the FAST
proteins are ‘unregulated’ protein fusogens, meaning they are not controlled by pH,
receptor-binding or interaction with other viral proteins (Ciechonska and Duncan, 2014).
However, FAST proteins are all encoded on polycistronic mRNAs that encode one or two
additional viral proteins in addition to the FAST protein, from independent open reading
frames (Boutilier and Duncan, 2011). In all cases, the FAST protein open reading frame is
5’-proximal and contains a non-optimized translation start site (Racine et al., 2009).
Moreover, FAST protein expression is also down-regulated by the ER-associated
degradation pathway (ERAD) (Shmulevitz et al., 2004). The combination of weak
translation and protein degradation slows accumulation of FAST proteins in the plasma
membrane, thereby delaying the onset and rate of syncytium formation during virus
infection, which may allow sufficient time for progeny virus production prior to cell

disruption.

With no conserved sequence similarity, FAST proteins do share some structural

similarity. All FAST proteins are type III membrane proteins that use their single
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transmembrane domain as a reverse signal anchor sequence for co-translational insertion
into the ER membrane, acquiring an N-exoplasmic/C-cytoplasmic topology in the ER
membrane and at the plasma membrane (Corcoran and Duncan, 2004; Dawe et al., 2005).
FAST proteins all contain exceptionally small ectodomains on extracellular side (19-37
residues), and equal-sized or considerably longer (36-141 residues) cytoplasmic
endodomains (Figure 1.7). These domains contain a number of shared motifs, but each
FAST protein has its own unique repertoire and arrangement of these motifs. For example,
each FAST protein contain a hydrophobic patch, a short stretch of mostly hydrophobic or
apolar residues, that is located in the cytoplasmic domains of p13, p15, p16 and p22, but is
located in the ectodomains of p10 and p14. All FAST proteins also contain motifs for fatty
acid acylation; N-terminal myristoylation motifs in pl13, pl4, pl5, and p22, and a
cytoplasmic cysteine-based palmitoylation motif in p10 and p16. Most FAST proteins also
contain a proline-rich motif, located in the cytoplasmic domains of p14 and p16 but in the
ectodomains of pl3 and pl5. Each FAST protein also contains a cluster of 3-7 basic
residues, termed as the polybasic motif (PBM). Interestingly, this is the only motif that is
located in a similar position in all FAST proteins (i.e., membrane-proximal in the

cytoplasmic tail).

Considerable effort has gone into defining the roles of the various FAST protein
motifs in the cell-cell fusion process. Most of these studies have focused on the ARV and
NBV pl10, RRV pl14, and BRV pl15 FAST proteins. For example, the palmitoylation motif
in p10, and the myristoylation motifs in p14 and p15, have been shown to be essential for
fusion activity, although their precise roles have not been determined (Corcoran et al.,
2004; Dawe and Duncan, 2002; Shmulevitz et al., 2003). The ectodomains of p10 and p14
control multimerization, and both proteins localize to specialized membrane
microdomains, termed lipid rafts (Corcoran et al., 2011; Corcoran et al., 2006; Key and
Duncan, 2014). In the case of p10, the membrane-proximal ectodomain region (MPER)
controls both raft localization and multimerization to create cholesterol-dependent fusion
platforms (Key and Duncan, 2014). The ectodomain hydrophobic patches of p10 and p14
form a cystine noose and a proline-hinged loop, respectively, while the p15 ectodomain
polyproline motif forms a polyproline type II helix. These motifs all function as fusion

peptides to mediate lipid mixing between apposed membranes (Barry et al., 2010; Corcoran
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et al., 2004; Key et al., 2015; Top et al., 2012). Recent results indicate the p15 cytoplasmic
hydrophobic patch is essential for pore formation and functions as a novel type of fusion-
inducing lipid-packing sensor that partitions into highly curved membranes, such as those
present in the rim of a fusion pore (Jolene Read, PhD thesis, Dalhousie University). The
cytoplasmic hydrophobic patches in p13, p16 and p22 may serve a similar function, as
shown for a previously unrecognized amphipathic helix in the same location in pl4.
Together, these motifs function from both sides of the membrane to drive the fusion

process.

1.13 Objectives

Of all the FAST protein motifs, the spatially conserved polybasic motif (PBM) is
the least understood. Previous studies indicated that substitution mutations of the p10 PBM
result in loss of syncytiogenic activity (Shmulevitz et al., 2003). However, the basis for the
loss of function was not determined. A previous graduate student showed that substitution
of the PBM of pl4 also results in loss of syncytia formation, and p14 proteins with an
alanine-substituted PBM were inefficiently trafficked to the plasma membrane,
preferentially localizing instead in the Golgi apparatus (Christopher Barry, PhD thesis,
Dalhousie University). These preliminary observations provided the rationale for my

research.

My objective was to more clearly define the role(s) of the p14 PBM in protein
trafficking. I was able to demonstrate that the p14 PBM is a novel Golgi export signal, not
a plasma membrane retention signal, which requires a minimum of three basic residues that
function in a relatively sequence-independent manner to mediate efficient Golgi export and
transport to the plasma membrane. I also determined that the Golgi export ability of the
pl4 PBM is transferable to a heterologous Golgi resident protein, implying it is an
autonomous Golgi export signal. Moreover, I showed that the trafficking function of the
pl4 PBM is exquisitely sensitive to membrane proximity and can function to mediate
ER/Golgi export, ER retention, and/or ER retrieval depending on its location in the pl14
cytoplasmic tail. Lastly, I determined the molecular determinants and cellular pathway
through which p14 traffics to the plasma membrane. I demonstrated for the first time that

activated Rabl1 can directly interact with a cargo protein to mediate cargo sorting into
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AP1-coated vesicles that can mediate anterograde traffic from the TGN to the plasma
membrane, events that were all dependent on the pl4 PBM. Together, these findings
support a receptor-mediated Golgi export hypothesis and provide novel insights into
cellular trafficking mechanisms at the Golgi complex, one of the least understood steps in

the secretory pathway.
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Figure 1.1 Overview of cellular secretory and endocytic pathways. Signal peptides
direct protein translocation into the ER and cargo proteins are then transported to the Golgi
complex via the ERGIC. Proteins may be post-translationally modified in the ER and the
Golgi and are then trafficked from the TGN to the cell surface. Cell surface-expressed
proteins and extracellular materials can be internalized by endocytosis and either recycled
back to the plasma membrane or sorted to intracellular organelles such as late endosomes,
lysosomes or TGN. Protein transport in the forward direction from the ER to the plasma
membrane is referred to as anterograde transport, while protein transport in the reverse
direction is referred to as retrograde transport. ER: Endoplasmic Reticulum, TGN: trans-
Golgi Network, ERGIC: ER-Golgi intermediate compartment [modified from (Goud and
Gleeson, 2010) with permission].
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Figure 1.2: Vesicle budding and fusion. Activation of a small G protein (such as Arfl or
Sar1) (red) by exchange of GDP for GTP results in recruitment of a coat complex (blue) to
the membrane by the GTP-bound form of the G protein. Membrane curvature and sorting
of cargo (yellow) into the forming bud ensues, followed by fission of the coated bud to
form a vesicle. Hydrolysis of GTP eventually leads to release of the coat from the vesicle.
The vesicle is targeted to the acceptor-compartment membrane by tethering complexes
(long coiled-coil, green; multi-subunit, purple). For simplicity, the coat is not shown at this
stage, but note that the coat may in some cases remain on the vesicle during the tethering
process, with uncoating occurring after tethering. Vesicle SNARE proteins (v-SNARE;
dark blue bars) engage tripartite target-localized SNARE proteins (t-SNARE; maroon
bars), which leads to fusion of the vesicle and acceptor compartment membranes, and to
release of cargo into the acceptor compartment [modified from (Jackson, 2009) with
permission].
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Figure 1.3 Bulk-flow and receptor-mediated export models for ER export of secretory
cargo proteins. (a) In the bulk-flow model, soluble cargo molecules depart in vesicles at
a concentration equal to that found in the ER lumen. (b) The receptor-mediated export
model results in concentrative sorting of soluble cargo during vesicle formation and relies
on receptor-like proteins to link cargo to the membrane coat complex. In both models, ER-
resident proteins (designated ‘R’) might not be efficiently packaged into ER-derived
vesicles owing to the effect of retention and/or exclusion mechanisms [adapted from
(Barlowe, 2003) with permission].
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Figure 1.4 Overview of coat complexes involved in various stage of the secretory and
endocytic pathway. The COPII complex mediates anterograde traffic from the ER to the
ERGIC while COPI complexes mediate retrograde traffic from the Golgi to the ER. Traffic
from the Golgi is mediated by adaptor protein 1 (AP1), AP3, AP4 and GGAs. AP2
mediates endocytosis while the retromer complex mediates retrograde traffic from the
endosomes to the Golgi [modified from (Paczkowski et al., 2015) with permission].
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Figure 1.5 Models for traffic through the Golgi. The vesicular transport model (left):
Secretory cargoes travel from the ER to the intermediate compartment (IC) and cis-Golgi
in dissociative carriers. Golgi compartments are stable and biochemically distinct.
Secretory cargoes move across the stack by means of COPI vesicles that bud from one
compartment and fuse with the next, whereas resident Golgi proteins stay in place by being
excluded from budding vesicles. The cisternal-maturation model (right): Secretory cargoes
exit the ER in dissociative carriers, which coalesce with one another and with COPI
vesicles derived from the cis-Golgi to form the intermediate compartment, which coalesces
in turn to form a new cis-cisterna. In subsequent rounds of COPI-mediated recycling, the
new cisterna matures by receiving medial and then trans-Golgi proteins from older
cisternae while exporting cis and then medial-Golgi proteins to younger cisternae.
Meanwhile, the cisterna progresses through the stack, carrying forward both small and
large secretory cargoes. In the final stage of maturation, the cisterna is a TGN element that
breaks down into anterograde and retrograde transport carriers [modified from (Glick and
Luini, 2011) with permission].

36
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Figure 1.6 The Rab activation cycle. The newly synthesized Rab protein associates with
Rab escort protein (REP) that directs it to Rab geranylgeranyl transferase (RabGGT) to
receive its prenyl tails (red wavy lines). REP delivers the Rab to its target membrane.
Throughout this process, the Rab is GDP-bound. A guanine-nucleotide exchange factor
(GEF) catalyzes exchange of GDP for GTP to activate the Rab. The GTP-bound Rab
interacts with effector proteins that mediate membrane traffic in the pathway regulated by
its associated Rab. The Rab then interacts with its associated GTPase-activating protein
(GAP) that catalyzes hydrolysis of GTP to GDP by the Rab. The Rab is then removed from
the membrane by guanine nucleotide dissociation inhibitor (GDI) in preparation for the
next cycle. The insertion of the Rab into the target membrane is mediated by a GDI-
dissociation factor (GDF) that releases the Rab from GDI [modified from (Hutagalung and
Novick, 2011)].
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Figure 1.7 The reovirus fusion-associated small transmembrane (FAST) proteins.
Diagrams of the orthoreovirus (top) and aquareovirus (bottom) FAST proteins, depicting
their topology in the plasma membrane. Structural motifs contained within their N-terminal
ectodomains and C-terminal cytoplasmic endodomains are color coded as described in the
legend. Numbers indicate the number of residues in each protein. ARV- avian reovirus,
BroV- Broome reovirus, RRV- reptilian reovirus, BRV- baboon reovirus, AQV-
aquareovirus [adapted from (Ciechonska and Duncan, 2014) with permission].
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CHAPTER 2
MATERIALS AND METHODS

2.1 Cells:

Quail fibroblast (QMS5) and African green monkey kidney epithelial (Vero) cell
lines were grown in Earle’s Medium 199 (Life Technologies, Carlsbad, CA) supplemented
with 10% or 5% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO), respectively,
at 37°C with 5% CO». HeLa cells were grown in Dulbecco’s modified Eagle medium
(DMEM) (Life Technologies) supplemented with 10% FBS, and human embryonic kidney
(HEK) 293T cells were grown in DMEM supplemented with 10% FBS and 25 mM HEPES
(Life Technologies) at 37°C with 5% CO». All cell lines were maintained in 175 cm? flask
and sub-cultured using Trypsin-EDTA (Life Technologies) every 2-3 days to prevent over-
confluency and cell death. Cells were maintained without use of antibiotics. Generally,
QMS cells were used for syncytial analysis (good transfection efficiency and very
permissive for fusion), Vero cells and HeLa cells were used for immunofluorescence
microscopy (large cytoplasms), HeLa cells were also used for siRNA and dominant-
negative experiments (human cells compatible with the siRNAs and dominant-negative
proteins), and HEK cells were used for co-immunoprecipitation assays (human cells

compatible with commercial antibodies and with good transfection efficiency).

2.2 Antibodies:

The rabbit polyclonal a-pl4 and a-pl4 ectodomain antisera were previously
described (Corcoran and Duncan, 2004; Top et al., 2005). Primary antibodies against actin
(Sigma-Aldrich), myc epitope tag (Sigma-Aldrich), PI4KIIIB (BD Biosciences, Franklin
Lakes, NJ), TGN46 (AbD Serotec, Oxford, UK), protein disulfide isomerase (PDI; Enzo
Life Sciences, Farmingdale, NY), KDEL (Stressgen, Victoria, BC), Rabl11A (BD
Biosciences, Franklin Lakes, NJ), AP1y (Sigma-Aldrich), AP35 (DSHB, University of
Iowa, Iowa City, IA), AP4¢ (Abcam, Cambridge, UK), and horseradish peroxidase (HRP)—
conjugated goat a-rabbit (Jackson ImmunoResearch, West Grove, PA), HRP-conjugated
goat a-mouse (Santa Cruz Biotech, Dallas, Texas), Alexa Fluor 488—conjugated goat a-

mouse and donkey a-sheep, Alexa Fluor 555—conjugated donkey a-rabbit, and Alexa Fluor
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647—conjugated goat o-rabbit and chicken o-mouse (Life Technologies) secondary

antibodies were obtained from the indicated suppliers.

2.3 Plasmids and Cloning

2.3.1 Vectors

The wild-type (wt) pl4 construct, and non-fusogenic mutants p14-G2A (point
substitution eliminates the myristoylation consensus sequence) and pl14-V9T (point
substitution introduces a functional glycosylation signal) were cloned into pcDNA3
mammalian expression vector as described previously (Corcoran and Duncan, 2004). The
Rabl1A construct in pcDNA3 was cloned from PC3 cells by reverse transcriptase
polymerase chain reaction (RT-PCR) and kindly provided by Julie Boutilier (Dalhousie
University). All pl4 mutant proteins and Rabl1 constructs were cloned into pcDNA3
vector. Rab5 and Rab5-S34N constructs in pcDNA3 were kindly provided by Denis Dupré
(Dalhousie University). Bacterial expression vector pGEX-2T was kindly provided by
Jolene Read (Dalhousie University).

2.3.2 Site-directed mutagenesis

Various p14 polybasic mutants were created by substitution of residues in the p14
polybasic motif (QKRRERRRQ) to alanine using QuickChange site-directed mutagenesis
(Stratagene, La Jolla, CA) according to manufacturer’s instructions. These mutant protein
names and sequences for the polybasic region are: pl4PA (QAAAEAAAQ); p14-RRE
(QKAAARRRQ); pl4-RER (QKRAAARRQ); pl4-RRQ (QKRRERAAA); p14-KRR
(QAAAERRRQ); pl4-RRR (QKRREAAAQ); PA+K,R,R (QKAARAARQ); PA+KR
(QKRAAAAAQ); PA+RR (QRRAAAAAQ); PA+RR’ (QAAAAARRQ); PA+K,R
(QKAAAAARQ); PA+RAR (QAAAERARQ); PA+KAK (QAAAEKAKQ), PA+K
(QKAAAAAAQ); and PA+R (QAAAAAARQ). These constructs in the wt p14 backbone
were again subjected to site-directed mutagenesis to introduce G2A or V9T mutations.
Rabl11A dominant-negative (Rabl11A-S25N) and constitutively-active (Rab11A-Q70L)
mutants were also created by site-directed mutagenesis. Custom primers for site-directed
mutagenesis were purchased from Integrated DNA technologies (IDT, Coralville, TA).
Plasmids were amplified with the designed primers using PfuUltra High Fidelity DNA
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polymerase (Agilent Technologies, Santa Clara, CA) according to the manufacturer’s
polymerase chain reaction (PCR) protocol. PCR products were treated with Dpnl enzyme
(New England Biolabs, Ipswich, MA) at 37°C overnight to digest parental plasmid DNA,
and were transformed into competent cells of Escherichia coli (E. coli) strain DH5a. Pure
cultures of transformed E. coli DH5a were prepared to isolate plasmid DNA using the
QIAprep spin miniprep kit (QIAGEN, Hilden, Germany). These plasmid inserts, and all
subsequent plasmid inserts, were sequenced before use (MCLAB, San Francisco, CA or

GENEWIZ, South Plainfield, NJ).

2.3.3 Polybasic motif insertion in the p14 cytoplasmic tail

pl4extPB and pl4PAextPB were created using pl4 and pl4PA as templates,
respectively, for PCR with reverse primers that added the PBM to the C-terminus of the
protein. The PBM (QKRRERRRQ) was also inserted between cytoplasmic tail residues
74—75 (p14/75PB and p14PA/75PB) or 91-92 (p14/92PB and p14PA/92PB) in the p14 and
pl14PA backbones using reverse PCR primers containing the PBM nucleotide sequence.
All these pl4 and pl4PA constructs were subjected to site-directed mutagenesis to

introduce V9T or G2A substitutions.

2.3.4 ERGIC chimera constructs

N-terminally myc-tagged ERGIC-53 chimera (ERGIC-53 ectodomain, CD4
transmembrane domain and polyalanine cytoplasmic tail) and the glycosylated ERGIC-53
chimera (D6IN and VNATASA insertion in the ectodomain) constructs were kindly
provided by Karl Matter (University College London, London, UK) in plasmid pCB6.
These constructs were subcloned into pcDNA3 vector and sequenced before use. The non-
glycosylated ERGIC-53 chimera construct was used as a template for PCR with primers
that replaced the membrane-proximal di-arginine sequence in the cytoplasmic tail with the
pl4 membrane-proximal region containing the PBM (KYLQKRRERRRQ) or Ala
substitutions of the PBM (KYLQAAAEAAAQ).
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2.3.5 Fluorescently-tagged constructs

EGFP, mCherry and pl14 tagged with EGFP or mCherry at the C-terminus in
pcDNA3 were kindly provided by Timothy Key (Dalhousie University). p14PA-EGFP was
created by replacing pl4 with p14PA in the pl14-EGFP construct by restriction digestion
and ligation. mCherry-Rab11A and mCherry-Rab11A-S25N were created by ligating the
Rab11 genes to the 3’-terminus of the mCherry gene in pcDNA3. The PH domain of Akt
tagged with GFP in pcDNA3 vector was obtained from Addgene (Cambridge, MA).

2.3.6 Glutathione S-transferase (GST)-tagged constructs

The cytoplasmic endodomains of pl4 and pl4PA were codon-optimized and
chemically synthesized (BioBasic, Markham, ON) for bacterial protein expression. Codon-
optimized genes were subcloned into the pGEX-2T vector to add a GST-tag at the N-
terminus of the p14 or pl14PA endodomains.

2.3.6 Glycerol stocks

Pure cultures of transformed E. coli DH5a cells were mixed with equal volumes of
LB media with 50% glycerol in cryovials and stored at -80°C. A sample from this glycerol
stock was used as inoculum whenever needed to prepare cultures for plasmid extraction

using QIAGEN plasmid midiprep kit (QIAGEN).

2.4 Transfections

2.4.1 Transient transfections

QMS cells grown on culture plates to ~60% confluency were transfected with
Lipofectamine (Life Technologies) or polyethyleneimine (PEI; Polysciences Inc.,
Warrington, PA), Vero cells grown on cover slips were transfected with jetPRIME
(PolyPlus Transfection, Illkirch, France), HEK cells grown on culture plates were
transfected with PEI, and HeLa cells grown on culture plates or cover slips were transfected
with Lipofectamine LTX (Life Technologies), all according to manufacturer’s instructions.
Briefly, transfection mixes were prepared in OptiMEM (Life Technologies) medium with
0.5 pg of DNA and 3 pg of PEIL, 1 pg of DNA and 3 pl of Lipofectamine or Lipofectamine
LTX, or 1pug of DNA and 2 pl of jetPRIME for one well of a 12-well culture plate. Cells

42



were washed and supplemented with fresh serum free growth medium before adding
transfection mixes. After incubation for 4-6 h, the transfection mix was removed and cells
were supplemented with serum-containing growth medium for another 18-20 h for analysis
by respective assays. Transfection mixes were scaled according to the various sizes of
culture plates. Doses of plasmid DNA for transfection were titrated according to the

respective assay as indicated in the text.

2.4.2 Stable transfection

For stable transfections with ERGIC-53 chimeric constructs, at 24 hours post-
transfection (hpt), the growth medium on QMS5 or Vero cells was replaced with growth
medium containing 1 mg/ml G418 (Life Technologies), and transfected cells were cultured

under selective conditions for 5 days with subculturing in the selective medium as required.

2.4.3 siRNA transfection

siRNAs against Rab11A and/or Rab11B (Sigma-Aldrich), AP1y, AP35 or AP4e
(SMARTpool, Dharmacon, Lafayette, CO) were transfected into HeLa cells grown on
culture plates or coverslips using DharmaFECT1 transfection reagent (Dharmacon) for 48
h according to manufacturer’s instructions. Transfection mix with 25 nM siRNA and 2 pl
of DharmaFECT]1 was used for one well of 12-well culture plate. Cells were then analyzed
by western blotting or re-transfected with p14-G2A or p14PA-G2A for 24 h before analysis
by flow cytometry for cell surface immunofluorescence or by immunofluorescence

microscopy for intracellular localization as described below.

2.5 Syncytial assay

Transfected QM5 cell monolayers at 8 hpt were rinsed with Hank’s balanced salt
solution (HBSS), fixed with methanol, and stained using Wright—Giemsa stain. A syncytial
index was determined by counting the number of syncytial nuclei (i.e., cells containing >4
nuclei/cell) in five random microscopic fields at 20X magnification, as previously
described (Corcoran and Duncan, 2004). Results are reported as percent fusion relative to
wt pl4 based on the mean number of syncytial nuclei per field from two or more

independent experiments using triplicate samples.
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2.6 SDS-PAGE and Western blotting

2.6.1 Protein expression analysis

QMS cells were lysed at 8 hpt with RIPA buffer (50 mM Tris, pH 8.0, 150 mM
NaCl, 1 mM EDTA, 1% NP-40, 0.5% IGEPAL) containing 1 pM protease inhibitors
(aprotinin, pepstatin, and leupeptin) for 45 min on ice. Equivalent protein loads were
determined by Lowry assays (BioRad, Hercules, CA) and analyzed by SDS—-PAGE (15%
acrylamide) and western blotting. HelLa or HEK cells grown and treated in culture plates
were harvested by adding 2X Laemmli sample buffer, for efficient cell lysis, directly onto
the cells. Cells were then scraped, syringed or sonicated and boiled before analysing by
SDS-PAGE (7.5% or 15% acrylamide). Gels were electrophoresed at 160V for 1 h using a
Mini-PROTEAN 3 cell (BioRad) and transferred onto PVDF membranes at 100V for 1 h
using a wet-transfer apparatus (BioRad) according to manufacturer’s instructions.
Membranes were blocked with 5% milk in TBST (Tris-buffered saline, 0.1% Tween-20;
20 mM Tris, 150 mM NaCl, pH 7.6) for 1 h at room temperature. Membrane blots were
then probed with a-p14 antiserum (1:10,000 or 1:20,000) or with antibodies against actin
(1:2500 or 1:5000), the myc epitope tag (1:2500), Rab11A (1:5000), AP1y (1:5000), AP36
(1:1000) or AP4¢ (1:1000) at 4°C overnight. HRP-conjugated goat a-rabbit (1:10,000) or
goat a-mouse (1:5,000) secondary antibodies were incubated for 1 h at room temperature.
Membranes were developed using ECL-plus reagent (GE Healthcare, Little Chalfont, UK)
and imaged using a Typhoon 9410 variable-mode imager (GE healthcare) or a Kodak 4000-
mm Pro CCD imager (Kodak, Rochester, NY). Blots were quantified from two or three
independent experiments using densitometry analysis in Imagel] (National Institutes of
Health, Bethesda, MD) and results reported as band density relative to control sample.
Images in figures are manipulated in Photoshop using only linear adjustments on the entire

image.

2.6.2 Endoglycosidase H assay

QMS cells were lysed at 24 hpt with RIPA buffer as described for protein
expression analysis (2.6.1), and before SDS—PAGE, lysates were treated at 37°C for 2 h
with endoglycosidase H (endo H) or N-glycosidase F (PNGase F) according to the

44



manufacturer’s specifications (NEB). Membranes were developed using ECL-Plus

reagent, imaged and analyzed as in 2.6.1.

2.6.3 Co-immunoprecipitation assay

HEK cells transfected with p14-G2A, p14PA-G2A or empty vector were harvested
at 24 hpt by following a Rho-activation assay protocol (Cytoskeleton, Denver, CO).
Briefly, cells were washed quickly with ice-cold phosphate buffered saline (PBS), lysed in
the dishes on ice with ice-cold lysis buffer (50 mM Tris-HCL, pH 8.0, 0.5 M NaCl, 10 mM
MgClz, 2% lIgepal), collected into microcentrifuge tubes by scrapping, syringed and
centrifuged at 14000 Xg for 5 min in a table-top microcentrifuge. Supernatants were snap-
frozen in liquid nitrogen and stored at -80°C until use, or incubated right after harvesting
with Dynabeads (Life Technologies) pre-bound to Rab11 antibody or IgG for 1 h at 4°C.
Samples were washed three times with lysis buffer and eluted by boiling the beads in 2X
Laemmli sample buffer for efficient elution. Eluted samples were analysed by SDS-PAGE
and western blotting using a-p14 antiserum. A portion of each cell lysate was removed
prior to adding beads and directly analyzed by western blotting with a-p14 antiserum, and
a-Rabl1 and a-actin antibodies to serve as a protein expression and detection control for

the co-immunoprecipitations.

For Rabl1 activation, a GTPyS loading protocol was followed according to
manufacturer’s instruction (Cytoskeleton). Cell lysates were loaded with 10 mM EDTA
and GTPyS (100 uM) or GDP (1 mM) and incubated at 30°C for 30 min. Nucleotide
loading was stopped by adding MgCl, (60 mM final) prior to overnight incubation of cell
lysates with Rab11 antibody at 4°C. Dynabeads were added to the lysates the next day for
1 h at 4°C. Samples were eluted by boiling beads with 2X Laemmli sample buffer and

analyzed by western blotting with a-p14 antiserum.

2.7 Flow cytometry

2.7.1 Cell surface immunofluorescence
Transfected QM5 cells were cultured for 24 h in growth medium containing a 1:20
dilution of a-p14 ectodomain antiserum to prevent syncytium formation. Alternately, QM5

cells transfected with the non-fusogenic p14-G2A or p14-V9T constructs were cultured for
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24 h in normal growth medium. HeLa cells co-transfected with pl14-G2A (0.2 pg
DNA/well of 12 well plate) and Rab11, Rabl1 S25N, Rab11 Q70L, Rab5 or Rab5 S34N
(0.8 ug DNA) were cultured for 24 h. HeLa cells transfected with Rab11, AP1y, AP3d or
AP4¢ siRNA for 48 h and re-transfected with p14-G2A (0.2 ng DNA) were cultured for an
additional 24 h in normal growth medium. Live cells were then incubated at 4°C for 30
min in blocking buffer (5% normal goat serum, 1% bovine serum albumin [BSA], 0.02%
NaNj3 in HBSS) and stained with a 1:1000 dilution of a-p14 ectodomain antiserum, a-p14
full-length antiserum, or a-myc antibody (for the chimeric ERGIC-53 constructs) and a
1:2000 dilution of Alexa 647—conjugated goat a-rabbit secondary antibody, each for 1 h at
4°C. Cells were washed 6X with blocking buffer after each antibody incubation. Cells were
quickly rinsed with PBS and resuspended in PBS containing 10 mM EDTA and fixed with
3.7% formaldehyde, and 10,000 cells were analyzed by flow cytometry (FACSCalibur; BD
Biosciences) using De-Novo software. Cells transfected with empty vector were used as
negative controls to set the fluorescence gate to <5%, and the same gate was applied to
quantify surface fluorescence of pl4-transfected cells. Background fluorescence from
vector-transfected cells was subtracted before mean percent surface fluorescence was

calculated.

2.7.2 Intracellular immunofluorescence

QMS cells were transfected with non-fusogenic p14-G2A or p14PA-G2A for 24 h
in normal culture medium. Cells were then resuspended in PBS with 10 mM EDTA and
fixed with 1% paraformaldehyde in PBS for 15 min at room temperature. Cells were
pelleted, washed with PBS, and permeabilized in blocking buffer containing 0.1% saponin
for 30 min at room temperature. Cells were then labelled with 1:1000 dilution of a-p14
antiserum and 1:2000 dilution of Alexa 647—conjugated goat a-rabbit secondary antibody,
each for 1 h at room temperature in blocking buffer containing 0.1% saponin. Cells were
resuspended in PBS and analyzed by flow cytometry as indicated for cell surface

immunofluorescence (2.7.1).
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2.7.3 Endocytosis inhibition assay

QMS cells were transfected with non-fusogenic p14-G2A or pl4PA-G2A, and at
24 hpt cells were incubated with 80 uM dynasore (Santa Cruz Biotechnology, Dallas, TX)
or 0.8% dimethyl sulfoxide (DMSO; Sigma-Aldrich) at 37°C for 1 h in serum-free growth
medium. Cells were then treated and analyzed for p14 plasma membrane expression as

described for cell surface immunofluorescence (2.7.1).

2.7.4 Transferrin binding assay

To confirm dynasore inhibited dynamin-dependent endocytosis, vector-transfected
QMS cells were serum-starved for 30 min and then incubated with 80 uM dynasore or 0.8%
DMSO at 37°C for 30 min. Alexa 555—conjugated transferrin (Life Technologies) was then
added (20 pg/ml) to cells for 20 min at 4°C. Cells were then harvested and analyzed as

described in cell surface immunofluorescence (2.7.1).

To confirm RAB5-S34N inhibited endocytosis, at 24 hpt HeLa cells transfected
with Rab5 or Rab5-S34N were incubated at 4°C for 10 min and then incubated with Alexa-
647 conjugated transferrin (20 pg/ml; Life technologies) for 20 min at 4°C. Cells were then
washed with PBS, resuspended with PBS containing 10 mM EDTA, fixed with 3.7%
formaldehyde, and analyzed by flow cytometry as described for cell surface

immunofluorescence (2.7.1).

2.8 Cellular microscopy

2.8.1 Intracellular immunofluorescence microscopy

At 24 hpt, transfected Vero cells cultured on glass coverslips (Thermo Scientific,
Hampton, NH) were fixed with 3.7% formaldehyde for 20 min at room temperature and
permeabilized for 20 min at room temperature with 0.1% Triton X-100. Cells were washed
3X with PBS and blocked for 30 min in blocking buffer (1% BSA in PBS) and co-stained
with rabbit a-p14 antiserum (1:200) or rabbit a-myc antibodies (1:1000) and with 1:1000
dilutions of mouse monoclonal antibodies against a Golgi marker (PI4KIIIB), TGN marker
(TGN46), or ER marker (PDI or KDEL) and subsequently with 1:1000 dilutions of Alexa
488—conjugated goat a-mouse and Alexa 647—conjugated goat o-rabbit secondary

antibodies. Cells were washed 3X with PBS after each antibody incubation. Coverslips
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were mounted on glass slides using fluorescence mounting medium (Dako, Glostrup,
Denmark) or Prolong gold antifade reagent (Life Technologies) and then visualized and
photographed using a Zeiss LSM 510 META confocal microscope or a Zeiss Axioplan II
MOT and AxioCam HRC Color Camera. Images were acquired with either 63X or 100X
objective lens. Laser intensity was set to minimize saturated pixels, and detector gain was
set to have minimal background in control samples using image acquisition software. The
same parameters were used for subsequent image acquisition within the experiment.
Images were analyzed by ImageJ to generate fluorescence intensity graphs. The Pearson’s
correlation coefficient for colocalization was determined from 5—10 cells on raw images
using the Fiji version of Imagel (Schindelin et al., 2012). If required, background was
corrected using the rolling ball background plug-in, and colocalization thresholds were set

using the Coloc 2 plug-in (Costes et al., 2004).

HeLa cells grown on coverslips were transfected with p14-G2A or pl4PA-G2A
(0.2 ng DNA) and fixed, permeabilized and washed as above. Cells were blocked for 30
min at room temperature and co-labelled in blocking buffer with a-p14 antiserum (1:200)
and o-PI4KIIIB (1:1000), a-TGN46 (1:1000), a-Rab11 (1:100) and/or a-AP1ly (1:1000)
primary antibodies for 1 h at room temperature. Cells were then incubated with appropriate
Alexa-conjugated secondary antibodies (1:1000) for 1 h at room temperature. Coverslips
were mounted on glass slides using ProLong Gold antifade reagent (Life Technologies).
Cells were imaged using a Zeiss LSM 510 META confocal microscope and 40X or 63X
objective lens. Laser intensity and detector gain were set as described above.
Colocalization was quantified in ten cells each from two independent experiments by
calculating Pearson’s correlation coefficients on raw images using the Coloc 2 plugin for
ImagelJ. Images in all figures were manipulated in Photoshop using only linear adjustments

on the entire image.

2.8.2 Antibody internalization assay

Vero cells cultured on glass coverslips were transfected with non-fusogenic p14-
G2A or pl4PA-G2A and incubated for 24 h with normal growth medium. Cells were then
incubated with blocking buffer and subsequently with 1:200 dilution of a-p14 antiserum in
blocking buffer, each for 30 min at 37°C. Cells were fixed with 4% paraformaldehyde for
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15 min at room temperature and washed 3X with PBS. Cells were processed further as non-
permeabilized cells or after permeabilization with 0.1% Triton X-100 in PBS for 15 min at
room temperature using Alexa Fluor 488—conjugated goat a-rabbit antibody for 1 h at room
temperature. Coverslips were then mounted and analyzed as described for intracellular

immunofluorescence staining (2.8.1).

2.8.3 Fluorescence resonance energy transfer (FRET) assay

2.8.3.1 Image acquisition

HeLa cells grown on coverslips were co-transfected with C-terminally tagged p14-
EGFP (0.2 pg DNA) and N-terminally tagged Rab11-mCherry (0.2 pg DNA) constructs.
Cells were fixed at 24 hpt with 3.7% formaldehyde, washed 3X with PBS and mounted
directly on glass slides using ProLong Gold antifade reagent. Images were acquired with a
Zeiss LSM 510 META confocal microscope in wide field mode using a 100X oil-
immersion, 1.4 NA Plan Apochromat objective lens. Cells transfected with free EGFP, free
mCherry, free EGFP and mCherry together, and EGFP linked to mCherry were used for
microscope set up and controls. For a bimolecular FRET positive control, p14-EGFP and
pl4-mCherry were co-transfected as a known homomultimeric protein. Cells were also co-
transfected with p14-EGFP/mCherry-Rab11-S25N and p14PA-EGFP/mCherry-Rabl1 for
FRET analysis. Cells co-transfected with free EGFP/mCherry-Rabl11 and p14-EGFP/free
mCherry were used as a FRET negative control. EGFP was excited using a 40 mW Argon
laser at 488 nm, and mCherry was excited using a helium-neon (HeNe) 548 nm laser. The
PixFRET plugin (Feige et al., 2005) for ImageJ was used to determine spectral bleed-
through values and normalized FRET (NFRET) intensities for each pixel, as described

below.

2.8.3.2 Spectral bleed-through determination

Donor and acceptor spectral bleed-through (SBT) values were visually minimized
using free-EGFP- and free-mCherry-transfected cells, respectively, during image
acquisition. Stacks of two images for each cell were captured for free-EGFP- and free-
mCherry-transfected samples: a FRET image using donor excitation and acceptor emission

lasers and filters, and a donor or acceptor image using the appropriate lasers and excitation
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and emission filters. The SBT values were determined after background subtraction for
each stack by selecting a background area in the image using PixFRET. The donor and
acceptor SBT values were modeled with the ImageJ PixFRET plugin using an exponential
relationship for fluorophore intensity after excluding background values at low fluorophore

intensity and applying a Gaussian blur.

2.8.3.3 FRET normalization

After determination of SBT values, FRET intensities were determined for p14 and
Rab11 interactions. A series of three images was acquired for each cell imaged: (1) donor
image with donor excitation and donor emission; (2) acceptor image with acceptor
excitation and acceptor emission; and (3) a FRET image with donor excitation and acceptor
emission. Ten cells were imaged for each sample condition from two separate experiments
(total of twenty cells imaged). Background subtraction and a Gaussian blur for donor,
acceptor and FRET channels were performed on each image prior to FRET analysis. FRET
intensities of each pixel were normalized by dividing the FRET-channel pixel intensity by
the square-root of the product of the corresponding donor- and acceptor-channel pixels

using equation:

NFRET = IFRET _ IEGFP X BTEGFP _ ImCherry X BTmCherry

\/IEGFP X ImCherry

This normalization of FRET intensities allowed comparison between samples with
differences in protein expression levels (Xia and Liu, 2001). NFRET images were
converted to 8-bit images for histogram analysis to obtain mean NFRET values for

individual cells.

2.8.4 Intracellular fluorescence microscopy

HelLa cells co-transfected with Akt-PH-GFP and p14-mCherry were fixed at 24 hpt
with 3.7% formaldehyde, washed 3X with PBS and mounted on glass slides with ProLong
gold antifade reagent. Images were acquired with a Zeiss LSM 510 META confocal

microscope using a 63X oil-immersion objective lens.
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2.9 p14 endodomain expression and purification

Bacterial expression plasmid pGEX-2T with the codon-optimized sequence for the
pl4 or pl4PA endodomains was transformed into E. coli expression strain BL21 (DE3),
plated on an LB agar medium containing ampicillin (100 pug/ml) and incubated overnight
at 37°C. A single colony was used to inoculate a small volume of LB medium containing
ampicillin for overnight growth, and this culture (1/100 dilution) was used to inoculate a
large volume of LB medium containing ampicillin that was grown to an optical density
(OD) of 0.6-0.8. Cells were then induced with 1 mM isopropyl-B-D-thiogalactopyranoside
(IPTG) for protein expression for 3-4 h and pelleted at 6000 Xg for 15 min. Bacterial pellets
were then processed for protein purification using Glutathione Sepharose 4B (GE

healthcare) beads according to the manufacturer’s instructions.

2.10 Protein-lipid overlay assay

Phosphatidylserine (PS), PI(3)P, PI(4)P, PI(3,4)P2, PI(4,5)P,, PI(3,5)P> and
PI1(3,4,5)P; (Avanti polar lipids, Alabaster, AL) were dissolved in chloroform and spotted
on nitrocellulose membranes (GE Healthcare) at 3.13, 6.25, 12.50, 25, 50 or 100 pmol
amounts using a Hamilton syringe (Hamilton, Reno, NV). Membranes were dried
overnight and then blocked with 1% fatty acid free BSA (Fisher Scientific) in PBS for 30
min at room temperature, then incubated with 0.5 pg/ml of E. coli-expressed GST-tagged
pl4 or p14PA endodomain in blocking buffer for 1 h at room temperature. After 3X washes
with PBS, membranes were incubated with a-p14 antiserum and subsequently with HRP-
conjugated goat a-rabbit secondary antibody for 1 h each at room temperature. Membranes
were washed 3X with PBS after each antibody incubation and developed as described in

western blotting for protein expression analysis (2.6.1).

2.11 Statistics

Statistical analysis and sample comparison were performed using Prism software
(GraphPad, San Diego, CA). Standard deviation (SD) values were calculated for averaging
sample values within the experiment and standard error of the mean (SEM) values were

calculated for averaging sample values between experiments. Groups of two samples were
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analyzed with a paired two-tailed t-test, and groups of more than two samples were

analyzed using ANOVA with a Tukey post-test.
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CHAPTER 3
RESULTS

3.1 The p14 polybasic motif (PBM) is a novel autonomous tribasic Golgi export signal
[subset of these data published in (Parmar et al., 2014b)]

3.1.1 The p14 PBM is required for p14 fusion activity and localization to the cell
surface

All FAST proteins contain a cluster of membrane-proximal basic residues in the
cytosolic C-terminal tail. Previous studies indicated the PBM of pl0 is essential for
fusogenic activity (Shmulevitz et al., 2003). However, the basis of this loss of function was
not determined. The p14 PBM contains two tribasic clusters separated by an acidic residue
(KRRERRR). To analyze the involvement of the PBM in pl14-mediated cell-cell fusion,
alanine substitutions of either tribasic cluster (constructs p14-KRR and p14-RRR), or both
together (pl14PA, Figure 3.1A) were created using site-directed mutagenesis. These
constructs were transfected into QMS5 cells and the extent of syncytia formation was
determined by counting syncytial nuclei per microscopic field of Giemsa-stained
monolayers (Figure 3.1B and C). p14-KRR and p14-RRR showed slight, but statistically
significant, reductions in syncytiogenic activity compared to authentic p14 while pl14PA
failed to induce syncytium formation. All three pl14 alanine mutants were expressed at
approximately equivalent levels based on western blotting (Figure 3.1D), although p14PA
was consistently expressed at slightly lower (~30% reduction) levels in multiple western
blots. The modest reduction in p14PA expression was unlikely to explain the complete loss
of fusion activity, and the decreases in fusion induced by the p14-KRR and pl14-RRR
constructs did not correlate with expression levels, suggesting the p14 PBM plays a role in

fusion activity.

To determine the basis for the loss of p14PA fusion activity, cell surface expression
of pl4PA was determined by flow cytometry using p14 ectodomain antibody. Since p14
causes rapid syncytium formation commencing at 4 hour post-transfection (hpt) and large
syncytia cannot be processed by flow cytometry, pl4 ectodomain antibody was added to

cells at 3 hpt to prevent syncytia formation, which allowed longer incubations to improve
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detection and quantification of cell surface fluorescence. Replacement of three basic
residues in the PBM (p14-KRR and p14-RRR) had no effect on p14 surface fluorescence
(Figure 3.2C), indicating the slight reduction in syncytiogenesis (Figure 3.1C) is due to
effects on fusion activity, not on trafficking. In contrast, replacement of all six basic
residues in the PBM decreased p14 surface expression by >95% (Figure 3.2A and C). Flow
cytometry analysis of immunostained, permeabilized cells indicated ~20% decrease in
p14PA expression compared to wt p14 (Figure 3.2B and D), similar to the western blotting
results (Figure 3.1D). Basic residues on the cytosolic side of the TMD can determine
protein topology, according to the “positive inside’ rule (Nilsson et al., 2005; von Heijne,
1989). To determine whether the pl4 PBM affects protein topology, pl14 full-length
antibody, which recognizes epitopes in the p14 cytoplasmic tail, was used to detect p14PA
on the cell surface. Use of p14 full-length antibody also failed to detect pl14PA on the cell
surface (Figure 3.2E), indicating loss of the PBM did not result in plasma membrane
trafficking of p14 in the reverse topology. These results indicate that the PBM is required

for p14 plasma membrane localization.

3.1.2 The p14 PBM functions as a Golgi export signal

Since pl4PA is expressed but not localized to cell surface, I determined its
intracellular localization using immunofluorescence microscopy. Vero cells were used due
to their flatter, uniform morphology and larger cytoplasm compared to QMS cells,
providing better visualization of intracellular compartments. Also, p14-G2A was used
instead of wt p14. This myristoylation-minus mutant traffics to the cell surface with equal
efficiency as wt p14 but is devoid of cell-cell fusion activity (Corcoran and Duncan, 2004),
allowing for longer incubations post-transfection without the need to use of high
concentrations of p14 antibody to block syncytium formation. p14-G2A showed a reticular
staining pattern throughout cells that extended out to the cell periphery, characteristic of a
membrane protein trafficking from the ER to the plasma membrane. p14-G2A also showed
minimal colocalization with phosphatidylinositol 4-kinase IIIf (PI4KIIIB), a Golgi marker,
with a Pearson’s correlation coefficient (R) of 0.19 (Figure 3.3, top row). Values for R
ranges from 1, which indicates a complete linear correlation for colocalization, to -1, which

indicates a complete inverse correlation for colocalization, and values near 0 indicate no
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correlation for colocalization (Dunn et al., 2011). In contrast, p14PA-G2A showed very
faint cytoplasmic staining with no detectible staining at the cell periphery, and it strongly
colocalized with PI4KIIIB (R=0.55) and with the frans-Golgi marker TGN46 (R=0.70)
(Figure 3.3). The absence of the PBM therefore results in p14 accumulation in the TGN

and Golgi, and an inability to traffic to the plasma membrane.

Golgi accumulation of p14 in the absence of the PBM could be due to an inability
of p14 to exit the Golgi, or rapid retrieval of p14 from the plasma membrane to the Golgi
via the endocytic pathway. To differentiate these two possibilities, dynamin-dependent
endocytosis was inhibited using dynasore, a small molecule inhibitor of dynamin. The
transferrin receptor, which undergoes dynamin-dependent endocytic recycling, was used
as a positive control for endocytosis inhibition by dynasore. Vector-transfected cells treated
with dynasore showed a dramatic increase in cell surface binding of fluorescent transferrin
(Figure 3.4B and D), indicating dynasore effectively inhibited dynamin-dependent
endocytosis of transferrin receptor. Treatment with dynasore only marginally increased cell
surface fluorescence of p14-G2A and had no effect on cell surface fluorescence of p14PA-
G2A (Figure 3.4A and C), suggesting dynamin-dependent endocytosis did not contribute
to the absence of pl4PA on the plasma membrane. To determine whether dynamin-
independent mechanisms promote p14PA endocytosis, transfected cells were incubated
with p14 antibody at 37°C for 30 min before fixation, permeabilization and application of
a fluorescent-secondary antibody. There was no evidence of pl4PA presence on the cell
surface or endocytic uptake of pl4 antibody and Golgi accumulation (Figure 3.4E).
Together, these results imply p14PA does not traffic to the plasma membrane, and that the

PBM is a Golgi export signal not a plasma membrane retention signal.

3.1.3 The p14 PBM directs Golgi export of a heterologous protein

I wanted to determine whether the p14 PBM is sufficient for Golgi export of a
heterologous protein, by transferring the p14 PBM into the cytosolic tail of a Golgi resident
membrane protein. This heterologous protein should lack any Golgi resident signal that
might compete with the Golgi export characteristics of the PBM. A previously described
ERGIC-53 chimera, comprising the myc-tagged ERGIC-53 ectodomain, CD4

transmembrane domain and cytoplasmic domain with two arginine residues linked to a tail
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with ten alanine residues, fulfilled these requirements. Replacement of the transmembrane
domain and cytosolic tail of ERGIC-53 removes determinants that recycle ERGIC-53
between the ER and Golgi, resulting in accumulation in the Golgi in stably transfected
MDCK cells (Gut et al., 1998). Addition of two glycosylation sites into the ERGIC-53
ectodomain promotes Golgi export of ERGIC-53 chimera to the plasma membrane. The
two arginine residues in the cytoplasmic tail of the ERGIC-53 chimera were replaced with
the pl4 membrane-proximal cytoplasmic tail region containing the PBM
(KYLQKRRERRRAQ) or the alanine-mutated version of the PBM (KYLQAAAEAAAQ)
(Figure 3.5A). The glycosylated ERGIC-53 chimera was used as a positive control for
Golgi export.

All ERGIC-53 chimeric constructs were stably expressed in QMS5 cells at
approximately equivalent levels based on western blotting (Figure 3.5B). Cell surface
analysis confirmed low levels of plasma membrane localization of the ERGIC-53 chimera
(E-53), and a significant increase in the plasma membrane localization of the glycosylated
ERGIC-53 chimera (Gly-E) (Figure 3.5C). Addition of the p14 PBM to the ERGIC-53
chimera (E-p14) resulted in equivalent levels of plasma membrane localization as Gly-E,
while plasma membrane localization of the ERGIC-53 chimera with an alanine-substituted
version of the PBM (E-PA) was significantly reduced relative to Gly-E and E-p14, and
only moderately increased relative to E-53 (Figure 3.5C). These cell surface fluorescence
results were confirmed by immunofluorescence microscopy of stably transfected Vero
cells. Both E-53 and E-PA showed significant colocalization with the Golgi marker
PI4KIIIB (R=0.78 and 0.75, respectively) while Gly-E and E-p14 showed a reticular
staining pattern throughout cells with apparent plasma membrane staining and limited
Golgi co-localization (Figure 3.6). Based on Pearson’s correlation coefficients, the PBM
functioned as well or better than the glycosylation signals to mediate Golgi export (R=0.22
vs 0.57, respectively). The p14 PBM can therefore function as an autonomous Golgi export

signal to promote plasma membrane trafficking of a heterologous protein.
3.1.4 The p14 PBM functions as a tribasic Golgi export signal

To characterize more precisely the Golgi export features of the p14 PBM, twelve

additional polybasic mutants were generated by site-directed mutagenesis (Figure 3.7).
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These mutants varied in the number, location and identity of basic residues in the PBM.
When cell surface fluorescence of all fifteen p14 PBM mutants were rank ordered, there
was a striking correlation between the number of basic residues in the PBM and plasma
membrane localization (Figure 3.7). This correlation was largely independent of the
location or identity of the basic residues within the PBM. Addition of one basic residue in
the p14PA construct increased p14 surface expression from <5% to ~20%, addition of two
basic residues in several locations in the PBM increased surface expression to ~40-60% of
wt pl4, and addition of three or more basic residues resulted in equivalent surface
expression as wt pl4 (Figure 3.7). Moreover, there was no correlation between the net
charge of the PBM and plasma membrane localization, meaning the presence of the
glutamic acid had no effect. Thus, Golgi export is dependent on the number of basic

residues, not their identity or location or the net charge of the PBM.

All p14 polybasic mutants were expressed at variable levels that correlated with
their number of basic residues. Steady-state expression levels of mutants with two or fewer
basic residues in the PBM were reduced by ~40% compared to wt p14 (Figure 3.8A and
B). Lower expression of these mutants is expected due to their accumulation in the Golgi,
which presumably leads to some quantity of the protein being directed to lysosomes for
degradation. However, there was no correlation between reduced expression and the levels
of cell surface fluorescence. For example, mutants with one basic residue had the same
level of expression but reduced cell surface expression compared to mutants with two basic
residues (Figures 3.7 and 3.8). Mutants with three or more basic residues were expressed
at the same level (Figure 3.8), and trafficked to the plasma membrane with equal efficiency
(Figure 3.7), as wt p14. There was only one exception to this trend, the PA+K,R,R mutant,
which has three basic residues but is not efficiently trafficked to the plasma membrane and
showed decreased steady-state expression relative to wt pl4 (Figures 3.7 and 3.8). The
basis for this abnormality is unknown. This construct lacked the acidic residue separating
the two tribasic clusters of the PBM, but other constructs (p14-RRE and p14-RER) lacking
this acidic residue trafficked normally. However, this acidic residue was changed to a basic
residue in PA+K,R,R, and this was the only mutant with three basic residues that did not
contain adjacent basic residues, suggesting clustering of basic residues may influence the

efficiency of this tribasic Golgi export signal.
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The cell surface fluorescence results were confirmed by immunofluorescence
microscopy of permeabilized cells using representative polybasic mutants in the p14-G2A
backbone. As expected, pl4PA-G2A colocalized extensively with the Golgi marker
PI4KIIIB (Figure 3.9). Addition of one basic residue to the PBM (PA+K-G2A) resulted in
some diffuse cytoplasmic staining along with Golgi staining (Figure 3.9). Addition of two
basic residues (PA+K,R-G2A) increased punctate, distributed cytoplasmic staining with
reduced Golgi staining (Figure 3.9). Addition of three basic residues (p14-KRR-G2A)
resulted in punctate staining throughout the cell with apparent plasma membrane staining
and very little Golgi staining, a similar staining pattern as p14-G2A (Figure 3.9). These
qualitative results were confirmed quantitatively by calculating Pearson’s correlation
coefficients, which showed a progressive decrease in colocalization of p14 with the Golgi
marker with progressive addition of basic residues to the PBM (Figure 3.9). Efficient Golgi
export of p14 is therefore dependent on the three basic residues in the PBM.

3.1.5 The p14 PBM might mediate interactions with phosphatidylinositol 3,4,5-
triphosphate (PI(3,4,5)P3) to promote p14 plasma membrane localization or fusion
activity

Since Golgi export of p14 is dependent on the number of basic residues present in
the juxtamembrane PBM, ionic interaction of the PBM with anionic lipids could potentially
play a role in p14 trafficking to the plasma membrane. I conducted a series of preliminary
experiments to test this hypothesis. The cytoplasmic tails of pl14 and p14PA were GST-
tagged and expressed and purified using E. coli and GST affinity chromatography. These
purified GST-tagged pl4 and pl4PA endodomains were overlaid on nitrocellulose
membranes spotted with various concentrations of different phosphatidylinositol
phosphates (PIPs), and bound pl4 endodomains were detected by immunoblotting.
Phosphatidylserine (PS) was used as an anionic lipid control. Results indicated that only
PI1(3.,4,5)P; interacted strongly with p14, and this interaction was substantially decreased
for the p14PA cytoplasmic tail (Figure 3.10). Since PI(3,4,5)P3 is concentrated in the
plasma membrane, the protein-lipid overlay assay suggests PBM interactions with
PI(3,4,5)P; could affect pl4 plasma membrane localization or fusion activity. This

speculation is supported by preliminary fluorescence-microscopy results using the GFP-
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tagged PH domain of Akt, which binds to PI(3,4,5)P3, co-expressed with mCherry-tagged
pl4 in HeLa cells to analyze their colocalization. Interestingly, in HeLa cells co-expressing
these constructs, PI(3,4,5)P3 strongly colocalized with pl14 at the plasma membrane,
particularly at sites of cell-cell adhesion (Figure 3.11). These results suggest the PBM
might recruit or colocalize with PI(3,4,5)P3 at cell-cell junctions, the sites of p14-mediated
cell-cell fusion (Salsman et al., 2008), and that PI(3,4,5)P3 might have a role during p14-

mediated cell-cell fusion.

3.2 The pl14 PBM exerts diverse effects on protein trafficking depending on

membrane-proximity [subset of these data published in (Parmar et al., 2014a)]

3.2.1 Membrane-distal p14 PBM functions an ER retention signal

Previous studies indicate that the distance from the TMD of a dibasic ER export
signal in a cytosolic tail can influence the function of this trafficking motif (Shikano and
Li, 2003; Vincent et al., 1998). We sought to determine the effects of membrane-proximity
on the trafficking functions of the p14 PBM. The pl4 PBM was added to the C-terminus
of the p14PA construct (p14PAextPB), where the PBM was separated by 68 residues from
the TMD instead of four residues away as in wt p14 (Figure 3.12). Cell surface fluorescence
analysis of this pl4PAextPB construct indicated the membrane-distal PBM did not
promote p14 trafficking to the plasma membrane (Figure 3.13A). To examine ER-to-Golgi
trafficking, we introduced the V9T substitution mutation into pl4 and pl4PAextPB.
Previous studies indicated that the V9T substitution mutation introduces a functional
glycosylation site in p14 (Corcoran and Duncan, 2004). Flow cytometry analysis indicated
p14-VIT traffics equally, if not slightly better, than authentic p14 to the plasma membrane
(Figure 3.13B). Western blot analysis of QMS5 cells transfected with p14-V9T detected two
distinct bands for pl14 (Figure 3.13C). Treatment of cell lysates with N-glycosidase F
(PNGaseF), which cleaves both high mannose and N-linked carbohydrates from
glycoproteins, confirmed that the slower migrating band was a glycosylated version of p14
(Figure 3.13C). The slower migrating pl4 species was partially resistant to
endoglycosidase H (endo H) treatment, which indicates sugar modifications in the Golgi

complex to an endo H-resistant complex oligosaccharide (Figure 3.13C). In contrast, the
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slower migrating species of pl4PAextPB-V9T was completely sensitive to endo H
treatment, indicating an inability to traffic to the Golgi complex (Figure 3.13C).
Fluorescence microscopy of Vero cells transfected with p14PAextPB-VOT also indicated
a reticular staining pattern throughout the cell without any colocalization with a Golgi
marker, characteristic of an ER staining pattern (Figure 3.13D). These results suggested

that the membrane-distal PBM can function as an ER retention signal.

Since glycosylation can contribute to protein sorting and trafficking (Gut et al.,
1998), I sought to confirm these results in a non-glycosylated p14 construct. Therefore,
pl4PAextPB was created in a p14-G2A backbone. Western blots of QMS5 cells transfected
with p14PAextPB-G2A indicated approximately equal levels of protein expression to p14-
G2A, and flow cytometry analysis confirmed that p14PAextPB-G2A was not expressed on
the plasma membrane (data not shown). Furthermore, immunofluorescence microscopy of
transfected Vero cells showed extensive colocalization of p14PAextPB-G2A with the ER
marker PDI (protein disulfide isomerase) and limited colocalization with the Golgi marker
PI4KIIIB, in contrast to pl4PA-G2A (same construct but lacking the C-terminal PBM)
which showed intense colocalization with PI4KIIIB but limited colocalization with PDI
(Figure 3.14). These results clearly indicate that the C-terminal PBM can function as an

ER retention signal.

3.2.2 Membrane-proximity dictates whether the p14 PBM can function as a sorting
signal

To further examine effects of membrane proximity on PBM function, the PBM was
inserted at internal locations in the endodomains of p14-G2A and p14PA-G2A (Figure
3.12). Flow cytometry analysis indicated that the PBM, when inserted 17 (p14PA/75PB-
G2A) or 34 (p14PA/92PB-G2A) residues downstream of the TMD, was not able on its own
to promote p14 trafficking to the plasma membrane (Figure 3.15A). Similarly, an internal
PBM did not interfere with plasma membrane localization of pl14-G2A (constructs
pl4/75PB-G2A and p14/92PB-G2A), which retains the normal membrane-proximal PBM
in addition to the extra internal PBM (Figure 3.15A). All these constructs were expressed
at approximately equivalent levels based on western blotting (Figure 3.15B). Fluorescence

microscopy results indicated that both p14PA/75PB-G2A and p14PA/92PB-G2A intensely
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colocalized with the Golgi marker PI4KIII while minimally colocalizing with the ER
marker PDI, a similar staining pattern as p14PA-G2A (Figure 3.16). The p14/75PB-G2A
and p14/92PB-G2A constructs showed diffuse staining throughout the cytoplasm radiating
out to the cell periphery, a similar staining pattern as pl14-G2A (Figure 3.17). Thus, the
PBM at an internal position in the endodomain does not promote Golgi export of p14PA

nor interfere with plasma membrane localization of p14.

3.2.3 A membrane-distal PBM functions as an ER retrieval signal that dominates over
a membrane-proximal PBM Golgi export signal

Results indicated that a membrane-proximal PBM is a Golgi export signal while a
membrane-distal PBM functions as an ER retention signal. To analyze how p14 trafficking
is effected by the presence of both membrane-proximal and membrane-distal PBMs, the
PBM was added to the C-terminus of p14-V9T (Figure 3.12). Flow cytometry analysis of
pl4extPB-VOT indicated this mutant was not expressed on the plasma membrane (Figure
3.18A). As shown previously (Figure 3.13C), endo H assays confirmed that the slower
migrating species of pl4-VI9T was partially resistant to endo H (Figure 3.18B). As
expected, the glycosylated form of pl4PA-VI9T was also partially resistant to endo H
(Figure 3.18B). Interestingly, the slower migrating, glycosylated species of p14extPB-VOT
was also partially resistant to endo H (Figure 3.18B), indicating this mutant was trafficked
to the Golgi complex. Surprisingly, fluorescence microscopy of Vero cells transfected with
pl4extPB-VIT showed extensive colocalization with the ER marker PDI and no apparent
colocalization with the Golgi marker PI4KIIIP (Figure 3.19). These results indicate that the
membrane-distal PBM can also function as an ER retrieval signal that dominates over the

Golgi export function of a membrane-proximal PBM.

3.2.4 Conflicting ER retrieval and Golgi export signals induce ER tubulation and
segregation

Interestingly, the ER staining pattern in the pl4extPB-VO9T expressing cells
appeared extensively tubular compared to the punctate ER staining in non-transfected cells
in the same field of view (Figure 3.19). The Golgi staining pattern was indistinguishable

in non-transfected cells or cells transfected with pl4extPB. To examine this tubular ER
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phenotype more closely, the KDEL ER marker, which is an antibody raised against ER
membrane protein KDEL receptor, was used in addition to PDI to stain the ER in p14-V9T
or pl4extPB-VIT transfected cells. Fluorescence microscopy images indicated punctate
ER staining throughout the cell for p14-VIT transfected cells with PDI and KDEL markers
(Figure 3.20). In contrast, the PDI marker showed an extensive tubular ER appearance with
extensive colocalization with pl4extPB-VI9T. Moreover, the KDEL staining pattern was
dramatically changed compare to p14-VI9T with a limited number of perinuclear aggregates
and limited colocalization with p14extPB-VOT (Figure 3.20). Thus, conflicting trafficking

signals can have dramatic effects on ER morphology.

3.3 The PBM directs interaction with activated Rab11 for p14 sorting into AP1-coated

vesicles and Golgi-plasma membrane transport.

3.3.1 Rab11 is required for p14 plasma membrane localization

I sought to define the pathway for pl4 transport by determining which cellular
proteins and trans-factors mediate p14 trafficking to the plasma membrane. A yeast two-
hybrid screen performed by Julie Boutilier (Dalhousie University), using the pl4
cytoplasmic endodomain as bait, identified Rab11A as an interaction partner. To determine
whether Rab11 has any importance in pl4 trafficking to plasma membrane, I knocked
down Rab11A function in p14-G2A-transfected HeLa cells by overexpressing a dominant-
negative mutant, Rab11A-S25N. Analysis of p14 surface expression by flow cytometry
using the pl4 ectodomain antiserum indicated overexpression of Rabl1A-S25N
significantly reduced p14-G2A surface expression, while overexpression of wt Rab11A or
a constitutively active Rab11A-Q70L mutant had no effect on p14 trafficking to the plasma
membrane (Figure 3.21A). Western blots confirmed overexpression of Rab11A, Rabl11A-
S25N and Rab11A-Q70L (Figures 3.21C and 3.22A).

To confirm the Rabl1A dominant-negative results, Rabl1 was knocked down
using siRNA against Rabl1A and Rabl1B, either individually or in combination.
Knockdown of either Rab11A or Rab11B decreased p14 surface expression in HeLa cells,
with a combined knockdown exerting the strongest effect (Figure 3.21B). Westerns blots
confirmed knockdown of Rabll1A (Figures 3.21D and 3.22B), and the extent of
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knockdown approximated the relative effects on pl14 plasma membrane expression. Thus,

both Rab11 isoforms exert effects on p14 plasma membrane trafficking.

To determine whether the Rab11 results are specific, Rab5 and a Rab5 dominant-
negative mutant, Rab5-S34N, were overexpressed in HeLa cells. Overexpression of Rab5
or Rab5-S34N had no effect on p14 surface expression (Figure 3.23A). To confirm that
Rab5 function was inhibited by Rab5-S34N, a transferrin-binding assay was performed.
Rab5 mediates endocytosis and inhibiting Rab5 function increases the levels of transferrin
receptor on the cell surface (Somsel Rodman and Wandinger-Ness, 2000). As expected,
transferrin surface binding was significantly increased by overexpression of Rab5-S34N
(Figure 3.23B), indicating Rab5-S34N was capable of inhibiting wt Rab$5 activity. Hence,
Rab11, but not Rab3, plays a role in p14 plasma membrane trafficking.

3.3.2 The PBM is required for p14 colocalization with Rab11

To examine more closely the relationship between Rabll and pl4 trafficking,
fluorescence microscopy was performed on HelLa cells transfected with pl14-G2A or
pl4PA-G2A using antibodies against p14 and Rab11A. As shown in Figure 3.24, p14-G2A
showed extensive colocalization with Rab11A in the perinuclear region. Comparing cells
expressing p14 to those with undetectable p14 expression in the same field of view, it also
appeared that p14 resulted in Rabl1 redistribution and accumulation in the perinuclear
region (Figure 3.24A). In contrast, pl4PA-G2A showed minimal colocalization with
Rabl1 and did not appear to have a pronounced effect on Rabl1 redistribution in cells
(Figure 3.24A). These qualitative results were confirmed quantitatively by calculating
Pearson’s correlation coefficients for p14 and Rabl1 colocalization in ten cells each from
two independent experiments (Figure 3.24B). These results suggested p14 recruits Rab11A

to the perinuclear region in a PBM-dependent manner.

3.3.3 Activated Rab11 directly interacts with p14 in a PBM-dependent manner

To determine whether Rab11 interacts with p14, co-immunoprecipitation (co-IP)
assays were performed using HEK cells, a human cell line with good transfection
efficiencies. Cell lysates expressing p14-G2A or pl4PA-G2A were immunoprecipitated
with a-Rab11A antibody and western blots probed with a-p14 antiserum. The co-IP results
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indicated that p14-G2A co-immunoprecipitates with Rab11A (Figure 3.25). The specificity
of the co-immunoprecipitation was confirmed using a heterologous IgG antibody, which
showed only low level co-precipitation of pl4 (Figure 3.25). Notably, co-
immunoprecipitation of p14PA-G2A was substantially reduced relative to p14-G2A, to the
low levels observed using control IgG. These data suggest that p14 interacts with Rab11 in

a PBM-dependent manner.

Since Rabl1 is a GTPase that is active when bound to GTP and inactive when
bound to GDP, I sought to analyze which form of Rab11 interacts with p14. Co-IP assays
were performed following addition of GTPyS (a non-hydrolysable analogue of GTP) or
GDP to cell lysates expressing p14-G2A or pl4PA-G2A. The presence of GTPyS resulted
in a substantial increase in the amount of p14 that co-precipitated with Rab11 compared to
lysates containing GDP (Figure 3.25), suggesting pl4 interacts preferentially with the
active form of Rab11A. No such increase in co-precipitation of p14PA-G2A was observed
in the presence of GTPyS, which still co-precipitated with Rab11 at levels equivalent to
the IgG control (Figure 3.25). The PBM of pl4 therefore promotes interaction with
activated Rabl11.

Aliquots of cell lysates were taken before performing co-IPs to confirm equal
protein input using a-p14 antiserum, and a-Rab11A and a-actin antibodies (Figure 3.25).
Surprisingly, distinct double bands were observed for p14PA-G2A, which were not present
in p14-G2A samples and were not previously observed when analyzing p14PA or p14PA-
G2A (see Figures 3.1D and 3.15B). In previous western blots of transfected cells
expressing pl4PA or p14PA-G2A , cells were QMS cells and were harvested at 8 hpt verses
HEK cells harvested at 24 h in Figure 3.25. The prominent lower band for p14PA in HEK
cells could therefore be a cell-type specific effect, or possibly time-dependent cleavage or
degradation of p14PA. The latter was confirmed by comparison of HEK cells transfected
with p14PA or pl4PA-G2A and harvested at 8 or 24 hpt for western blotting. As shown in
Figure 3.26, the lower band increases in intensity and becomes prominent with longer
incubation times in the pl14PA and pl4PA-G2A samples. A small percent of pl4 is
processed to generate soluble endodomain that is detectable at 12 hpt but not at 8 hpt (Top

et al., 2009). Abnormal Golgi accumulation of p14PA somehow may enhance the percent
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of pl4 being processed to generate soluble endodomain that may represent the lower

prominent band with longer incubations.

To analyze whether the interaction between pl4 and Rabl1 is direct and occurs
inside cells, I developed a fluorescence resonance energy transfer (FRET) protocol using
fluorescently-tagged pl4 and Rabll proteins. FRET analysis detects protein-protein
interactions that occur over a distance of <5-10 nm, the distance of stable protein-protein
interactions (Sekar and Periasamy, 2003). EGFP was added to the C-terminus of p14 or
pl4PA, and mCherry was added to the N-terminus of Rabl1A or Rabl1A-S25N.
Fluorescently-tagged Rabl1 does not alter its endogenous cellular localization pattern
(Rzomp et al., 2003), and EGFP-tagged pl14 still traffics to the plasma membrane and
retains fusion activity, albeit at a reduced efficiency (Timothy Key, Dalhousie University,
personal communication). Donor and acceptor spectral bleed-through (SBT) values and
normalized FRET (NFRET) intensities were determined using the PixFRET plugin for
ImagelJ (Feige et al., 2005), as described in detail in Materials and Methods. Mean NFRET
intensities were obtained from ten cells each from two independent experiments for
quantitative measurements (Figure 3.27B). Cells co-transfected with pl4 tagged with
EGFP (p14-EGFP) and mCherry (p14-mCh) were used as a positive control (Figure 3.27),
as previous studies indicated p14 forms homomultimers that are detectible by FRET inside
cells (Ciechonska et al., 2014; Corcoran et al., 2011; Key and Duncan, 2014). For negative
controls, cells co-transfected with free EGFP and mCherry-Rab11, and p14-EGFP and free
mCherry were used that provided no FRET signals (Figure 3.28). Cells co-transfected with
mCherry-Rab11A and p14-EGFP emitted FRET signals at the same level as p14-EGFP
and pl4-mCherry homomultimers (Figure 3.27). In contrast, cells transfected with
mCherry-Rab11A-S25N and pl4-EGFP failed to provide any FRET signals above
background (Figure 3.27). Moreover, cells transfected with mCherry-Rab11A and p14PA-
EGFP also failed to provide any FRET signals (Figure 3.27) indicating that the p14 PBM
is required for p14 interaction with Rabl11. These in cellula results confirmed that p14
interacts with activated Rab11 in a PBM-dependent manner, and the distance restraints of

FRET imply these two proteins interact directly with each other.
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3.3.4 Rab11 knockdown results in p14 accumulation in the Golgi

Rab11 knockdown inhibits p14 plasma membrane localization (Figure 3.21), but
does this reflect a role for Rabl1 in p14 Golgi export or does Rab11 mediate post-Golgi
pl4 trafficking through the endosomal recycling pathway? To address this question, I
examined p14 subcellular localization in Rab11 knockdown cells. Confocal microscopy of
HeLa cells transfected with control siRNA and pl14-G2A showed the characteristic
reticular staining pattern for pl4 with minimal colocalization with the PI4KIIIB Golgi
marker (Figure 3.29A). In contrast, cells transfected with Rabl1 siRNA and p14-G2A
showed concentrated perinuclear staining with extensive colocalization between p14 and
PI4KIIIP that approached the level of colocalization observed between pl14PA-G2A and
PI4KIIIB (Figure 3.29). These results suggest that Rab11 mediates PBM-dependent p14

trafficking from the Golgi to the plasma membrane.

3.3.5 AP1 knockdown leads to Golgi accumulation of p14

Vesicle trafficking between the Golgi, plasma membrane, and lysosomal and
endosomal compartments requires one of several adaptor proteins (APs) that are part of the
vesicle coats. Among various AP complexes, AP1, AP3 and AP4 are known to mediate
trafficking from the Golgi to endosomes or plasma membrane (Ohno, 2006; Popova et al.,
2013). To determine which of these AP complexes mediates pl4 plasma membrane
trafficking, siRNAs targeting the gamma, delta or epsilon subunits were used to
knockdown AP1, AP3 or AP4 complexes, respectively. Knockdown of the AP1y, AP36
and AP4¢ adaptor complex subunits was confirmed by western blotting (Figures 3.30B and
3.31). Only AP1 knockdown resulted in a significant decrease (>50%) in p14-G2A plasma
membrane expression as analyzed by flow cytometry (Figure 3.30A). When examined by
immunofluorescence confocal microscopy and quantified by Pearson’s correlation
coefficients, RNAi-mediated knockdown of AP1 (but not AP3 or AP4) resulted in
extensive pl4 colocalization with the Golgi marker PI4KIIIB (Figure 3.32). As with
pl4PA-G2A (Figure 3.29), AP1 knockdown resulted in concentrated co-localization of
p14-G2A with the Golgi complex (Figure 3.32). These results imply that p14 trafficking

between the Golgi and plasma membrane is mediated by AP1-coated vesicles.
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3.3.6 p14 colocalizes with AP1 and Rab11 at the frans-Golgi network (TGN)
Knockdown of either Rabl1 or AP1 results in pl4 accumulation in the Golgi,
suggesting both likely mediate pl4 trafficking from the Golgi to the plasma membrane.
However, it was possible that Rab11 and AP1 might mediate p14 transport from a post-
Golgi endosomal compartment to the plasma membrane, with knockdown of Rab11 or AP1
resulting in p14 retrieval back to the Golgi. To address this issue, HeLa cells transfected
with p14-G2A were triple-stained with antibodies against p14, TGN46, and Rab11 or AP1.
Confocal microscopy images showed obvious colocalization of p14 with Rab11 and AP1
at the TGN (Figure 3.33). Taken together, the above results imply that Rab11 and AP1

mediate p14 biosynthetic anterograde traffic from the Golgi to the plasma membrane.
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Figure 3.1: The p14 PBM is required for cell—cell fusion. (A) Amino acid sequence of
the p14 PBM and the indicated polybasic mutants. Numbers indicate residue position in
pl4. Boundary of the TMD and location of the PBM are indicated. (B) QMS5 cells
transfected with wt p14 or pl4PA were Giemsa-stained at 8 hpt and imaged by bright-field
microscopy at 200X magnification. (C) QMS cells transfected with p14 or the indicated
polybasic mutants (p14-KRR [KRR], p14-RRR [RRR], or p14PA [PA]) were imaged as in
panel B, and syncytial nuclei were quantified from five random fields. Results are mean
number of syncytial nuclei £+ SEM from two independent experiments performed in
triplicate. Statistical significance is indicated relative to p14 (**p < 0.01; ***p < 0.005).
(D) Lysates of QMS5 cells transfected with the indicated p14 constructs as in panel C were
processed for western blotting at 8 hpt using a-p14 or a-actin antibody. Numbers at the
bottom indicate relative band intensity normalized to wt p14.
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Figure 3.2: The PBM is required for p14 surface expression. (A) QM5 cells transfected
with p14 or pl4PA were surface-labeled using a-p14 ectodomain antiserum and Alexa
647—conjugated secondary antibody, fixed, and analyzed by flow cytometry. Percent cell
surface fluorescence is indicated after background subtraction of empty vector-transfected
cells and was determined from scatter plots of relative fluorescence vs. forward scatter
(FSC) using the indicated gating (horizontal line). (B) QMS5 cells transfected with p14-
G2A or pl4PA-G2A were fixed and permeabilized in suspension at 24 hpt. Cells were
stained with full-length a-pl4 antiserum, which recognizes both the N-terminal
ectodomain and C-terminal endodomain, and Alexa 647—conjugated secondary antibody.
Scatter plots and percentage cell surface fluorescence are shown as in panel A. (C) Surface
fluorescence of QMS5 cells transfected with the indicated p14 constructs was quantified as
in panel A. Results are mean percent cell surface fluorescence + SEM relative to wt p14
from two independent experiments performed in triplicate. Statistical significance is
indicated relative to wt p14 (**p < 0.01; ns, not significant). (D) As in panel C, except cells
were permeabilized before immunostaining to detect total fluorescence of QMS cells
transfected with p14-G2A and p14PA-G2A. Results are mean percent cell fluorescence +
SEM from three independent experiments performed in triplicate. Statistical significance
is indicated relative to wt p14 (*p <0.05). (E) As in panel C, except cells were stained with
an anti-pl4 antiserum that recognizes both the N-terminal ectodomain and C-terminal
endodomain. Results are mean percent cell surface fluorescence + SD relative to wt p14
for triplicate samples from a single experiment.
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Figure 3.3: Absence of the PBM concentrates p14 in the Golgi complex. Vero cells
transfected with p14-G2A or pl14PA-G2A were fixed and immunostained at 24 hpt using
a-pl4 antiserum (red) and the indicated organelle markers (green) for the Golgi complex
(PI4KIIIB) and TGN (TGN46). Right column shows merged images. Scale bars, 20pm.
Graphs show relative fluorescence intensities for organelle markers and p14 imaged along
the white line in the corresponding merged images. Pearson’s correlation coefficients (R)
are shown as the mean = SEM from 10 cells (from two independent experiments) and are
indicated on the merged images. Images in the top two rows provided by Christopher Barry
(Dalhousie University).
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Figure 3.4: Endocytic pathways do not influence plasma membrane localization of
pl14PA. (A) QM5 cells transfected with p14-G2A (bottom row) or p14PA-G2A (top row)
were treated for 1 h in serum-free medium with the dynamin inhibitor dynasore (80 uM)
or DMSO at 24 hpt, live cells were stained with a-p14 ectodomain antiserum and Alexa
Fluor 647—conjugated secondary antibody, and cell surface fluorescence was analyzed by
flow cytometry. Percent cell surface fluorescence is indicated as in Figure 3.2A. (B)
Vector-transfected QMS cells were treated with DMSO or dynasore as in panel A. Live
cells were stained using Alexa Fluor 555—conjugated transferrin and analyzed by flow
cytometry to detect surface-bound transferrin. Percent cell surface fluorescence is indicated
as in Figure 3.2A. (C) Surface fluorescence of QMS cells transfected with p14-G2A or
p14PA-G2A quantified as in panel A. Mean percent cell surface fluorescence + SEM from
three independent experiments performed in triplicate. Statistical significance is shown
between the indicated paired samples (*p < 0.05; ns, not significant). (D) Transferrin
receptor cell surface fluorescence quantified as in panel B. Mean percent cell surface
fluorescence = SEM from three independent experiments performed in triplicate (***p <
0.005). (E) Vero cells transfected with p14-G2A or pl4PA-G2A were incubated with a-
p14 antiserum at 24 hpt for 30 min at 37°C. Cells were then fixed and stained with Alexa
Fluor 488-conjugated antibody with (permeabilized) or without (non-permeabilized) prior
Triton X-100 treatment. Scale bar, 20 um.
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Figure 3.5: p14 PBM traffics a Golgi-resident protein to the plasma membrane. (A)
Schematic diagram of the N-terminally myc-tagged chimeric ERGIC-53 protein containing
the ERGIC-53 ectodomain, CD4 TMD, and polyalanine (polyA) cytoplasmic tail. The
glycosylated ERGIC-53 chimera has two glycosylation sites (VNATASA and D61N)
introduced into the ectodomain. The ERGIC-p14 and ERGIC-p14PA constructs replace
the two membrane-proximal endodomain arginine residues in the parental ERGIC-53
chimera with the membrane-proximal pl4 sequence containing the PBM
(KYLQKRRERRRQ) or the Ala-substituted version of this motif (KYLQAAAEAAAQ).
(B) QMS5 cells stably transfected with empty vector (V), parental ERGIC-53 chimera (E-
53), glycosylated ERGIC-53 chimera (GlyE), ERGIC-53 with the p14 PBM (E-p14) or the
Ala-substituted PBM (E-PA) were processed for western blotting using a-myc or a-actin
antibody. (C) As in panel B, except QMS cells transfected with the indicated chimeric
ERGIC-53 constructs were processed for flow cytometry after live-cell staining with a-
myc antibody and Alexa 647—conjugated secondary antibodies. Mean percent cell surface
fluorescence relative to GIyE transduced cells £ SEM from triplicate samples was
calculated from three independent experiments. Statistical significance is indicated relative
to GlyE (*p < 0.05; ***p < 0.005).

72



a-PIKIIIB Overlay

R=-0.7810.06

R=0.5710.06

R=0.22+0.19

Figure 3.6: The p14 PBM is sufficient to function as a Golgi export signal. Vero cells
transfected with the indicated chimeric ERGIC-53 constructs as in Figure 3.5 were
immunostained with a-myc antibody (red) and the PI4KIIIB Golgi marker (green). Right
column shows merged images. Pearson’s correlation coefficients (R) are shown in the
merged images of each construct as the mean + SEM from nine cells (from two independent
experiments). Scale bars, 20 pm.
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Figure 3.7: Three basic residues are required for maximal p14 cell surface expression.
Amino acid sequences of the p14 PBM and the indicated polybasic mutants are shown on
the left. The number of positive residues in the PBM are color coded and indicated. Cell
surface fluorescence of QMS cells transfected with the indicated pl4 constructs was
quantified by flow cytometry as described in Figure 3.2A. Results are mean percent cell
surface fluorescence + SEM relative to wt pl4, after background subtraction of empty
vector-transfected cells, from three or more independent experiments performed in
triplicate. Numbers on the right indicate the number of positive residues present within
respective groups of PBMs. One-way ANOVA indicated no significant difference (ns)
between constructs sharing the same number of basic residues (except for PA+K,R,R in
the 3+ group). Statistical significance is indicated between groups (**p < 0.01; ***p <
0.005).
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Figure 3.8: Quantification of steady-state p14 expression levels by western blotting.
(A) QMS cells transfected with the indicated p14 constructs were harvested at 8 hpt and
processed for western blotting using a-p14 antiserum or a-actin antibody. Numbers at the
bottom indicate the number of positive residues present in the PBM. (B) Western blots
from three independent experiments obtained as in panel A were quantified by ImagelJ, and
results are presented as band density + SEM normalized to wt p14. Statistical significance
was determined using one-way ANOVA on the indicated subgroups (ns, not significant;

% p<0.01).
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Figure 3.9: Basic residues have an additive effect on p14 Golgi export. Vero cells
transfected with pl4-G2A and the indicated pl14-G2A polybasic mutants were
immunostained with a-p14 antiserum (red) and the PI4KIIIB Golgi marker (green) at 24
hpt. Right column shows merged images. Pearson’s correlation coefficients (R) for each
construct were calculated from five transfected cells and are shown as mean + SD on the
merged images. Scale bar, 20 pm.
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Figure 3.10: Preferential interaction of the pl14 endodomain with PI(3,4,5)P;3 is
dependent on the PBM. The cytoplasmic endodomains of pl4 (GST-pl4e) or pl4PA
(GST-pl4PAe) tagged with glutathione S-transferase (GST) were expressed in E. coli and
incubated with nitrocellulose membranes spotted with the indicated concentrations of
various phosphatidylinositol lipids or phosphatidylserine (PS). Membranes were
developed using a-p14 antiserum and HRP-conjugated secondary antibody.
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Figure 3.11: PI(3,4,5)P3 colocalizes with p14 at the plasma membrane in regions of
cell-cell contact. HeLa cells co-transfected with Akt-PH-GFP (green) (PH domain that
binds to PI(3,4,5)P3) and p14 tagged with mCherry (red) (p14-mCh) were fixed at 24 hpt
and imaged by confocal microscopy. Right column shows merged images. Scale bar, 20
pm.
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Figure 3.12: Motif arrangements in p14 and mutated p14 constructs. The top panel
depicts motif arrangements in the full-length, 125-residue pl4 protein, including N-
terminal myristoylation (myr), transmembrane domain (TMD) and PBM. The sequence of
the PBM and the polyalanine substitution (PA) of this motif are shown. G2A and V9T are
the locations of point substitutions that eliminate the myristoylation motif (G2A) or
introduce an N-linked glycosylation site (V9T), depicted as a branched tree. These p14
backbones (wt p14, pl4PA, pl14-G2A, and p14-VIT) were used as templates for insertion
of PBMs in various locations. The lower panel depicts the sequence of the p14 cytoplasmic
endodomain. Numbers on the top of the sequence indicate amino-acid positions relative to
full-length protein. Numbers below the sequence indicate amino-acid position relative to
the first residue in the endodomain. The boundary of the TMD and location of the PBM
are indicated. The PBM was inserted in various locations in the endodomain (orange
sequences), either in a wt pl4 backbone containing the membrane-proximal PBM (blue
sequences), or in a pl4PA backbone containing polyalanine substitution of the PBM (green
sequences). The p14 and p14PA backbones contained either the G2A or VIT substitutions
depicted above, as specified in the text and figure legends.
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Figure 3.13: Membrane-proximity influences the trafficking function of the p14 PBM.
(A) Percent cell surface fluorescence analysis of pl4 and pl4PAextPB (PAextPB), as
described in Figure 3.2A. Statistical significance by t-test is indicated relative to p14 (***p
< 0.005; n = 3). (B) Percent cell surface fluorescence analysis of p14 and p14-VO9T (VIT)
as described in Figure 3.2A. (C) Cell lysates of QM5 cells transfected with empty vector
(V), p14-VOT or pl4PAextPB-VIT were harvested at 24 hpt, and equal protein amounts
were left untreated or treated with endo H or PNGase F, as described in Materials and
Methods, before western blotting with a-pl4 antiserum. Glycosylated (*) and
nonglycosylated (¢) pl4 are indicated on the left. (D) Vero cells transfected with
p14PAextPB-VI9T and immunostained at 24 hpt using o-p14 antiserum (red) and the ER
marker PDI (green). Right column shows merged image. Scale bar, 20 um. Results in
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panels B and C provided by Christopher Barry (Dalhousie University).
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Figure 3.14: p14 accumulates in the ER when the PBM is membrane-distal. Vero cells
transfected with p14PB or p14PAextPB in a p14-G2A backbone (see Figure 3.12) were
fixed and stained at 24 hpt with a-p14 antiserum (red) and the indicated organelle markers
(green) for the Golgi (PI4KIIIB) or the ER (PDI). Right column shows merged images.
Scale bar, 20 um.
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Figure 3.15: An internal PBM does not alter p14 trafficking to the plasma membrane.
(A) QMS5 cells transfected with pl4-G2A or the indicated pl4 mutants in a p14-G2A
backbone (see Figure 3.12) were surface stained at 24 hpt as in Figure 3.2A. Percent cell
surface fluorescence relative to p14 is presented as mean + SEM from three independent
experiments in triplicate. Statistical significance by one-way ANOVA and Tukey post-test
is shown relative to p14 (***p<0.005, ns - not significant). (B) QMS5 cells transfected with
pl4 and the same constructs as in panel A were harvested at 8 hpt and lysates were
processed for western blotting using a-p14 antiserum or a-actin antibody.
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Figure 3.16: An internal PBM cannot function as a Golgi export signal. Vero cells
transfected with pl14PA/75PB or p14/PA92PB in a p14-G2A backbone (see Figure 3.12)
were immunostained as in Figure 3.14 using a-pl4 antiserum (red) and the indicated
organelle markers (green). Right column shows merged images. Scale bar, 20 um.
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Figure 3.17: An internal PBM does not interfere with the Golgi export function of a
membrane-proximal PBM. Vero cells transfected with p14/ 75PB or p14/92PB in a p14-
G2A backbone (see Figure 3.12) were immunostained with a-p14 antiserum (red) and the

indicated organelle markers (green) as in Figure 3.14. Right column shows merged images.
Scale bar, 20 pm.
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Figure 3.18: Membrane-distal and -proximal PBMs alter ER-Golgi p14 trafficking.
(A) QMS cells transfected with p14-V9T or pl4extPB in a p14-VI9T backbone (see Figure
3.12) were surface stained at 24 hpt as in Figure 3.2A. Percent cell surface fluorescence
relative to p14-VIT is presented as mean = SEM from three independent experiments in
triplicate. Statistical significance from student t-test is shown relative to p14 (***p<0.005)
(B) Endo H resistance of p14, pl4PA or pl4extPB, all in a p14-V9T backbone, as in Figure
3.13C. V, empty vector; *, glycosylated p14; ¢, non-glycosylated p14. Blot provided by
Christopher Barry (Dalhousie University).
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Figure 3.19: Membrane-distal PBM dominates over membrane-proximal PBM. Vero
cells were transfected with pl4extPB in a p14-VIT backbone and immunostained with o-
pl4 antiserum (red) and the indicated organelle markers (green) as in Figure 3.14. Right
column shows merged images. Scale bar, 20 um. Figure provided by Christopher Barry
(Dalhousie University).
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Figure 3.20: p14extPB induces ER tubulation and segregation. Vero cells transfected
with pl4 or pl4extPB, both in a p14-VI9T backbone were immunostained with a-pl14
antiserum (red) and the indicated organelle markers (green) as in Figure 3.14. Right column
shows merged images. Scale bar, 20 um. Figure provided by Christopher Barry (Dalhousie
University).
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Figure 3.21: Knockdown of Rab11 reduces p14 surface expression. (A) HeLa cells co-
transfected with plasmids p14-G2A and empty vector (Control), Rabl11A, Rabl11A-S25N
(S25N) or Rab11A-Q70L (Q70L) were stained at 24 hpt with a-p14 ectodomain antiserum
and Alexa-647 secondary antibody and analyzed by flow cytometry. Percent cell surface
fluorescence relative to control after background subtraction is presented as mean + SEM
from three independent experiments performed in triplicate. Statistical significance by one-
way ANOVA and Tukey post-test is shown relative to control (*p<0.05, ns - not
significant). (B) HeLa cells were transfected with non-targeting siRNA (Control) or siRNA
targeting Rab11A (siRab11A), Rab11B (siRab11B) or both (siRab11A+B, and 48 hpt were
co-transfected with p14-G2A. Cells were stained and analyzed as in panel A 24 h after the
co-transfection. (***p<0.001 relative to control). (C) HeLa cells transfected with the
indicated Rab11 constructs were harvested at 24 hpt and analyzed by western blotting with
a-Rabl1A and a-actin antibodies. (D) HeLa cells transfected with the indicated siRNAs
were harvested at 48 hpt and analyzed by western blotting with a-Rabl11A and a-actin
antibodies.

88



w

Relative density >
(a-Rab11)

Figure 3.22: Confirmation of Rab11 overexpression and knockdown by western blot
quantification. (A) HeLa cells transfected with Rab11A, Rab11A-S25N (S25N), Rab11A-
Q70L (Q70L) or empty vector (control) were harvested at 24 hpt and analyzed by western
blotting with a-Rab11A antibody. Relative density for western blots obtained from two
independent experiments are shown as mean + SEM. Statistical significance by one-way
ANOVA and Tukey post-test is indicated relative to empty vector transfected control
sample (*p<0.05). (B) HeLa cells transfected with siRNA for Rabl1A (siRabl1A),
Rab11B (siRab11B) or both Rab11A and B (siRab11) or control siRNA were harvested at
48 h, analyzed by western blotting with a-Rab11A antibody, and analyzed as in panel A
(ns - not significant).
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Figure 3.23: Knockdown of Rab5 has no effect on p14 surface expression. (A) HeLa
cells co-transfected with pl14-G2A and Rab5, Rab5-S34N (S34N) or empty vector
(Control) were stained and analyzed by flow cytometry for cell surface fluorescence as in
Figure 3.21A (ns - not significant). (B) HeLa cells transfected with Rab5 or Rab5-S34N
(S34N) constructs were labelled with Alexa-647-conjugated transferrin at 24 hpt and
analyzed by flow cytometry. Percent transferrin surface fluorescence relative to Rab5-
transfected cells is indicated as mean + SEM from three independent experiments
performed in triplicate. Statistical significance by Student t-test is indicated (*p<0.05).
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Figure 3.24: p14 colocalizes with Rab11 in cellula in a PBM-dependent manner. (A)
HeLa cells transfected with pl4-G2A (pl4) or pl4PA-G2A (pl4PA) were fixed,
permeabilized and stained with a-Rab11 (green) antibody and a-p14 (red) antiserum at 24
hpt. Right, merged images. Scale bar, 20 um. (B) Pearson’s correlation coefficient as mean
+ SEM for colocalization between Rabl1 and p14 or pl14PA calculated from twenty cells

(ten cells in each of two independent experiments). Statistical significance is indicated by
Student t-test (***p<0.001).
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Figure 3.25: p14 co-immunoprecipitates preferentially with activated Rab11 in a
PBM-dependent manner. Lysates of HEK cells transfected with p14-G2A (p14), pl4PA-
G2A (p14PA) or empty vector (V) were obtained at 24 hpt and treated with GTPyS, GDP
or no treatment and immunoprecipitated with a-Rab11A antibody. IgG antibody was used
as a negative control. Co-IP samples (top panel) and lysates prior to co-IP (bottom three
panels) were subjected to western blotting with a-p14 antiserum, and a-Rab11 and a-actin
antibodies.
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Figure 3.26: p14PA is significantly degraded over time. HEK cells were transfected with
pl14PA or pl4PA-G2A, harvested at 8 hpt or 24 hpt and analyzed by western blotting with
a-pl4 antiserum and a-actin antibody.
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Figure 3.27: p14 directly interacts with Rab11 in cellula in a PBM-dependent manner.
(A) HeLa cells co-transfected with p14 or p14PA tagged with EGFP and Rab11 or Rab11-
S25N (S25N) tagged with mCherry (mCh) were fixed at 24 hpt and imaged for sensitized
emission FRET along with donor and acceptor images. Right panel shows calculated
normalized FRET (NFRET) images. Cells co-transfected with p14 tagged with EGFP (p14-
EGFP) and mCherry (pl4-mCh) were used as a positive FRET control for a known
multimeric membrane protein. NFRET range is indicated by color gradations. Scale bar,
20 um. (B) Mean NFRET values were calculated for 20 cells (10 ten cells from each of
two independent experiments) for the indicated co-transfected samples. Boxes indicate
standard deviations, horizontal lines indicate means and whiskers indicate minimum and
maximum NFRET values. Statistical significance by one-way ANOVA and Tukey post-
test relative to the pl4 homomultimer control is indicated (***p<0.001, ns - not
significant).
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Figure 3.28: Negative controls for FRET microscopy. HeLa cells co-transfected with
p14-EGFP and mCherry or EGFP and mCh-Rab11 constructs were fixed at 24 hpt and
imaged for sensitized emission FRET along with donor and acceptor images. Right panel
shows calculated normalized FRET (NFRET) images. NFRET range is indicated by color
gradations. Scale Bar, 20 pm.
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Figure 3.29: Rab11 knockdown results in p14 accumulation in the Golgi. (A) HeLa
cells transfected for 48 h with siRNA for Rab11A and B (siRab11) or control siRNA were
re-transfected with p14-G2A (pl14) or pl4PA-G2A (pl4PA) for 24 h and fixed,
permeabilized and stained with a-p14 (red) antiserum and o-PI4KIIIB (green) antibody.
Right, merged images. Scale bar, 20um. (B) Pearson’s correlation coefficients as mean +
SEM for colocaliztion between the Golgi marker PI4KIIIB and p14 for the indicated
samples calculated from 20 cells (10 ten cells from each of two independent experiments).
Statistical significance assessed by one-way ANOVA and Tukey post-test is indicated
relative to cells co-transfected with control siRNA and p14-G2A (***p<0.001).
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Figure 3.30: Knockdown of AP1, but not AP3 or AP4, reduces p14 surface expression.
(A) HeLa cells transfected for 48 h with control siRNA or siRNA targeting AP1y (siAP1),
AP398 (siAP3), or AP4¢ (siAP4) were re-transfected with pl14-G2A for 24 h and then
analyzed for p14 cell surface fluorescence by flow cytometry as in Figure 3.21A. Percent
cell surface fluorescence relative to control siRNA-transfected cells is indicated as mean +
SEM from three independent experiments performed in triplicate. Statistical significance
by one-way ANOVA and Tukey post-test is indicated relative to control siRNA-transfected
cells. (***p<0.001, ns - not significant). (B) Lysates of HeLa cells transfected with the
indicated siRNAs were subjected to western blotting with a-AP1y, a-AP3d, a-AP4¢ or a-
actin antibodies at 48 hpt.
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Figure 3.31: Quantification of AP1, AP3 and AP4 knockdown by western blotting.
HeLa cells transfected with control siRNA or siRNA targeting APly (siAPl), AP35
(siAP3), AP4e (siAP4) were harvested at 48 hpt and analyzed by western blotting using o-
AP1y antibody (A), a-AP36 antibody (B), or a-AP4¢ antibody (C). Relative density from
two independent experiments is shown as mean = SEM. Statistical significance by one-
way ANOVA and Tukey post-test is indicated relative to control siRNA sample (*p<0.05,
*#p<0.01, ns - not significant).
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Figure 3.32: Knockdown of AP1 results in p14 accumulation in the Golgi complex.
(A) HeLa cells transfected with siRNA targeting APly (siAP1), AP3d (siAP3) or AP4¢
(siAP4) were re-transfected at 48 hpt with p14-G2A (p14) for 24 h and fixed, permeabilized
and stained with a-p14 (red) antiserum and o-PI4KIIIP (green) antibody. Right, merged
images. Scale bar, 20 um. (B) Pearson’s correlation coefficients for colocalization between
Golgi marker PI4KIIIB and pl14 is shown as mean + SEM for the indicated samples
calculated from 20 cells (10 ten cells from each of two independent experiments).
Statistical significance by one-way ANOVA and Tukey post-test is indicated relative to
cells co-transfected with AP1y siRNA and p14-G2A (***p<0.001).
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Figure 3.33: p14 colocalizes with Rab11 and AP1 at the TGN. HeLa cells transfected
with p14-G2A (p14) were fixed, permeabilized and stained with a-p14 (red) antiserum, a-
TGN46 (green), and a-Rab11 (blue) or a-AP1y (blue) antibodies at 24 hpt. Right, merged
images. Scale bar, 20 pm.
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CHAPTER 4
DISCUSSION

4.1 Overview

The reovirus FAST proteins are a unique family of viral membrane fusion proteins
involved in viral pathogenesis. They are the smallest known membrane fusogens and the
only non-structural viral fusion proteins. FAST proteins traffic through the ER-Golgi
pathway to the plasma membrane where they promote virus dissemination by causing cell-
cell membrane fusion. Unlike most integral membrane proteins, FAST proteins are not
glycosylated and lack an N-terminal signal peptide for membrane insertion. They instead
use their single transmembrane domain as a reverse signal anchor, resulting in small N-
terminal ectodomains and equal-sized or larger C-terminal cytoplasmic endodomains. The
simple structure and domain organization of FAST proteins provides an excellent model

for studying plasma membrane trafficking determinants.

This thesis describes a comprehensive analysis of the role of the p14 FAST protein
PBM in trafficking to the plasma membrane. Several significant conclusions can be drawn
from my studies: (1) the pl4 PBM is a novel tribasic autonomous Golgi export signal; (2)
the PBM exerts positional-dependent effects on protein trafficking and ER morphogenesis;
(3) interactions of the PBM with PI(3,4,5)P3 might play a significant role in pl4
localization in the plasma membrane and pl14-mediated cell-cell fusion; (4) anterograde
Golgi-to-plasma membrane transport of p14 involves a PBM-dependent direct interaction
with activated Rabll and sorting into AP1-coated vesicles at the TGN. These results
provide several novel insights into factors, processes and pathways involved in Golgi-
plasma membrane trafficking, and they provide the first model for FAST protein
trafficking.

4.2 The p14 PBM is a novel tribasic autonomous Golgi export signal

All FAST proteins contain a cluster of membrane-proximal basic residues whose
function has been undefined. Previous studies indicated the PBM of the p10 FAST protein
is required for cell-cell fusion (Shmulevitz et al., 2003). We now show a similar

involvement of the pl4 PBM in pl4-mediated cell-cell fusion (Figure 3.1). The FAST
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protein PBMs were speculated to play a role in FAST protein topology, since basic residues
on the cytosolic side of a transmembrane domain are dominant determinants of membrane
protein topology (Nilsson et al., 2005; von Heijne, 1989). However, pl4 antiserum that
detects both the N- and C-termini of p14 failed to detect pl4PA on the plasma membrane
in either the correct N-exoplasmic/C-cytoplasmic or reverse N-cytoplasmic/C-exoplasmic
topology (Figure 3.2E). Endo H assays also revealed that the pl4PA-V9T N-terminus is
glycosylated and, therefore, assumes the correct luminal N-terminus and cytoplasmic C-
terminus topology (Figure 3.18B). I predict that a single Lys residue upstream of the PBM
at the boundary of the transmembrane domain might be sufficient to maintain the correct
topology of pl4. Thus, I demonstrated for the first time that the PBM is not required for
maintaining p14 topology but is required for plasma membrane localization. Moreover,
this trafficking phenotype is not cell-type specific as the same phenotype was observed in
QM5 muscle fibroblast, Vero kidney epithelial, HeLa cervical cancer epithelial, and HEK
293T transformed embryonic kidney epithelial cells.

Basic residue-dependent sorting motifs are well described to function as ER export,
retention or retrieval signals by directly interacting with components of COPI and COPII
complexes (Andersson et al., 1999; Dong et al., 2012; Duvernay et al., 2009b; Giraudo and
Maccioni, 2003; Jackson et al., 2012). However, several lines of evidence indicate that the
PBM is a Golgi, not ER, export signal. First, endo H assays with p14PA-V9T indicated
pl4 traffics to the Golgi in the absence of the PBM and, therefore, the PBM is not required
for ER export (Figure 3.18B). Second, immunofluorescence microscopy showed extensive
colocalization of p14PA with Golgi and TGN markers indicating p14PA is trafficked to,
and accumulates in, the Golgi complex (Figure 3.3). Third, inhibiting dynamin-dependent
endocytosis using dynasore did not cause p14PA to accumulate on the plasma membrane
(Figure 3.4A and C), and an antibody-internalization assay failed to detect recycling of
p14PA from the plasma membrane to the Golgi (Figure 3.4E), implying the PBM is not a

plasma membrane retention signal but is a bona fide Golgi export signal.

Sorting signals involved in trafficking from the Golgi have been reported, however,
they function more as sorting signals than as export signals per se. Tyrosine or di-leucine
based cytosolic sorting signals function in biosynthetic anterograde trafficking pathways

from the Golgi, targeting proteins to basolateral membranes (Bonifacino and Traub, 2003;
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Rodriguez-Boulan and Musch, 2005). However, mutation of these sorting signals result in
protein mis-sorting to apical membranes rather than failure to exit the Golgi, indicating
they are not Golgi export signals (Carvajal-Gonzalez et al., 2012; Rodriguez-Boulan and
Musch, 2005). As far as  am aware, there is no clear identification of a linear sorting signal
required for Golgi export to the plasma membrane. Two residues, tyrosine and serine, in
the luminal N-terminus of a2-adrenergic receptors are required for exit from the Golgi,
however, luminal residues cannot act as an independent linear sorting signal that can
interact with coat protein components for Golgi export (Dong and Wu, 2006). The
mechanism by which a luminal YS signal mediates Golgi export remains unknown.
Specific conformational changes mediated by the YS motif may be responsible for Golgi
export. Also, two basic residues in the cytosolic N-terminus of inward rectifier potassium
channel Kir2.1 are involved in Golgi export, but substitution of these basic residue only
qualitatively decreases Golgi export (~50%), indicating this motif enhances, but is not
required for, Golgi export to the plasma membrane (Stockklausner and Klocker, 2003).
Furthermore, a more recent study revealed that these basic residues are actually part of a
bipartite Golgi export signal that includes cytosolic C-terminal sequences juxtaposed with
the basic residues in the tertiary structure (Ma et al., 2011). In contrast, I showed that
mutation of the PBM decreases pl4PA plasma membrane localization by >95% (Figure
3.2C) and results in accumulation in the Golgi (Figure 3.3). Extensive mutagenic analysis
revealed a stepwise progression in Golgi export and plasma membrane localization of p14
with progressive addition of basic residues to pl4PA where maximual plasma membrane
levels were observed with three basic residues (Figures 3.7 and 3.9). Thus, the p14 PBM
is a tribasic signal required for Golgi export. Most notably, the p14 PBM is transferable to
a heterologous Golgi resident protein. Insertion of the wt pl4 PBM, but not an alanine
substituted version, into the Golgi localized ERGIC-53 chimera led to Golgi export and
plasma membrane localization (Figures 3.5 and 3.6) as efficiently as addition of a
glycosylation signal previously reported to promote Golgi export of this construct (Gut et
al., 1998). The p14 PBM therefore is sufficient to provide a Golgi export phenotype to a
Golgi resident protein, implying the p14 PBM is an autonomous Golgi export signal. Thus,
the p14 PBM is the first example of an autonomous signal required for Golgi export to

plasma membrane, and the first post-Golgi trafficking signal based on a tribasic motif.
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4.3 The p14 PBM exerts positional-dependent effects on protein trafficking

The effect of membrane proximity on the function of cytosolic trafficking signals
has been noted previously. For example, KKXX motifs function as ER retention or retrieval
signals when located distal, but not proximal, to the transmembrane domain (Vincent et
al., 1998). A Lys residue is required to be located at the -3 and -4 or -5 positions in the
KKXX motif for electrostatic interaction with components of the COPI coat protein
complex for ER retrieval (Jackson et al., 2012; Jackson et al., 1990). The p14 PBM does
not conform to these consensus arrangements but still inhibits ER export and results in p14
accumulation in the ER (Figures 3.13 and 3.14) when located at the C-terminus of the
pl4PA. The p14PBM therefore provides a new example of a basic residue-dependent, C-
terminal ER retention motif (Figure 4.1), with the caveat that ER retention could mean

rapid retrieval from an adjacent post-ER compartment (e.g., the ERGIC).

Surprisingly, Golgi export and ER retention functions cancel each other out when
membrane-proximal and -distal PBMs are present together. Endo H and surface expression
analysis of pl4extPB indicated trafficking to the Golgi but not to the plasma membrane
(Figure 3.18), inferring the membrane-distal PBM did not promote ER retention and the
membrane-proximal PBM did not promote Golgi export. Interestingly,
immunofluorescence microscopy revealed pl4extPB accumulation in the ER (Figure
3.19), indicating that the membrane-distal PBM in p14extPB functions as an ER retrieval
signal that dominates over the Golgi export ability of the membrane-proximal PBM. The
pl4extPB construct also revealed an additional role of a membrane-proximal PBM as an
ER export signal. Since pl4PA traffics to the Golgi, a membrane-proximal PBM is not
required for ER export. However, pl4extPB traffics to the Golgi while p14PAextPB is
retained in the ER, suggesting the membrane-proximal PBM in pl4extPB promotes ER
export (Figure 4.1). Thus, a membrane-proximal PBM can function as a Golgi or ER export
signal, and a membrane-distal PBM can function as an ER retention or retrieval signal

(Figure 4.1).

Basic sorting motifs are only active within a defined functional zone relative to the
transmembrane domain or C-terminus of membrane proteins (Shikano and Li, 2003;

Vincent et al., 1998). Positional effects of sorting signals on ER trafficking are attributed
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to their interaction with different COPI or COPII components (Dong et al., 2012; Giraudo
and Maccioni, 2003; Jackson et al., 2012; Quintero et al., 2010). For example, KKXX and
KXKXX motifs must be present at the C-terminus to interact with subunits of the COPI
complex (Jackson et al., 2012; Jackson et al., 1990; Ma and Goldberg, 2013), and mediate
ER retention/retrieval when located 17 residues, but not 37 residues from the
transmembrane domain (Shikano and Li, 2003). Conversely, the ¢RXR (¢p-aromatic
residue) motif involved in ER retention/retrieval is not required to be at the C-terminus,
and is functional when located >45 residues from the C-terminus but not when located <25
residues from the TMD (Michelsen et al., 2005; Shikano and Li, 2003; Zerangue et al.,
2001). These positional effects presumably reflect the organization of vesicles coats and
which component of the vesicle coat interacts with the sorting signal. For example,
glycosyltransferases have a short cytoplasmic tail and their membrane proximal
(R/K)X(R/K) motifs interact with a Sar1 binding pocket facing towards the ER membrane
while cargoes such as Sed5 and Betl SNAREs have longer cytoplasmic tails and
membrane-distal YNNSNPF and LXX(L/M)E motifs, respectively, that interact with the
Sec24 subunit of the COPII complex for ER export (Miller et al., 2003; Mossessova et al.,
2003; Quintero et al., 2010).

My results indicate that the PBM positioned at internal locations in the pl4
endodomain has no effect on trafficking. When located >17 residues from the
transmembrane domain (p14/75PB) or >34 residues from the transmembrane domain or
the C-terminus (p14/92PB), the PBM had no effect on the Golgi export function of the
membrane-proximal PBM (Figures 3.15A and 3.17), and did not function as an ER
retention signal when the membrane-proximal PBM was absent (Figures 3.15A and 3.16).
The p14 PBM shares features with di-lysine (KKXX or KXKXX) and di-arginine (¢RXR)
ER retention/retrieval motifs, but is distinct from both. The C-terminal PBM functions as
an ER retention/retrieval signal, similar to di-lysine motifs. However, the PBM does not
require lysine residues strictly at -3 and -4 or -5 positions from the C-terminus, as is the
case for di-lysine motifs (Jackson et al., 2012; Jackson et al., 1990). Moreover, di-lysine
motifs function best when located between 17-37 residues from the transmembrane domain
(Shikano and Li, 2003), while the p14 PBM functions when located 68 residues from the

transmembrane domain. The ability of the PBM to function as an ER retention/retrieval
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signal when membrane distal is a feature shared with the ¢RXR motif. However, the
presence of an acidic residue at ¢ or X positions results in a non-functional motif (Zerangue
et al., 2001). In contrast, the PBM is functional with the presence of a glutamic acid within
the motif (KRRERRR). In addition, §RXR motifs function when located at internal
positions in the cytosolic endodomain (Michelsen et al., 2005; Shikano and Li, 2003),
which is not the case for the p14 PBM. I note that in addition to these two well-described
ER retention/retrieval motifs, an unrelated tri-arginine motif also functions as an ER
targeting motif. However, replacement of this tri-arginine motif with lysine or histidine
results in a non-functional motif, indicating that the positive charge is not important for ER
targeting (Hardt et al., 2003). The p14 PBM therefore represents an example of a novel
class of ER trafficking motif based on basic residues. My results also revealed that a single
sorting motif can have remarkably diverse trafficking functions between the ER and Golgi,
and for the first time beyond the Golgi, dependent solely on membrane-proximity. An
outstanding question to be answered is whether all sorting signals are affected by
membrane-proximity. In addition, it is unclear whether the sequence-independent, tribasic
properties of the pl4 PBM Golgi export signal also apply to the function of this motif
during ER-Golgi trafficking. Additional studies using my panel of PBM mutants in ER-

Golgi trafficking studies would address this issue.

Interestingly, ER morphology was dramatically changed in cells expressing a p14
construct containing conflicting membrane-proximal and —distal trafficking signals.
Expression of pl4extPB in cells induced extensive ER tubulation and a change in
distribution of ER resident KDEL receptor from broadly distributed punctate staining that
collapsed into a few large perinuclear patches (Figures 3.19 and 3.20). Alterations of ER
morphology with extensive tubule formation and segregation of ER components has been
previously reported. For example, treatment of cells with the small-molecule inhibitor
dispergo induces ER tubulation, loss of ER cisternae and generation of ER patches (Lu et
al., 2013). These ER patches contain condensed ER tubules, the Sec61 component of the
translocon, and the ER markers KDEL receptor and calreticulin. The broadly distributed,
reticular staining pattern of these luminal markers collapses into these ER patches
following dispergo treatment (Lu et al., 2013). Overexpression of reticulons, ER membrane

proteins that interact with DP1 membrane proteins to induce or stabilize membrane
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curvature to form ER tubules, also induces extensive ER tubulation and segregation of the
KDEL marker into perinuclear patches (Hu et al., 2008; Voeltz et al., 2006; Zurek et al.,
2011).

In the cells expressing pl4extPB, ER morphology was remarkably similar to that
observed following dispergo treatment or reticulon overexpression. However, dispergo
treatment inhibits ER-to-Golgi transport resulting in loss of the Golgi (Lu et al., 2013),
which is not the case with pl4extPB. Endo H assays indicated that traffic of pl4extPB to
the Golgi was not inhibited (Figure 3.18B), and the staining pattern of the Golgi indicated
that Golgi morphology was intact in cells expressing pl4extPB (Figure 3.19). The basis
for the dramatic changes in ER morphology induced by dispergo or pl4extPB is unknown.
Interestingly, p14PAextPB also accumulated in the ER, similar to pl4extPB, but did not
alter ER morphology. It therefore seems likely that dynamic trafficking of p14extPB in and
out of the ER is responsible for the ER tubulation phenotype. It is unknown how p14extPB
shuttling results in ER tubulation. One possibility is pl4extPB may somehow upregulate
reticulons involved in forming ER tubules, although why only p14extPB might induce this
response is unclear. Another possibility is that pl4extPB may inhibit atlastin-mediated ER
membrane fusion due to the opposite effects of p14 and atlastin on membrane curvature
induction in the ER. Atlastin, a dynamin-like GTPase that induces membrane curvature
and fusion, mediates fusion of the tip of one ER tubule to the side of another tubule,
creating three-way junctions and a polygonal ER network (Chen et al., 2013). Atlastin and
p14 induce opposite membrane curvature. Atlastin is inserted in the cytoplasmic leaflet of
ER membranes and promotes membrane curvature toward the cytoplasm to mediate ER-
ER fusion, while pl4 spans the membrane with bulky aromatic side chain containing
residues towards the cytoplasmic leaflet that promotes membrane budding away from the
cytoplasm to mediate cell-cell fusion (Clancy et al., 2010) (Figure 4.2). By potentially
opposing the curvature changes induced by atlastin, pl4extPB would inhibit atlastin-
mediated ER membrane fusion, leading to a decrease in formation of the polygonal ER
network and resulting in accumulation of long ER tubules. While these opposing curvature
effects would apply to other p14 constructs as well, only pl4extPB appears to continually
shuttle between the ER and Golgi. The reversible ER-Golgi trafficking of pl14extPB might
expand the spatial distribution of pl4extPB, thereby amplifying the impacts of this
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“curvature war” on ER morphogenesis by extending it throughout the cell. Experiments
with overexpression or knockdown of reticulons or atlastin would provide additional
information that might help to understand this process, as might examining pl4extPB
constructs that have reduced numbers and ratios of positive charges in the conflicting

trafficking signals.

4.4 A potential role for PBM interactions with P1(3,4,5)P3

PI(3,4,5)P;s is an important regulator of cellular signaling pathways for cell survival,
migration, growth and proliferation (Assinder et al., 2009; Cantley, 2002; Duronio, 2008;
Engelman et al., 2006; Yuan and Cantley, 2008). Upon PI(3.,4,5)P; synthesis by PI3K,
downstream signaling effectors interact with P1(3,4,5)P3 via a PH domain (Lemmon, 2007).
Basic residues separated in the primary structure of these PH domains form an array of
basic side chains in the tertiary structure creating a binding pocket to interact with
PI(3.,4,5)P; (Lemmon, 2007). The specificity of the Akt and GRP1 PH domains for binding
with PI(3,4,5)P3 compare to PI(4,5)P> is provided by a glutamic acid residue adjacent to
the binding pocket (Carpten et al., 2007; Landgraf et al., 2008; Pilling et al., 2011). The
PBM (KRRERRR) contains a glutamic acid and mediated stronger interaction of the p14
endodomain with PI(3,4,5)P3 among other PIPs in the protein-lipid overlay assay (Figure
3.11). These results suggest that the PBM (KRRERRR) could be a novel linear P1(3,4,5)P;3
interaction motif that has basic residues for binding and glutamic acid for specificity

without the requirement for structural arrangements as in PH domains.

Interestingly, the polybasic mutant p14-RER that lacks glutamic acid in the PBM
(KRAAARR) localized to the plasma membrane as well as wt p14 (Figure 3.7) while its
fusion activity was significantly reduced (Christopher Barry, PhD thesis, Dalhousie
University). Moreover, immunofluorescence microscopy using a fluorescently-tagged
Akt-PH domain indicated that P1(3,4,5)P3 and p14 colocalized in the plasma membrane at
sites of cell-cell contact (Figure 1.11). These results suggest that interactions of the PBM
with PI(3,4,5)P3; may not be involved in trafficking to the plasma membrane, but instead
are required for pl4 fusion activity by mediating lateral sorting of p14 at the plasma
membrane to form a cell-cell fusion platform. The PI(3,4,5)P3 and p14 localization at cell-

cell contact sites has been reported previously (Czech, 2000; Salsman et al., 2008).
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Moreover, PI(3,4,5P3 and pl4 are also associated with specialized membrane
microdomains at the plasma membrane (Corcoran et al., 2006; Hope and Pike, 1996).
These reports strengthen the idea that PI(3,4,5)P3 may facilitate PBM-dependent p14
recruitment to lipid rafts and cell-cell contact sites at the plasma membrane to facilitate
cell-cell fusion. In addition, actin remodeling is required for p14-mediated cell-cell fusion
(Salsman et al., 2008) and PI(3,4,5)P3 is involved in actin cytoskeleton regulation (Piccolo
et al., 2002), further suggesting that P1(3,4,5)P3 may not only recruit p14 to cell-cell contact
sites but also facilitate the pl4-mediated cell-cell fusion process. PIPs have been shown to
be required for yeast vacuole fusion. For instance, PI(4,5)P> concentrates at the vesicle
docking site and blocking PI(4,5)P, with antibody, neomycin or phospholipase impairs
vacuole fusion (Fratti et al., 2004; Mayer et al., 2000). Similarly, PI(3)P recruits the Vam7p
SNARE to the vacuole membrane for fusion by interacting with its PX domain
(Boeddinghaus et al., 2002). PI(3,4,5)P; could exert a similar role in FAST protein
mediated cell-cell fusion. I note that results in this section are preliminary and need to be
confirmed. Liposome-floatation assays would confirm the p14 interaction with PI(3,4,5)P3
in a membrane-mimicking environment. Analyzing pl4-mediated cell-cell fusion while
depleting PI(3,4,5)P3 levels by knockdown of phosphoinositide-3-kinase (PI3K) or by
overexpression of phosphatase and tensin homologue (PTEN) may indicate a functional

requirement for P1(3,4,5)P3 in pl4-mediated cell-cell fusion.

4.5 Anterograde Golgi-to-plasma membrane transport of pl4 involves PBM-
dependent direct interaction with activated Rabll and sorting into AP1-coated
vesicles at the TGN

Various studies have shown Rab11 interaction with cargo proteins. However, these
studies implicate Rabl1 in cargo recycling back to the plasma membrane, and in most of
these studies the GDP-bound inactive form of Rabl1l was shown to interact with the
respective cargo proteins. For example, GST-pulldown studies showed a direct interaction
of GDP-bound Rabl1l with TRPV5 and TRPV6, two Ca’"-selective members of the
transient receptor potential (TRP) channel superfamily, and these interactions influenced
trafficking to the plasma membrane and Ca®" uptake (van de Graaf et al., 2006). Similar

approaches showed Rab11 interactions with the B2-adrenergic receptor and the B-isoform
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of the thromboxane A2 receptor, two G protein-coupled receptors, were required for
receptor recycling back to the plasma membrane (Hamelin et al., 2005; Parent et al., 2009).
The inactive GDP-bound form of Rab11 was also shown to interact with cGMP-dependent
protein kinase II (¢cGK-II) and influenced its recycling and signaling functions, but whether
there was a direct interaction was not analyzed (Yuasa et al., 2008). Studies with human
prostacyclin receptor (hIP) indicate a direct interaction of hIP with both GTP- and GDP-
bound forms of Rab11 regulates hIP recycling to the plasma membrane (Wikstrom et al.,
2008), suggesting hIP interactions with Rab11 are independent of the guanine nucleotide

bound forms.

By determining that the direct interaction of p14 with the GTP-bound activated
form of Rabl1 is required for p14 Golgi export to the plasma membrane, I was able to
define the pathway used by p14 for Golgi-to-plasma membrane trafficking. Co-IP results
indicated that pl4 preferentially interacts with the GTP-bound active form of Rabl1
(Figure 3.26), and FRET results strongly imply that this interaction is direct (Figure 3.27).
Additional studies using GST-pulldowns would provide additional evidence of this direct
interaction. However, the GST-pulldown approach is a contrived, in vitro interaction under
non-physiological conditions while the FRET approach detects atomic-scale interactions
under physiological conditions. In conjunction with the co-localization and co-IP results
(Figures 3.24 and 3.25), and with the noted redistribution of Rab11 in cells expressing p14
(Figure 3.24), 1 believe the FRET results strongly imply that p14 directly interacts with
Rabll. I am aware of two studies reporting that the GTP-bound active form of Rabl1
interacts with cargo proteins, the voltage-gated potassium channel Kv1.5 and the IL-8
receptor (McEwen et al., 2007; Takahashi et al., 2007). In both cases, these interactions
involved recycling back to the plasma membrane, not Golgi-to-plasma membrane

transport, and whether Rab11 interacted directly with either Kv1.5 or IL8 was not analyzed.

I'also defined a role for Rab11 in cargo interaction for anterograde Golgi-to-plasma
membrane trafficking, a poorly characterized directional Rabl1 pathway. The only
example I am aware of that shows Rab11 can mediate cargo export from the Golgi is with
VSV-G (Chen et al., 1998). Overexpression of dominant-negative Rab11-S25N, but not wt
Rabl11 or constitutively-active Rab11-Q70L, resulted in ~50% decrease in VSV-G plasma

membrane expression and increased accumulation in the Golgi, similar to my results with
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pl4 (Figures 3.21A and 3.29B). Dupre et al. also shows that overexpression of Rabl1-
S25N decreases plasma membrane expression of > adrenergic receptor (52AR) (Dupre et
al., 2006). However, whether /AR was accumulated in the Golgi or endosomes was not
analyzed. In my studies, Rab11 could have mediated recycling of endocytosed p14, with
the absence of Rabll resulting in pl4 accumulation in the Golgi complex from the
endosomes. However, inhibiting endocytosis by Rab5 knockdown or dynasore showed
little, if any, effects on pl4 plasma membrane or Golgi localization (Figures 3.4 and
3.23A), indicating p14 endocytosis is minimal and unlikely to contribute to the significant
effects seen by Rab11 knock-down on p14 Golgi accumulation. Moreover, p14 colocalized
with and redistributed Rabl1 to the TGN (Figure 3.33), suggesting p14 interacts with
Rabl11 en route to the plasma membrane. Whether endocytosis had any effects on VSV-G
plasma membrane or Golgi localization, whether VSV-G colocalized with Rab11 at the
TGN and whether Rab11 interacted with VSV-G were not analyzed in studies by Chen et
al. Hence, I showed for the first time that the GTP-bound active form of Rabl1 directly
interacts with a cargo protein for biosynthetic anterograde trafficking of cargo from the

Golgi to the plasma membrane.

Various Rabs have been shown to interact with cargo proteins for regulation of
intracellular trafficking, however, no consensus trafficking motif has been defined so far
(Aloisi and Bucci, 2013). The few known Rab interacting motifs include a di-leucine motif
in the C-terminus of the P2-adrenergic receptor (B2AR) that interacts with Rabl for
anterograde trafficking from the ER (Hammad et al., 2012). Interestingly, basic residues
Arg333 and Lys348 in the cytoplasmic tail of the B2AR were also shown to be important
for interaction with Rab11 and for recycling to the plasma membrane (Parent et al., 2009).
These basic residues are part of a bipartite Rab11 binding motif, and a specific structural
arrangement may therefore be required for their interaction with Rab11. A stretch of ten
amino-acids (KKPAPCFEVE) at the C-terminus of the angiotensin II type 1 receptor
(AT1R) was also shown to be important for interaction with multiple Rabs, including Rab4,
Rab5, Rab7 and Rabll, for regulation of endocytic trafficking (Esseltine et al., 2011).
Essseltine et al. also showed that residues Pro354 and Cys355, not the basic residues within
this stretch of ten amino acids, were important for binding to Rabs. A five amino acid motif

(MLERK) in the cytoplasmic tail of TRPV5 and TRPV6 was also shown to be essential
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for Rabl11 interactions and trafficking to plasma membrane (van de Graaf et al., 2006).
Substitution mutation of all five residues of MLERK to glycine residues resulted in
decreased plasma membrane localization of TRPVS5 and TRPV6. However, whether
recycling or the anterograde biosynthetic pathway was affected by this substitution, and
whether the two basic residues in the MLERK motif were important for Rab11 binding,
was not determined. In contrast, I was able to show that substitution of the PBM with
alanine residues resulted in loss of p14 interaction with Rab11 (Figures 3.25 and 3.27) and
resulted in p14 accumulation in the Golgi (Figure 3.29), suggesting the PBM is required
for p14 interaction with Rabl1 and trafficking from the Golgi to the plasma membrane.
The pl4 PBM (KRRERRR) does not share any similarity with any previously
characterized Rab interaction motifs, indicating it represents a novel Rabl1 interaction
motif. Additional studies using the large panel of PBM mutants I created might help define
the precise nature of this novel Rab11 interaction motif. The simple linear structure of this
motif is also compatible with X-ray crystallography approaches using Rab11 and PBM

peptides to define molecular interactions governing this interaction.

Expression of p14 also altered the staining pattern of Rab11 in cells (Figure 3.24),
suggesting pl4 may recruit Rabll to the TGN for efficient export from the Golgi.
Moreover, the Golgi staining pattern in cells expressing pl4 suggest changes in Golgi
morphology that resemble Golgi fragmentation (Figure 3.3 and 3.9). Interestingly,
Chlamydia also induces Golgi fragmentation, which is dependent on Rabl1 and Rab6
(Rejman Lipinski et al., 2009). Golgi morphology needs to be more carefully analyzed with
and without Rab11 knockdown during FAST protein expression, and p14 could provide a

new tool to study biogenesis of the Golgi complex.

The AP1 complex is known to mediate traffic between the Golgi and endosomes.
However, the trafficking direction is unclear (Robinson et al., 2010). Some studies indicate
that knockdown of AP1 results in cargo accumulation in endosomes, suggesting AP1
involvement in retrograde traffic from endosomes to the TGN (Foote and Nothwehr, 2006;
Meyer et al., 2000). A novel approach referred to as ‘knocksideways’, where siRNA-
resistant AP1 was rerouted to mitochondria by rapamycin-induced heterodimerization, also
indicated a role for AP1 role in retrograde transport (Robinson et al., 2010). However, other

studies showed cargo accumulation in the Golgi or reduced plasma membrane localization
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of cargo following AP1 knockdown, suggesting a role for AP1 in anterograde traffic from
the TGN to the endosomes or plasma membrane (Canuel et al., 2008; Lubben et al., 2007).
My results indicate that p14 colocalized with AP1 at the TGN (Figure 3.33), and API
depletion using siRNA led to inhibited pl4 transport to the plasma membrane and p14
accumulation in the Golgi (Figures 3.30 and 3.32). These results provide further
compelling evidence that AP1 plays a role in biosynthetic anterograde protein trafficking

from the Golgi to the plasma membrane.

While both Rabl1 and AP1 have been shown to be involved in traffic from the
Golgi complex (Canuel et al., 2008; Chen et al., 1998; Urbe et al., 1993), whether they
function together to sort and traffic a specific cargo protein from the Golgi complex has
not been reported previously. My results suggest this is the case for p14. Whether Rabl11
is directly responsible for AP1 coat assembly at the TGN remains to be determined. There
are recent reports indicating Rabs play a role in coat protein assembly. For example, Rab7
was recently shown to be required for retromer coat complex assembly on endosomes
(Harrison et al., 2014). Another recent study indicates that Rab4 regulates small GTPase
cascades to recruit adaptor complexes to early endosomes (D'Souza et al., 2014). Rab4
activates ADP-ribosylation factor (Arf)-like protein Arll that recruits BIG1 and BIG2, Arf
GEFs that activate Arfl and Arf3 to recruit AP1 and AP3 complexes to early endosomes.
My results suggest a similar small GTPase cascade mechanism may be regulated by Rab11
at the TGN to recruit the AP1 complex. Rab11 has actually been shown to regulate a Rab
cascade for ciliogenesis, where activated Rabl1 was shown to interact with Rabin8 to
activate its GEF function for Rab8, which promotes primary ciliogenesis (Knodler et al.,
2010). The yeast homologue for Rabll, Ypt31/32, has also recently been shown to
stimulate Sec7 Arf-GEF activity that activates Arfl to recruit adaptor complexes to the
TGN (McDonold and Fromme, 2014). These studies suggest that Rabl1l might be
activating Arf-GEFs homologues to activate Arfl for recruitment of AP1 to the TGN. This
would be the first indication that Rabs can regulate adaptor complex assembly for vesicle
formation at the TGN. The exceptionally clean phenotype provided by p14PA, or by Rab11
and AP1 knockdowns on wt p14 trafficking, suggests this system coupled with live-cell

imaging techniques, such as fluorescence recovery after photobleaching (FRAP) or

113



photoactivation, might be a useful means of elucidating how Rabl1 and AP1 function

together to promote Golgi export of p14 to the plasma membrane.

4.6 Model for p14 traffic from the Golgi to the plasma membrane

Based on the results presented herein, I propose a model for pl4 sorting and
trafficking from the Golgi to the plasma membrane based on a novel cargo
protein/activated Rab11/AP1 ternary complex mediating Golgi export to the plasma
membrane (Figure 4.3). The journey of a FAST protein to the plasma membrane starts with
co-translational insertion into the ER membrane followed by trafficking to the Golgi
complex. How p14 is exported from the ER is still not clear, since the PBM is not required
for ER export. The cytoplasmic domain of p14 does contain a diacidic motif (EYE, residues
95 to 97), which seems a likely candidate to function as an ER export signal as diacidic
motifs mediate ER export (Nishimura and Balch, 1997). Results obtained with the
pl4extPB construct also suggest the PBM may exert an enhancing effect on ER export.
Moreover, since numerous ER export motifs are based on tyrosine residues, individual
mutations of six tyrosine residues scattered within the p14 cytoplasmic domain may reveal
other potential p14 ER export signals. Since the Sec24 subunit of COPII complex interacts
with diacidic and tyrosine-based sorting signals for ER export, it is a likely candidate to
interact with the p14 cytoplasmic tail for ER export. A series of mutational and protein-
protein interaction analyses, such as co-IP and FRET assays, are required to confirm these

speculations.

Regardless of how p14 exits the ER, when p14 reaches the TGN, it interacts with
activated Rab11, most likely via direct interactions with the PBM, which results in p14
sorting into AP1-coated vesicles. Cargo sorting usually occurs via interaction of sorting
motifs in the cargo with components of vesicle coat protein complexes during vesicle
formation, and the p14 PBM may also mediate direct interactions with AP1. Additional
activation of a small GTPase cascade and/or regulatory molecules, such as Rab11 shown
here, may well be involved in cargo sorting during vesicle formation. Conversely, cases
where the GDP-bound form of Rabs interacts with cargo proteins suggest that cargo
proteins can be autoregulated by recruiting Rabs and activating them for sorting into

vesicles. The AT1aR was shown to preferentially interact with GDP-bound Rab5 and
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promote Rab5 GTP-binding and thereby, cargo itself can function as a GEF (Seachrist et
al., 2002) indicating cargo sorting is complex and selective process. Once incorporated into
AP1 coated vesicles, p14 is transported to the plasma membrane either directly or via the

endocytic recycling pathway.

4.7 Additional outstanding questions

Being a respiratory and enteric virus, epithelial cells are the primary target for
infection by reoviruses. Considering the function of FAST proteins in cell-cell fusion,
FAST proteins should traffic to the basolateral rather than apical plasma membrane in
polarized epithelial cells. Does the p14 PBM function as a basolateral targeting signal?
Analysis of p14 expression in polarized cells would provide an answer to this question. If
true, it would be interesting to analyze whether the glycosylated polyalanine mutant
(p14PA-VOIT) traffics to the apical plasma membrane since carbohydrates can mediate
apical targeting of proteins (Gut et al., 1998). In addition, AP1-B mediates basolateral
traffic from the Golgi (Gonzalez and Rodriguez-Boulan, 2009), and therefore would likely
mediate pl4 basolateral traffic. It would also be interesting to determine which coat

proteins are involved in pl14PA-VOT apical trafficking.

When two different sorting signals are present, one dominates over the other, and
the basis for this dominance effect remains unknown. My data indicate that the ER retrieval
function of a membrane-distal PBM dominates over the Golgi export function of the
membrane-proximal PBM. Similarly, ER retention determinants in the transmembrane
domain of T-cell receptor subunit o dominate over a diacidic (DXE) ER export signal
(Nishimura and Balch, 1997). In addition, basolateral sorting signals dominate over apical
sorting carbohydrates in polarized epithelial cells (Gut et al., 1998). The direct and stronger
interaction between the sorting motif and coat proteins may play a role in determining
dominance. For example, the interaction of membrane-proximal PBM with active Rab11
that sorts p14 into AP1 vesicles may not be as strong as the interaction of membrane-distal
PBM with COPI complex. The efficiency of these interactions needs to be determined by

in vitro interaction assays.

The p14 PBM also appears to have a function in cell-cell fusion, in addition to its

role in Golgi export to the plasma membrane. The reduced fusion ability of p14-KRR and
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pl4-RRR, despite their localization to the plasma membrane at levels equivalent to wt p14
(Figure 3.1 and 3.2), implies the PBM plays a role in cell-cell fusion, not just in p14
trafficking. Interaction of the p14 PBM with PI(3,4,5)P3 suggests that P1(3,4,5)P3 localized
at sites of cell-cell contact may promote PBM-dependent p14 recruitment to these sites,
which are also sites of cell-cell fusion (Salsman et al., 2008). As mentioned before, the p10
PBM is essential for syncytia formation (Shmulevitz et al., 2003). Substitution of the p10
PBM with alanine residues resulted in ~50% reduced transport to the plasma membrane
but completely abolished the fusion activity. In addition, alanine substitution of the p15
PBM has no effect on plasma membrane localization but abrogates fusion activity (Seohee
Kang, Honour’s thesis, Dalhousie University). Which trafficking motifs control transport
of these other FAST proteins, and how the FAST proteins PBMs promote membrane fusion

independent of trafficking, remains to be determined.

4.8 Conclusion

The receptor-mediated export model for protein trafficking suggests specific
interactions between cargo proteins and coat complexes that are required for cargo export
from the ER also applies to each step of the secretory or endocytic pathways. Definitive
examples of this mechanism functioning for Golgi export, in particular the sorting signals
involved and the pathways utilized, are lacking or poorly characterized. My studies
identified the first example of an autonomous, tribasic Golgi export signal, they provided
the first demonstration that membrane-proximity governs proper functioning of a Golgi
export signal and can effect organelle morphology, and they defined a novel cargo
protein/activated Rabl1/AP1 ternary complex mediating Golgi export to the plasma
membrane. Viral proteins such as VSV-G and influenza hemagglutinin (HA) have been
extensively used to study protein trafficking pathways. I propose the small size and simple
organization of the FAST proteins provide some distinct advantages that can be exploited
to explore fundamental aspects of membrane protein sorting and trafficking. My studies
also suggest that the PBM is not just a trafficking motif but likely also plays an important
role in FAST protein mediated cell-cell fusion. These fascinating small viral fusion proteins
should continue to provide novel insights into intracellular protein trafficking pathways

and mechanisms of protein-mediated membrane fusion.
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Figure 4.1 Summary of position-dependent effects of the PBM on p14 trafficking.
Depicted are the trafficking properties of p14 constructs (blue) containing the PBM (red)
in membrane-proximal, C-terminal or internal locations in the pl4 cytoplasmic
endodomain, as described in the text. Arrows indicate trafficking of the various constructs
between the ER, Golgi and plasma membrane, with an X indicating inhibition and thin and
thick arrows indicating relative strength of directional trafficking. The positional-
dependent functions of the PBM at specific locations in Golgi export, ER retention, ER
export or ER retrieval are indicated.
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Figure 4.2 Opposite membrane curvature induction by p14 and atlastin in the ER
membrane. (A) Membrane curvature induced by p14 at the plasma membrane and ER
membrane [modified from (Clancy et al., 2010) with permission]. (B) Membrane curvature
induced and required by atlastin at ER membranes for fusion with another ER membrane
[modified from (Chen et al., 2013) with permission].
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9. Warranties: Publisher makes no representations or warranties with respect to the
licensed material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC,
and their respective officers, directors, employees and agents, from and against any and
all claims arising out of your use of the licensed material other than as specifically
authorized pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written
permission.

12. No Amendment Except in Writing: This license may not be amended except in a
writing signed by both parties (or, in the case of publisher, by CCC on publisher's
behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and
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Payment terms and conditions. These terms and conditions, together with CCC's Billing
and Payment terms and conditions (which are incorporated herein), comprise the entire
agreement between you and publisher (and CCC) concerning this licensing

transaction. In the event of any conflict between your obligations established by these
terms and conditions and those established by CCC's Billing and Payment terms and
conditions, these terms and conditions shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions
described in this License at their sole discretion, for any reason or no reason, with a full
refund payable to you. Notice of such denial will be made using the contact information
provided by you. Failure to receive such notice will not alter or invalidate the denial. In
no event will Elsevier or Copyright Clearance Center be responsible or liable for any
costs, expenses or damage incurred by you as a result of a denial of your permission
request, other than a refund of the amount(s) paid by you to Elsevier and/or Copyright
Clearance Center for denied permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights
you may only translate this content into the languages you requested. A professional
translator must perform all translations and reproduce the content word for word
preserving the integrity of the article. If this license is to re-use 1 or 2 figures then
permission is granted for non-exclusive world rights in all languages.

16. Posting licensed content on any Website: The following terms and conditions
apply as follows: Licensing material from an Elsevier journal: All content posted to the
web site must maintain the copyright information line on the bottom of each image; A
hyper-text must be included to the Homepage of the journal from which you are
licensing athttp://www.sciencedirect.com/science/journal/xxxxx or the Elsevier
homepage for books athttp://www.elsevier.com; Central Storage: This license does not
include permission for a scanned version of the material to be stored in a central
repository such as that provided by Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the
Elsevier homepage at http://www.elsevier.com . All content posted to the web site must
maintain the copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available
only to bona fide students registered on a relevant course. This permission is granted for
1 year only. You may obtain a new license for future website posting.
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17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been
peer-reviewed, nor has it had any other value added to it by a publisher (such as
formatting, copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to
or enhanced in any way in order to appear more like, or to substitute for, the final
versions of articles however authors can update their preprints on arXiv or RePEc with
their Accepted Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

e — immediately

o via their non-commercial person homepage or blog

o by updating a preprint in arXiv or RePEc with the accepted
manuscript

o via their research institute or institutional repository for internal
institutional uses or as part of an invitation-only research
collaboration work-group

o directly by providing copies to their students or to research
collaborators for their personal use

o for private scholarly sharing as part of an invitation-only work
group on commercial sites with which Elsevier has an agreement

e — after the embargo period
o via non-commercial hosting platforms such as their institutional
repository

o via commercial sites with which Elsevier has an agreement
In all cases accepted manuscripts should:
e — link to the formal publication via its DOI

e — beara CC-BY-NC-ND license - this is easy to do
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e — ifaggregated with other manuscripts, for example in a repository or other
site, be shared in alignment with our hosting policy not be added to or enhanced
in any way to appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive
final record of published research that appears or will appear in the journal and embodies
all value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open
access articles:

Subscription Articles: If you are an author, please share a link to your article rather
than the full-text. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help your users to find, access, cite, and use the best
available version.

Theses and dissertations which contain embedded PJAs as part of the formal submission
can be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes
use for classroom teaching and internal training at the institution (including use in course
packs and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the

above: Authors are permitted to place a brief summary of their work online only. You
are not allowed to download and post the published electronic version of your chapter,
nor may you scan the printed edition to create an electronic version. Posting to a
repository: Authors are permitted to post a summary of their chapter only in their
institution's repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may
be submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand,
of the complete thesis and include permission for Proquest/UMI to supply single copies,
on demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part
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of the formal submission can be posted publicly by the awarding institution with DOI
links back to the formal publications on ScienceDirect.

Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in
nearly 2000 established subscription journals that support open access publishing.
Permitted third party re-use of these open access articles is defined by the author's choice
of Creative Commons user license. See our open access license policy for more
information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:

Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour
or reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our
publication with credit or acknowledgement to another source it is the responsibility of
the user to ensure their reuse complies with the terms and conditions determined by the
rights holder.

Additional Terms & Conditions applicable to each Creative Commons user license:

CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is
not represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is
not done for commercial purposes, and that the user gives appropriate credit (with a link
to the formal publication through the relevant DOI), provides a link to the license,
indicates if changes were made and the licensor is not represented as endorsing the use
made of the work. Further, any new works must be made available on the same
conditions. The full details of the license are available

at http://creativecommons.org/licenses/by-nc-sa/4.0.
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CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the
Article, provided this is not done for commercial purposes and further does not permit
distribution of the Article if it is changed or edited in any way, and provided the user
gives appropriate credit (with a link to the formal publication through the relevant DOI),
provides a link to the license, and that the licensor is not represented as endorsing the use
made of the work. The full details of the license are available

at http://creativecommons.org/licenses/by-nc-nd/4.0. Any commercial reuse of Open
Access articles published with a CC BY NC SA or CC BY NC ND license requires
permission from Elsevier and will be subject to a fee.

Commercial reuse includes:

e — Associating advertising with the full text of the Article
e — Charging fees for document delivery or access

e — Article aggregation

e — Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.

20. Other Conditions:

v1l.7

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US)
or +1-978-646-2777.

Gratis licenses (referencing $0 in the Total field) are free. Please retain this
printable license for your reference. No payment is required.
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STANDARD TERMS AND CONDITIONS

1. Description of Service; Defined Terms. This Republication License enables the User to obtain
licenses for republication of one or more copyrighted works as described in detail on the relevant
Order Confirmation (the “Work(s)”). Copyright Clearance Center, Inc. ("CCC") grants licenses
through the Service on behalf of the rightsholder identified on the Order Confirmation (the
“Rightsholder”). “"Republication”, as used herein, generally means the inclusion of a Work, in whole
or in part, in a new work or works, also as described on the Order Confirmation. “User”, as used
herein, means the person or entity making such republication.

2. The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder
with respect to a particular Work, govern the terms of use of Works in connection with the Service.
By using the Service, the person transacting for a republication license on behalf of the User
represents and warrants that he/she/it (a) has been duly authorized by the User to accept, and
hereby does accept, all such terms and conditions on behalf of User, and (b) shall inform User of
all such terms and conditions. In the event such person is a “freelancer” or other third party
independent of User and CCC, such party shall be deemed jointly a “User” for purposes of these
terms and conditions. In any event, User shall be deemed to have accepted and agreed to all such
terms and conditions if User republishes the Work in any fashion.

3. Scope of License; Limitations and Obligations.

3.1 All Works and all rights therein, including copyright rights, remain the sole and exclusive
property of the Rightsholder. The license created by the exchange of an Order Confirmation
(and/or any invoice) and payment by User of the full amount set forth on that document includes
only those rights expressly set forth in the Order Confirmation and in these terms and conditions,
and conveys no other rights in the Work(s) to User. All rights not expressly granted are hereby
reserved.

3.2 General Payment Terms: You may pay by credit card or through an account with us payable at
the end of the month. If you and we agree that you may establish a standing account with CCC,
then the following terms apply: Remit Payment to: Copyright Clearance Center, Dept 001, P.O.
Box 843006, Boston, MA 02284-3006. Payments Due: Invoices are payable upon their delivery to
you (or upon our notice to you that they are available to you for downloading). After 30 days,
outstanding amounts will be subject to a service charge of 1-1/2% per month or, if less, the
maximum rate allowed by applicable law. Unless otherwise specifically set forth in the Order
Confirmation or in a separate written agreement signed by CCC, invoices are due and payable on
“net 30” terms. While User may exercise the rights licensed immediately upon issuance of the
Order Confirmation, the license is automatically revoked and is null and void, as if it had never
been issued, if complete payment for the license is not received on a timely basis either from User
directly or through a payment agent, such as a credit card company.
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3.3 Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is “one-
time” (including the editions and product family specified in the license), (ii) is non-exclusive and
non-transferable and (iii) is subject to any and all limitations and restrictions (such as, but not
limited to, limitations on duration of use or circulation) included in the Order Confirmation or
invoice and/or in these terms and conditions. Upon completion of the licensed use, User shall
either secure a new permission for further use of the Work(s) or immediately cease any new use of
the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or
other locators) any further copies of the Work (except for copies printed on paper in accordance
with this license and still in User's stock at the end of such period).

3.4 In the event that the material for which a republication license is sought includes third party
materials (such as photographs, illustrations, graphs, inserts and similar materials) which are
identified in such material as having been used by permission, User is responsible for identifying,
and seeking separate licenses (under this Service or otherwise) for, any of such third party
materials; without a separate license, such third party materials may not be used.

3.5 Use of proper copyright notice for a Work is required as a condition of any license granted
under the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice
will read substantially as follows: “Republished with permission of [Rightsholder’'s name], from
[Work's title, author, volume, edition humber and year of copyright]; permission conveyed through
Copyright Clearance Center, Inc. ” Such notice must be provided in a reasonably legible font size
and must be placed either immediately adjacent to the Work as used (for example, as part of a by-
line or footnote but not as a separate electronic link) or in the place where substantially all other
credits or notices for the new work containing the republished Work are located. Failure to include
the required notice results in loss to the Rightsholder and CCC, and the User shall be liable to pay
liguidated damages for each such failure equal to twice the use fee specified in the Order
Confirmation, in addition to the use fee itself and any other fees and charges specified.

3.6 User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is defamatory, violates the rights of third
parties (including such third parties' rights of copyright, privacy, publicity, or other tangible or
intangible property), or is otherwise illegal, sexually explicit or obscene. In addition, User may not
conjoin a Work with any other material that may result in damage to the reputation of the
Rightsholder. User agrees to inform CCC if it becomes aware of any infringement of any rights in a
Work and to cooperate with any reasonable request of CCC or the Rightsholder in connection
therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their
respective employees and directors, against all claims, liability, damages, costs and expenses,
including legal fees and expenses, arising out of any use of a Work beyond the scope of the rights
granted herein, or any use of a Work which has been altered in any unauthorized way by User,
including claims of defamation or infringement of rights of copyright, publicity, privacy or other
tangible or intangible property.

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE
LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING
WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR
BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, EVEN IF
ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall
not exceed the total amount actually paid by User for this license. User assumes full liability for the
actions and omissions of its principals, employees, agents, affiliates, successors and assigns.

6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS”. CCC HAS THE RIGHT
TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND
THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO THE WORK(S) AND
RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED
WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL
RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS,
INSERTS OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER
CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE
RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.
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7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work
beyond the scope of the license set forth in the Order Confirmation and/or these terms and
conditions, shall be a material breach of the license created by the Order Confirmation and these
terms and conditions. Any breach not cured within 30 days of written notice thereof shall result in
immediate termination of such license without further notice. Any unauthorized (but licensable)
use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of
the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing
the Work cannot reasonably be recalled) will be subject to all remedies available at law or in
equity, but in no event to a payment of less than three times the Rightsholder's ordinary license
price for the most closely analogous licensable use plus Rightsholder's and/or CCC's costs and
expenses incurred in collecting such payment.

8. Miscellaneous.

8.1 User acknowledges that CCC may, from time to time, make changes or additions to the Service
or to these terms and conditions, and CCC reserves the right to send notice to the User by
electronic mail or otherwise for the purposes of notifying User of such changes or additions;
provided that any such changes or additions shall not apply to permissions already secured and
paid for.

8.2 Use of User-related information collected through the Service is governed by CCC's privacy
policy, available online here:
http://www.copyright.com/content/cc3/en/tools/footer/privacypolicy.html.

8.3 The licensing transaction described in the Order Confirmation is personal to User. Therefore,
User may not assign or transfer to any other person (whether a natural person or an organization
of any kind) the license created by the Order Confirmation and these terms and conditions or any
rights granted hereunder; provided, however, that User may assign such license in its entirety on
written notice to CCC in the event of a transfer of all or substantially all of User’s rights in the new
material which includes the Work(s) licensed under this Service.

8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed by the
parties. The Rightsholder and CCC hereby object to any terms contained in any writing prepared by
the User or its principals, employees, agents or affiliates and purporting to govern or otherwise
relate to the licensing transaction described in the Order Confirmation, which terms are in any way
inconsistent with any terms set forth in the Order Confirmation and/or in these terms and
conditions or CCC's standard operating procedures, whether such writing is prepared prior to,
simultaneously with or subsequent to the Order Confirmation, and whether such writing appears on
a copy of the Order Confirmation or in a separate instrument.

8.5 The licensing transaction described in the Order Confirmation document shall be governed by
and construed under the law of the State of New York, USA, without regard to the principles
thereof of conflicts of law. Any case, controversy, suit, action, or proceeding arising out of, in
connection with, or related to such licensing transaction shall be brought, at CCC's sole discretion,
in any federal or state court located in the County of New York, State of New York, USA, or in any
federal or state court whose geographical jurisdiction covers the location of the Rightsholder set
forth in the Order Confirmation. The parties expressly submit to the personal jurisdiction and
venue of each such federal or state court.If you have any comments or questions about the
Service or Copyright Clearance Center, please contact us at 978-750-8400 or send an e-mail to
info@copyright.com.
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