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Abstract

In Eukaryotes, luminal and transmembrane proteins are moved to their functional locations by
conserved membrane trafficking machinery. In this process, cargo adaptors bind motifs present
on cargo, indirectly linking the proteins to coats, which deform membranes and form transport
vesicles. Here, cargo adaptor recruitment and cargo recognition was studied by characterizing
associated factors in the budding yeast Saccharomyces cerevisiae. Possible cargo adaptor-
associated factors were identified in a proteomics study that grouped protein-protein interactions
into 501 putative membrane associated complexes using a Markov clustering algorithm. Two

clusters were selected for this work.

The first contained the uncharacterized protein Ssp120 with the endoplasmic reticulum-to-Golgi
trafficking complex Emp46/Emp47. Ssp120 stably interacted with the Emp46/Emp47 complex
and depended on Emp47 for its punctate localization. The C-terminus of Ssp120 mediated the
interaction. Homology with human MCFD2 suggests that Ssp120 may link a subset of cargo to

Emp46/Emp47.

The second cluster was comprised of retromer, an endosome-to-Golgi trafficking complex, and
the Rab5-family guanine nucleotide exchange factor (GEF) Muk1. Both Muk1 and the other
known Rab5-family GEF, Vps9, interacted with retromer and the presence of at least one was
required for retromer recruitment to endosomes. Additionally, a new VPS9 domain-containing
protein present was identified and shown to complement loss of MUK and VPS9. Retromer

recruitment was shown to be dependent on putative GEF catalytic residues and the presence of
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their target Rabs. Furthermore, loss of GEFs resulted in mislocalization of the potential Rab5-
family GTPase effector, Vps34, and its lipid product, phosphatidylinositol 3-phosphate (PI3P), to
the vacuolar membrane. As retromer is recruited by PI3P, the data support a positive feedback
model whereby retromer interacts with GEFs to indirectly modify the lipid composition of the

membrane allowing further localized recruitment.

This study validates the approach of studying novel interactors of cargo recognition complexes
to better understand their function. It suggests that Ssp120 may recognize a subset of Emp46-
Emp47 cargo, indicating that an associated factor can diversify the proteins recognized by a
given cargo adaptor. Furthermore, the work on retromer suggests a novel mechanism for the

reinforcement of cargo selective complex recruitment that may be conserved in humans.
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Chapter 1: Introduction

1.1 Overview of membrane trafficking in yeast

1.1.1 Yeast membrane trafficking pathways

Eukaryotic cells contain membrane-bound compartments that enable specialized functions, but
necessitate membrane trafficking machinery to localize proteins. As this machinery is well
conserved, membrane trafficking studies often use model systems that are more easily
genetically manipulated, such as the budding yeast Saccharomyces cerevisiae. This section
outlines the main trafficking pathways of yeast that transport proteins from the site of protein
synthesis at the endoplasmic reticulum (ER), to intermediate locations and finally to the vacuole

for degradation (Figure 1.1).

In most cases, during the synthesis of luminal or transmembrane proteins by ribosomes, a short
N-terminal signal sequence recognized by the signal recognition particle (SRP), or a N-terminal
hydrophobic transmembrane domain, respectively targets the peptides for insertion into the
endoplasmic reticulum (ER) through the translocon (Denks ef al., 2014). Soluble proteins enter
the lumen, whereas integral membrane proteins remain in the membrane by exiting the
translocon through a lateral gate. Many proteins are then modified by the covalent addition of
sugars (glycosylation) (Helenius and Aebi, 2004; Xu and Ng, 2015) and/or lipids (Lam et al.,
2006; Orlean and Menon, 2007), which aid in folding and ER exit. Properly folded proteins are
transported to the Golgi by the coat protein complex II (COPII) coat with the aid of cargo

adaptors (Jensen and Schekman, 2011).



Plasma Membrane Yap1801/2
Exomer 7
— & Early Endosome
S Snx4/41 \
Golgi ‘m
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COPI
/30/3//
Endoplasmic \
Reticulum
Nucleus Vacuole

Figure 1.1 Yeast membrane trafficking pathways.

Different complexes or proteins with a key role in a given pathway are identified in italics.

Cargo adaptors are proteins or complexes that bind motifs on cargo and link them to protein
coats. Through their interactions with coats, adaptors are often localized to small domains and
can therefore sequester cargo, concentrating it prior to transport. Since cargo adaptors are crucial
for conferring specificity, many membrane trafficking pathways are referred to by the cargo

adaptor they use (Figure 1.1).

At the Golgi further protein modifications such as glycosylation occur (Brigance et al., 2000;
Munro, 2001; Stanley, 2011) and mature proteins are distributed to cellular compartments by
several trafficking complexes. Some proteins are returned to the ER by COPI (Gaynor et al.,
1998; Hsu et al., 2009). Others are transported to the vacuole by adaptor protein complex 3 (AP-
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3) (Cowles et al., 1997), to late endosomes by Golgi-localized, gamma adaptin ear-containing,
ARF-binding (GGA) proteins (Costaguta ef al., 2001; Demmel et al., 2008; De et al., 2012) and
to early endosomes by AP-1 (Stepp et al., 1995; Nakatsu and Ohno, 2003). Additionally,
proteins are targeted to the plasma membrane by both an exomer-mediated pathway (Wang et

al., 2006) and a separate constitutive secretory pathway.

At the plasma membrane luminal proteins are secreted. For the uptake of external nutrients and
the down regulation of membrane proteins, the plasma membrane buds into the cell in the
process of endocytosis. Endocytosis is mediated by clathrin, actin and cargo adaptors, such as

Yap1801/2 (Kaksonen et al., 2005; Burston ef al., 2009).

The resultant vesicles fuse with endosomes, which are a major site of cargo sorting. At early
endosomes some proteins are recognized and trafficked to the late Golgi by Snx4/41 (Hettema et
al.,2003) and AP-1 (Valdivia et al., 2002). As the endosomes mature, retromer further sorts
membrane proteins to the late Golgi (Bonifacino and Rojas, 2006). Alternatively, many ubiquitin
tagged membrane proteins are internalized into the lumen of endosomes by endosomal sorting
complexes required for transport (ESCRT) machinery (Schmidt and Teis, 2012). Eventually

these multivesicular bodies (MVBs) fuse with the vacuole and the luminal contents are degraded.



1.1.2 Mechanism of membrane trafficking in yeast
A similar mechanism is used for all yeast membrane trafficking pathways (Figure 1.2). Cargo is
recognized by adaptors and incorporated into vesicles, which move through the cell and fuse

with a target membrane. Additional factors build specificity into these steps as described below.

.

Cargo Adaptor

Car o~
y 1. Cargo Recognition \ i) SNAREs
4. Target \

& Sequestration

\ Membrane
Recognition
2. Membr_ane & Fusion /
\ Deformation

A

Tether

& Fission

3. Vesicle
Transport

Figure 1.2 A generalized mechanism for membrane trafficking in yeast.
Cargo (dark blue) is transported to a target membrane in a vesicle through four broad steps mediated by

trafficking machinery (purple).

Cargo adaptors are recruited to specific membranes by interactions with lipids and proteins such
as Rab, Sar and Arf GTPases. There cargo is recognized by short amino acid motifs such as

KKxx and KxKxx for COPI sorting (Ma and Goldberg, 2013), or tyrosine and dileucine-based



motifs for AP1 sorting (Rapoport et al., 1998). These cargo adaptors concentrate and link cargo
to coat proteins either directly, as in Gga2 sorting (De ef al., 2012), or indirectly as in the case of
Snx3 adapting Fet3-Ftrl for retromer trafficking (Strochlic ef al., 2007). Coat proteins such as
the COPII components Sec13/Sec23/Sec24/Sec31 (Jensen and Schekman, 2011) deform the
membrane at sites of cargo enrichment, sometimes with the aid of membrane modifying proteins
such as the flippase Drs2 (Liu et al., 2008). Once a bud or a tubule is formed, membrane scission

may be mediated by GTPases such as Vps1 (Chi et al., 2014).

The resultant vesicles move through the cell by diffusion or, in many cases, by motor proteins
such as Myo2 (Hammer and Sellers, 2012). During transport the vesicle coats disassemble to
varying extents. The timing of uncoating is an active area of investigation as vesicles must be
uncoated to fuse with a target membrane, but the coats are sometimes involved in the recognition
of that membrane (Angers and Merz, 2009; Trahey and Hay, 2010; Lord ef al., 2013)

. Target membranes initially recognize vesicles through a group of proteins and protein
complexes known as tethers (Sztul and Lupashin, 2009), which anchor the vesicle to the
membrane. Once tethered, soluble N-ethylmaleimide sensitive factor attachment protein receptor
(SNARE) proteins mediate vesicle fusion (Burri and Lithgow, 2004). One SNARE on the vesicle
comes into contact with two or three on the target membrane and bundle together driving their
respective membranes into a proximity that makes membrane fusion energetically favourable.

Following fusion, cargo enters the target compartment.



1.2 Compartment definition and recognition

1.2.1 Lipids

Lipids are a diverse class of water insoluble organic molecules that include fatty acids (carbon
chains with a terminal carboxyl group) and their derivatives. They are primarily synthesized at
the ER, though additional synthesis takes place at the Golgi and mitochondria (van Meer ef al.,
2008). While lipids are crucial for energy storage and signal transduction this section will focus

on their role in forming cellular membranes.

Membranes are formed from a bilayer of polar lipids such that their polar head groups face the
surrounding aqueous environment on either side of the bilayer but their hydrophobic tails are
protected. Phospholipids, which constitute a major class of these polar lipids, are based on one
glycerol molecule esterified to two fatty acids and one phosphate group. These phosphate groups
may further serve as attachment points for other molecules such as choline (phosphatidylcholine;
PC), ethanolamine (phosphatidylethanolamine; PE), serine (phosphatidylserine; PS) and inositol
(phosphatidylinositol; PI) (van Meer et al., 2008). The different sizes and charges of these head
groups give the phospholipids different characteristics. For example PS is negatively charged
and the small size of the PE headgroup gives it a conical shape, which can induce membrane
curvature. The relative abundance of the above four most common phospholipids is part of what

defines compartmental identity.

Even though phosphatidylinositol phosphates (PIPs) are not abundant relative to the above

phospholipids, they play a key role in compartment identity. Through a series of kinases and



phosphatases the inositol head group may be phosphorylated on up to three sites. A given
phosphorylation state is usually enriched at specific compartments, for example
phosphatidylinositol 4-phosphate (PI4P) is enriched at the Golgi, and phosphatidylinositol 3-
phosphate (PI3P) at the endosome (Di Paolo and De Camilli, 2006). Phosphoinositides help

recruit proteins which have domains that recognize specific PIPs.

A final consideration with lipids is how their non-uniform distribution is maintained. Between
membranes they can be transported in vesicles or by proteins at organelle-organelle contact sites
(van Meer et al., 2008). Within a membrane asymmetries can be generated by P4-type ATPases
and ABC transporters, that move specific lipids from one leaflet to the other (Pomorski and
Menon, 2006). These processes can both create charged domains and deform membranes, a
result exploited for the formation of some vesicles. Scramblases can resolve the lipid
asymmetries by moving lipids to the opposing leaflet along their concentration gradients

(Pomorski and Menon, 2006).

1.2.2 Lipid recognition domains

Proteins recognize lipid bilayers based on charge, the presence of a specific lipid, lipid packing
defects and the curvature of the membrane (Lemmon, 2008). Domains based on charge
recognition contain acidic or basic patches that interact with basic or acid phospholipids
respectively. Several domains, such as the Annexin domain (Gerke et al., 2005), bind calcium
ions that mediate interactions with acidic phospholipids. Other domains bind specific PIPs, as in
the cases of PI3P recognition by the Phox homology (PX) domains of Vps5/17 (Burda et al.,

2002), PI4P recognition by the Vps27/Hrs/STAM (VHS) domain of Gga2 (Demmel et al., 2008),
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and PIP recognition by pleckstrin homology (PH) domains (Lemmon, 2008). Lipid packing
defects, which increase accessibility to the hydrophobic core of membranes can be detected and
bound by amphipathic lipid packing sensor motifs (Antonny et al., 2015). Finally, proteins can
recognize membrane curvature through crescent-shaped domains like the Bin, amphiphysin, Rvs

(BAR) domain (Peter et al., 2004).

1.2.3  Coincidence detection

As most protein-lipid interactions are relatively weak, a common strategy for the strong
membrane association of peripheral membrane proteins is to simultaneously bind more than one
feature of a target membrane. This coincidence detection can include combinations of lipid,
membrane curvature and protein recognition (Di Paolo and De Camilli, 2006; Lemmon, 2008).
Proteins may also dimerize so that together they have multiple membrane binding domains
allowing a higher affinity membrane interaction. Sometimes these strategies are used in parallel.
For example, Vps5 and Vps17 each contain PX-BAR domains, which bind PI3P and curvature
respectively (Lemmon, 2008; Chi ef al., 2014). By dimerizing they have two PI3P binding
domains and a curvature-binding domain enabling strong recruitment to curved, PI3P-decorated
membranes. Importantly, coincidence detection builds specificity into the recruitment of a
protein to a membrane as it means proteins must recognize multiple aspects of a given
membrane. Thus, a stray lipid or protein in an incorrect compartment will likely only transiently

recruit proteins that are not normally targeted there.



1.2.4 SNARES and tethers

Soluble N-ethylmaleimide sensitive factor attachment protein receptors (SNARESs) and tethers
are particularly important for the recognition of specific membranes for vesicle docking and
fusion. SNARESs are defined by a conserved “SNARE motif” that forms coiled coils. For vesicle
fusion sets of SNARESs interact, with one SNARE on a vesicle (v-SNARE) and three SNAREs
on a target membrane (t-SNARES) forming an alpha helical bundle (Chen and Scheller, 2001)
known as a SNAREpin. SNAREpin formation is driven by interactions between the four SNARE
motifs, which pull the two membranes together, providing the energy required for vesicle fusion
(Chen and Scheller, 2001; Jahn and Scheller, 2006). After fusion, the cis-SNARE complex is
disassembled by N-ethylmaleimide sensitive factor (NSF/Sec18) in conjunction with soluble
NSF attachment protein (SNAP/Sec17) (Chen and Scheller, 2001). The SNARESs can then be

recycled and reused.

In yeast 24 SNAREs have been identified and humans contain at least 35 (Burri and Lithgow,
2004). These can be grouped based on a central polar residue in their SNARE motif, which is
either a glutamine (Q-SNARES) or an arginine (R-SNARESs). Interactions between SNAREs are
specific because a SNAREpin can only contain one R-SNARE and a given SNARE only
interacts with a small subset of possible SNAREs as outlined by Burri and Lithgow (Burri and
Lithgow, 2004). Since SNARESs are carefully localized and their interactions are specific (Lewis

et al., 2000; Burri and Lithgow, 2004), they facilitate the compartmental targeting of a vesicle.

Tethers, a group of peripherally associated proteins and complexes also recognize specific

vesicles (Sztul and Lupashin, 2009). Tethers associate with well-defined target membranes often
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through coincidence detection of t-SNAREs and Rab GTPases (Sztul and Lupashin, 2009). On
those membranes they interact with proteins on incoming vesicles, in some cases the coat
proteins themselves (Lord ef al., 2011), tethering the vesicles to the target membrane. By
spatially restricting the vesicles, tethers increase the likelihood of SNAREs forming a
SNAREpin and mediating membrane fusion. Interestingly, some tethers have Rab guanine
nucleotide exchange factor (GEF) activity, which allows them to activate the compartment-

defining Rab GTPases discussed in the following section (Sztul and Lupashin, 2009).

1.2.5 Rab GTPases and their regulators

Rab GTPases are small enzymes that inefficiently hydrolyze guanosine triphosphate (GTP) into
guanosine diphosphate (GDP) and are integral to defining compartments through the recruitment
of downstream effector proteins. After synthesis Rabs are prenylated at two C-terminal cysteines
by geranylgeranyl transferases such as Bet2/4 (Witter and Poulter, 1996), which allows Rab
membrane association. In the cytosol GDP-bound Rabs interact with guanine nucleotide
dissociation inhibitors (GDIs), Gdil in yeast (Garrett ef al., 1994), which protect the

hydrophobic prenyl chains and maintain solubility (Pfeffer and Aivazian, 2004).

Rabs cycle between the soluble GDI-bound state and an active membrane-bound state as shown
in Figure 1.3. In order to enter a membrane GDI-bound Rabs may need to interact with GDI
displacement factors (GDFs), which dislodge the GDI and facilitate insertion of the prenyl
groups into a membrane (Pfeffer and Aivazian, 2004). However, there are some indications that
GDFs are not always required in yeast (Cabrera and Ungermann, 2013). On the membrane,

guanine nucleotide exchange factors (GEFs) facilitate the exchange of the Rab-bound GDP with
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GTP. Rabs undergo a conformational change upon binding GTP, particularly in two “switch”
regions (Stroupe and Brunger, 2000). In this state they are considered active and are able to
interact with their effector proteins. When a Rab comes into contact with a GTPase activating
protein (GAP) its catalytic activity increases and GTP is rapidly hydrolyzed into GDP resulting
in a conformational reversion. This GDP-bound form can be recognized by GDIs, which can

then remove the Rab from the membrane, allowing it to be cycled back to its functional site.

Synthesis

Rab

GDP

GDI

GTP
GDP P

GDP GTP GDP
GDF GEF GAP
“Active Rab” Membrane

Figure 1.3 The Rab GTPase cycle.

Rabs cycle between an inactive GDP-bound state and an active GTP-bound state with the aid of accessory

proteins. These include guanine nucleotide dissociation inhibitors (GDIs), GDI displacement factors (GDFs),

guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs). Rab prenylation is

indicated by the dark green chains.
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By dynamically cycling on and off membranes Rabs are able to maintain a steady state
localization to the membrane of a specific compartment. This makes them ideal regulators of
compartment-specific membrane trafficking events, where they are involved in the recruitment
of factors that drive membrane fission and fusion events (Stenmark and Olkkonen, 2001;
Stenmark, 2009). In this role Rabs interact with tethers, lipid modifying enzymes and possibly
SNAREs (Hutagalung and Novick, 2011). Rabs are central to the maturation of compartments

because of their ability to alter the lipid and protein composition of membranes.

1.2.6 Compartment maturation

Cellular compartments change composition over time as proteins and lipids are processed and
transported to or from the compartment. In particular, the compartments in the secretory (Losev
et al., 2006) and endocytic (Huotari and Helenius, 2011) pathways mature over time. As the
compartments mature, proteins central to their identity, such as Rabs and tethers, are displaced as
new ones are recruited. In the secretory pathway, Rabs have been found to facilitate this
exchange by recruiting the GEF for a downstream Rab (Hutagalung and Novick, 2011). This
ordered conversion of Rabs was first observed by the Novick group, who found that the Rab
Ypt32 recruits Sec2, the GEF for the downstream Rab Sec4 (Ortiz et al., 2002). Furthermore, the
downstream Rab can recruit a GAP, leading to the extraction of the upstream Rab and a full Rab
conversion (Hutagalung and Novick, 2011). These conversions are an appealing model for

compartment maturation.
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1.2.6.1 A focus on endosome maturation in yeast

After their formation, yeast endosomes are bound by Rab5-family GEFs, which include Muk1
and Vps9 (Paulsel ef al., 2013). Vps9 is likely recruited through interactions between
ubiquitinated cargo and its ubiquitin-binding CUE domain (Shideler et al., 2015) while the
domain responsible for Muk1 recruitment has not been determined. Rab5-family GEFs recruit
and activate the Rab5-family GTPases Vps21, Ypt52 and Ypt53 (Nickerson ef al., 2012; Cabrera
and Ungermann, 2013). Once active, the Rab5-family GTPases can recruit effectors such as the
tether class C core vacuole/endosome tethering (CORVET), a complex composed of
Vps3/8/11/16/18/33 (Peplowska et al., 2007). Together the Rab5-family GTPases, CORVET and
other effectors mediate clustering and fusion of endosomes (Markgraf et al., 2009). Furthermore,
the synaptojanin-like proteins, Inp52 and Inp53, hydrolyze the plasma membrane marker
PI(4,5)P;, to PI (Odorizzi et al., 2000). PI is also phosphorylated by the PI 3-kinase (PI3K)
Vps34 to produce the endosomal lipid PI3P (Backer, 2008). As endosomes fuse and lipid
composition changes, endosomal sorting complex required for transport (ESCRT) machinery

drives ubiquitin-tagged transmembrane proteins into luminal vesicles (Schmidt and Teis, 2012).

Rab5-family GTPases have also been proposed to recruit the Ypt7 GEF Mon1/Cczl in a model
put forward by Nordmann ef al. (Nordmann et al., 2010). This would trigger a Rab conversion
where the Rab7-family GTPase Ypt7 is recruited to endosomes and activated. Once Ypt7 is
present, the Rab5-family GTP hydrolysis activity is triggered by the GAP Msb3 (Lachmann et
al., 2012; Nickerson et al., 2012) and the GDP-bound forms are extracted from the membrane by
Gdil (Garrett et al., 1994). Interestingly, a Rab5-family effector, the biogenesis of lysosome-

related organelles 1 (BLOC-1) complex can recruit Msb3 to endosomes in a Ypt7-dependent
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manner, providing a mechanism for the activation and extraction of Rab5-family GTPases (John
Peter et al., 2013; Rana et al., 2015). During this Rab conversion, the CORVET complex is
exchanged for a different tethering complex known as homotypic fusion and vacuole protein
sorting (HOPS) (Wurmser ef al., 2000; Nordmann ef al., 2010; Brocker et al., 2012). HOPS
interacts with Ypt7, PIPs and SNARESs such as Vam7 and, together with Ypt7, coordinates late
endosome tethering and fusion with the vacuole (Stroupe ef al., 2006). HOPS is also able to
tether the d-ear domain of the AP-3 subunit Apl5, mediating Golgi to vacuole trafficking
(Angers and Merz, 2009). Additionally, on these membranes the PI3P 5-kinase Fabl converts the
endosomal marker PI3P into the vacuolar lipid PI(3,5)P;, (Gary et al., 1998). Finally, the GAP

Gyp7 activates Ypt7 GTP hydrolysis, resulting in Ypt7 extraction (Brett et al., 2008).

Endosome maturation demonstrates how the different forms of membrane identity are
interconnected. Rabs recruit effectors such as tethers and likely regulate which signaling lipids
are present. Further, the tethers can bind SNARESs and help coordinate fusion with the
compartment. Given the multitude of factors present, it is not surprising that coincidence
detection is a common strategy among peripheral membrane proteins for association with

specific membranes.

1.3 Strategies for cargo recognition

1.3.1 Sorting signals
In order to incorporate the correct cargo into vesicles, trafficking machinery recognizes proteins

with specific traits or short motifs that serve as sorting signals. For example, in AP-2 driven
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endocytosis the sorting signals Yxx® (where ® is a bulky hydrophobic residue) (Owen and
Evans, 1998) and [DE]xxxL[LIM] (Traub, 2009) are recognized by pockets on the AP-2 u2
subunit and a/02 subunits respectively (Owen and Evans, 1998). Here, multiple binding sites
allow for differential regulation of cargo recognition. Other proteins are recognized
independently of short motifs as in the case of the COPII cargo adaptor Erv14 interacting with
long transmembrane domains (Powers and Barlowe, 2002). Furthermore, protein modifications
can act as sorting signals, allowing additional regulation of cargo recognition. A well-studied

example is ubiquitination signaling the internalization of plasma membrane proteins (Rotin et al.,

2000; Traub, 2009).

1.3.2  Accessory adaptors

While most cargo is recognized by adaptors that directly link cargo to coat proteins, other
proteins can associate with the core adaptors, expanding their repertoire of cargo. These
accessory adaptors bind additional cargo through different motifs and link it to the core
trafficking machinery. As most trafficking machinery peripherally associates with membranes,
accessory adaptors, which may be integral proteins, play a key role in recognizing and binding
luminal cargo. Examples include Emp46/47 for COPII trafficking (Sato and Nakano, 2002) and
Snx3 for retromer trafficking (Strochlic et al., 2007). Though accessory adaptors have been

identified, their abundance and regulation is not fully understood.

15



1.4 COPII membrane trafficking

1.4.1 Structure and function

The coat protein complex II (COPII) membrane trafficking machinery has a well-defined role in
the transport of proteins from the endoplasmic reticulum (ER) to the Golgi (Lord & Miller 2013).
The discovery of COPII (Barlowe ef al., 1994) stemmed from an impressive series of studies that
identified (Novick et al., 1980) and ordered (Novick et al., 1981) temperature sensitive secretory
mutants. In this section the mechanism of COPII trafficking in yeast will be reviewed, followed

by a brief comparison with the more complex metazoan COPII.

Assembly of the COPII coat on the ER is triggered by the GEF Sec12, which activates the Arf
family GTPase Sarl (Barlowe and Schekman, 1993; Barlowe ef al., 1993). GTP-bound Sarl can
then bind the ER membrane through an amphipathic helix, likely inducing curvature (Lee ef al.,
2005). Sar1 recruits the Sec23/24 dimer that forms the inner coat of COPII (Bi et al., 2002).
Sec23 has Sarl GAP activity (Bi et al., 2002) and Sec24 recognizes cargo for inclusion in
COPII-derived vesicles (Miller et al., 2003). Furthermore, Sec23/24 recruits the outer coat, a 2:2
Sec13/31 heterotetramer (Jensen and Schekman, 2011). Sec13/31 can form a lattice that
stabilizes Sec23/24, drives bud formation (Stagg et al., 2006), and further activates the Sarl
GTPase (Bi et al., 2007). The activation of Sarl GTPase activity within the coat may restrict
GTP-bound Sarl1 to the vesicle bud neck, consistent with its role in driving the scission of buds

with assembled COPII coats (Pucadyil and Schmid, 2009; Kung et al., 2012).
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The yeast COPII vesicle then diffuses towards the Golgi. On the vesicle, Sec23 recruits the
transport protein particle (TRAPP) complex, which acts as a GEF for the Rab Yptl (Cai et al.,
2008). Active Yptl can recruit its effector Usol, a long coiled coil protein that tethers the COPII
vesicle to the Golgi (Lord et al., 2011). The tether is hypothesized to bend, bringing the vesicle
closer to the Golgi membrane and allowing the SNAREs Sec22, Sed5, Bos1 and Betl to form a
trans-SNARE complex and mediate membrane fusion (Newman et al., 1990). Phosphorylation of
Sec23/24 by the Hrr25 kinase is required for efficient fusion and may trigger uncoating of the
vesicle (Lord et al., 2011). After fusion, the cis-SNARE complex is disassembled by Sec17 and
Sec18 allowing the SNARE:s to act in further rounds of fusion (Mayer ef al., 1996). Furthermore,
transmembrane proteins involved in COPII trafficking, such as cargo-selective adaptors, may
contain KKxx or KxKxx motifs that enable their recycling to the ER by COPI coat machinery

(Ma and Goldberg, 2013).

COPII-based trafficking is largely conserved in metazoans (Lord & Miller 2013). One notable
difference is that metazoans contain multiple isoforms of all core COPII proteins except Sec13
(Jensen and Schekman, 2011). It is plausible that this allows metazoan COPII to recognize
further sorting signals (with the four Sec24 paralogs) or form coats of different sizes. The ability
to form different size coats is critical for the secretion of large proteins such as collagen, a
process that appears to require the ubiquitination of Sec31 (Jin et al., 2012). Other differences
include the targeting of COPII vesicles to an ER-Golgi intermediate compartment (ERGIC) and
the use of motor proteins for vesicle transport (Lord et al., 2013). Even with these differences,
yeast remains the premier model for understanding many aspects of COPII function such as

regulation, uncoating and cargo recognition.
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1.4.2 Cargo recognition

COPII recognizes cargo through multiple binding sites associated with the coat, consistent with
the need to transport a wide range of cargo. The inner coat protein Sec24, and its two homologs
Stb2 and Sfb3, are central to cargo recognition (Miller ef al., 2003). Each of these proteins
contains at least three different cargo-binding sites (sites A, B and C), which recognize different
signals. For example the Sec24 A-site recognizes YxxxNPF while the B-site binds (DE)x(DE)
and Lxx(LM)E motifs (Miller et al., 2003; Sato and Nakano, 2007). Adding to the diversity of
signals recognized, Sec24 homologs can bind unique cargo, as is the case in Sfb3 recruiting a
plasma membrane ATPase to COPII vesicles (Roberg ef al., 1999). Furthermore the GTPase
associated with Sec23/24, Sarl, may directly bind some COPII cargo with dibasic motifs

(Giraudo and Maccioni, 2003).

Beyond cargo recognition sites on core COPII machinery, other COPII cargo selective adaptors
have been identified. As the COPII coat is peripherally associated with the ER, proteins must
link luminal proteins to the coat for efficient sorting. Two proteins responsible for this function
are Emp47 (Sato and Nakano, 2002, 2003) and Erv29 (Belden and Barlowe, 2001). As GPI-
anchored proteins also may not have any amino acids in the membrane, they too require an
adaptor. Muniz et al. have shown that Emp24 links some GPI-anchored proteins to the COPII
coat (Muiiz et al., 2000). Finally, transmembrane proteins can interact with COPII through
adaptors such as Erv14, Erv29 and Gsf2 (Powers and Barlowe, 2002). COPII function is clearly
dependent on multiple cargo recognition sites, but the reason why so many are required remains
an open question. One possibility is that they offer ways to regulate the ER exit of subsets of

cargo, although the regulation of COPII accessory adaptors is poorly understood.
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1.4.3 COPII dysfunction in disease

Likely owing to the central role of COPII trafficking in the secretory pathway, mutations in
COPII subunits and associated factors result in a wide range of diseases in humans. Mutations in
Sar1B GTPase have been associated with diseases of fat malabsorption such as chylomicron
retention disease and Anderson disease (Jones ef al., 2003). These mutations cluster in the GTP-
binding pocket of Sar1B and affect nucleotide binding. On the COPII inner coat, the two Sec23
paralogs (Sec23A and Sec23B) have been linked to diseases. The Sec23A(F382L) mutant can
lead to the recessive craniofacial disease cranio-lenticulo-sutural dysplasia (CLSD) (Boyadjiev et
al., 2006; Fromme et al., 2007), where as many mutations in Sec23B have been tied to
congenital dyserythropoietic anemia type II (CDAII) (Schwarz et al., 2009). This indicates that
the Sec23 paralogs likely have some unique functions in humans. Finally, mutations in the
Emp47 homolog LMANTI and its binding partner MCFD2, which together function as a cargo
selective adaptor for COPII, can cause combined blood coagulation factor V and VIII deficiency

(F5F8D) (Zhang, 2009).

1.5 Retromer membrane trafficking

1.5.1 Structure and function

Retromer was first identified in the yeast Saccharomyces cerevisiae as a pentameric complex
that drives endosome to Golgi retrograde trafficking (Seaman et al., 1998). The complex could
be separated into a structural complex (Vps5/Vps17) capable of membrane deformation and an
elongated cargo selective complex (CSC; Vps26/Vps29/Vps35) (Hierro et al., 2007). The

original cargo identified were the acid hydrolase receptor Vps10 and the furin protease Kex2
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(Seaman et al., 1998). Since its discovery, it has been shown that retromer is widely conserved
(Koumandou et al., 2011), and is responsible for sorting a multitude of proteins in yeast and
humans (Seaman, 2012). This section will overview our understanding of retromer function in

yeast and then highlight differences in humans.

In yeast retromer is recruited to endosomes through two distinct sets of interactions. The
structural subcomplex, composed of the sorting nexins (SNXs) Vps5/Vps17, binds the
endosomal lipid PI3P through each protein’s PX domain. The structural subcomplex can then
recruit the CSC (Burda et al., 2002). The CSC is also recruited through direct interactions with
the late endosomal Rab7-family GTPase Ypt7 (Liu et al., 2012). As retromer recruitment
involves both an early endosomal lipid and a late endosomal Rab, it has been proposed that
recruitment is highest at the transition between early (Rab5-bound) and late (Rab7-bound)

endosomes (Cullen and Korswagen, 2012; van Weering ef al., 2012b).

Once the structural complex is recruited to an endosome it deforms the membrane, forming a
tubule roughly 50 nm in diameter (van Weering et al., 2012a). As the CSC is recruited it
interacts with cargo directly through Vps35 (Nothwehr ef al., 1999) and the adaptor Snx3
(Strochlic et al., 2007), sequestering cargo in the forming tubules. Interestingly, as the retromer
tubule forms, retromer is essentially competing with other processes occurring on the endosome.
It is blocking fusion events at the vacuole by interacting with Ypt7 (Liu et al., 2012) and
competing for transmembrane domain proteins that would otherwise be sorted into luminal
vesicles by ESCRT (Strochlic ef al., 2008). Once a tubule has formed, the dynamin-related

GTPase Vpsl, in association with the SNX Mvp1, drives scission of the tubule, which can occur
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at multiple locations (Chi et al., 2014). The resultant vesicles are recognized and tethered at the
Golgi by the Golgi associated retrograde protein (GARP) complex prior to membrane fusion
(Conibear and Stevens, 2000; Bonifacino and Rojas, 2006). It is worth noting that efficient
vesicle formation may require a retromer-Ypt7 interaction (Liu et al., 2012). Indeed consistent
with tubule formation in the late endocytic pathway, retromer activity on the vacuole was

recently observed (Arlt ef al., 2015)

In humans retromer refers to a complex made up of the homologs of the yeast CSC. Retromer
differs in the array of sorting nexins used, the sorting destinations, the association with actin and
the use of motor proteins. It uses combinations of the Vps5/17 homologs SNX1/2 and SNX5/6
respectively for tubule formation (Wassmer et al., 2009). Furthermore, SNX3 directs retromer to
a morphologically distinct early endosome sorting pathway (Harterink ez al., 2011). SNX27 can
acts as a cargo selective adaptor for retromer (Temkin ef al., 2011; Steinberg et al., 2013) and a
SNX27-retromer sorts cargo, such as plasma membrane receptors, in a direct endosome to Golgi
pathway not observed in yeast (Temkin et al., 2011). This pathway requires a direct interaction
between VPS9-ankryin repeat protein (VARP) and the retromer subunit VPS29, as well as the R-
SNARE vesicle-associated membrane protein 7 (VAMP7) (Hesketh et al., 2014). The actin
nucleating Wiskott-Aldrich syndrome homolog (WASH) complex also interacts with retromer
and appears to be involved in tubule elongation and scission (Gomez and Billadeau, 2009;
Harbour ef al., 2012), as well as linking different retromer complexes together (Jia et al., 2012;
Burd and Cullen, 2014). Linking retromer complexes is proposed to play a role in efficient cargo

recruitment to tubules (Burd and Cullen, 2014). Finally, SNX5/6 interact with p150-glued which
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binds the motor protein dynein, which may drive both tubule extension and the transport of

budded vesicles to the Golgi via microtubules (Wassmer et al., 2009).

1.5.2 Cargo recognition

As briefly mentioned in the previous section, retromer identifies cargo both directly, through
Vps35, and indirectly through adaptors in both yeast in humans. It was first demonstrated in
yeast that there are multiple sites on Vps35 that can recognize cargo by the discovery of mutants
that disrupted Vps10 trafficking, but not that of the Ste13-based cargo A-ALP (Nothwehr et al.,
1999, 2000). Those residues that affect Vps10 binding correspond with a groove between two
alpha helices near the C-terminus in the crystal structure of human VPS35, which represents a
plausible binding site (Hierro et al., 2007). A-ALP on the other hand was later shown to interact
with retromer through the adaptor Snx3, as does Fet3-Ftr1 (Strochlic et al., 2007). Since then,
additional cargo selective adaptors have been identified including yeast Erel/Ere2 for the
arginine transporter Canl (Shi et al., 2011) and human SNX27, which recognizes cargo for

sorting to the plasma membrane (Temkin ef al., 2011).

Recent progress has been made in determining cargo and adaptor binding sites, though some
binding sites and sorting signals remain to be identified. Perhaps the best understood signals are
the large hydrophobic aromatic signals found on CIM6PR (WLM), sortilin (FLV) and the
mammalian iron transporter DMT1-II (YLL) (Seaman, 2007; Tabuchi et al., 2010). Based on
homology between CIM6PR and Vps10 it seems likely that these proteins interact with the
Vps10 binding pocket on Vps35 and DMT1-II has been shown to do so (Harrison et al., 2014).

In contrast, human SNX3 interacts with VPS35 near the N-terminus, adjacent to the Ypt7
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binding site (Harrison et al., 2014). SNX27 doesn’t bind VPS35, instead it selects cargo (Temkin
et al.,2011) and interacts with VPS26 through its PDZ domain (Steinberg ef al., 2013). Given
the extended 21 nm structure of the CSC (Hierro et al., 2007) it is quite plausible that there are
other binding pockets on the CSC. Thus, it will be interesting to identify retromer sorting motifs
to see if they all fit known pockets on the CSC or adaptors and determine if some have been

missed.

1.5.3 Retromer dysfunction in disease

Disruption of retromer has been linked to several diseases, but it is most strongly associated with
Alzheimer disease (AD) and Parkinson disease (PD) (Small and Petsko, 2015). The first study to
associate retromer with AD found that in the region where neurons are most affected in AD
patients, the entorhinal cortex, the levels of retromer subunits VPS26 and VPS35 are
significantly lower than in a control group (Small et al., 2005). Subsequent studies confirmed
this association and linked mutations in many other retromer-associated factors to the disease
(Small and Petsko, 2015). The primary mechanism proposed to link retromer to AD is that
disruptions in retromer lead to decreased sorting of its cargo SorL1 (Fjorback et al., 2012).
SorL1 normally binds the amyloid precursor protein (APP), removing APP from endosomes
where it is most likely to be processed by BAPP-cleaving enzyme 1 (BACET1), the first step
towards APP processing into the AD pathogenesis-linked f3-amyloid (Fjorback et al., 2012).
Thus, disruption of retromer is linked to an increase in -amyloid production. Additionally, a
decrease in retromer sorting of phagocytic receptors to the plasma membrane of microglia is

associated with microglial abnormalities in AD patients (Lucin et al., 2013).
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The association between retromer and PD originates from an exome sequencing study that found
a VPS35(D620N) point mutant is associated with late onset PD (Vilarino-Gtiell et al., 2011).
Subsequent studies have confirmed the association between VPS35 and PD and functionally
linked VPS35 with the PD susceptibility genes LRRK2 and PARK16 (Macleod et al., 2013).
One plausible hypothesis for the PD association of VPS35 is that the mutation reduces retromer
binding of the actin nucleating WASH complex (Zavodszky et al., 2014), which may disrupt
retrograde trafficking of CI-M6PR (Follett ez al., 2014). In turn, this results in lower levels of the
protease Cathepsin D (Follett ef al., 2014), which is responsible for the normal processing of a-

synuclein, a protein found in aggregates in PD (Miura et al., 2014).

As retromer dysfunction or down regulation has been implicated in AD, PD, Down syndrome
(Wang et al., 2013), hereditary spastic paraplegia (Valdmanis et al., 2007) and neuronal ceroid
lipofuscinosis (Mamo ef al., 2012) a drug that could stabilize the complex would have a high
therapeutic potential. Remarkably, a compound that stabilizes retromer has been found and it
reduces APP processing (Mecozzi ef al., 2014). The multitude of diseases associated with
retromer motivates further work on understanding its sorting mechanism and associations in the

hope of uncovering further drug targets.

1.6 Research objectives and hypotheses

1.6.1 Characterizing novel cargo-adaptor associated factors
Cargo adaptors occupy a key position in membrane trafficking as they recognize cargo and link

it to nascent coats. Other proteins can associate with them as well, altering or extending the
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function of a cargo adaptor in unexpected ways. Therefore, to completely understand a cargo
adaptor and the roles its dysfunction may play in diseases, these associated factors must be
identified and characterized. Fortunately, many new membrane-associated protein-protein
interactions have recently been identified by a proteomics study employing a mass spectrometry
based approach, modified with the use of various detergents in the preparations (Chapter 2). The
central hypothesis of this study is that novel interactors of known cargo adaptors have functions
associated with cargo selection. To this end, two sets of novel interactions involving known

cargo adaptors were verified and characterized.

The first set involved the interaction of Ssp120 with the cargo receptor complex Emp46/47
(Chapter 2). Emp46 and Emp47 form a multimeric protein complex involved in recognizing a
subset of COPII cargo and adapting it to the coat for ER to Golgi transport (Sato and Nakano,
2002, 2003). The experiments described in chapter two test our hypothesis that Ssp120 is a core

component of this trafficking complex and that it plays a role in cargo selection.

The second set of interactions studied is that of the Rab5-family guanine nucleotide exchange
factor (GEF) Muk1 with subunits of retromer (Chapter 3). Muk1 is one of two known yeast
GEFs that activate Rab5-family GTPases, which are involved in recruiting proteins that define
the endosomal compartment. This link to an endosomal membrane modifying protein led us to
hypothesize that the interaction plays a role in retromer recruitment. Experiments outlined in
chapter three confirm the interaction and suggest a role for retromer-GEF interactions. Together,
chapters two and three provide insights into cargo adaptor function through the study of

associated factors.
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Chapter 2: Interaction landscape of membrane-protein complexes in

o o 1
Saccharomyces cerevisiae

2.1 Synopsis

This chapter describes the identification of membrane-associated complexes through a mass
spectrometry-based approach and the characterization of the novel interactions of two proteins
with different cargo adaptors. As the functions of many proteins can be understood through their
interactions, a fundamental goal of biology is to identify the protein interactome. Determining
the interactions of membrane-associated proteins by mass spectrometry is particularly
challenging, as the membranes must be solubilized. Here, we engaged in a collaborative study to
address this by using various detergents in sample preparations, which resulted in the
identification of 501 putative membrane-associated complexes. A subset of these were

subsequently characterized in detail.

Several putative complexes contained the proteins of a known cargo adaptor with at least one
novel interactor. We pursued these interactors as an opportunity to further understand cargo
adaptor function. First, an interaction between AP-1 and the uncharacterized protein Irc6 was
demonstrated by co-immunoprecipitation and yeast two hybrid experiments. Irc6 was found to
be required for normal trafficking of some AP-1 cargo suggesting a functional role in the

complex. The second cluster studied in this chapter contained the uncharacterized Ssp120 with

' A version of chapter 2 has been published. Babu M, Vlasblom J, Pu S, Guo X, Graham C, Bean
BDM, Burston HE, Vizeacoumar FJ, Snider J, Phanse S et al. (2012). Interaction landscape of

membrane-protein complexes in Saccharomyces cerevisiae. Nature 489, 585-589
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Emp46/Emp47. Emp46/Emp47 act as a cargo selective adaptor for the COPII coat. Our
experiments show that Ssp120 is a stable component of the complex and suggest that it may
interact with a subset of Emp46/Emp47 cargo, similar to a mammalian homolog. Collectively,
this work successfully identifies many putative membrane-associated complexes and focuses on

a subset of these to validate the complexes and gain insight into cargo adaptor function.

2.2 Results and discussion

Macromolecular assemblies involving membrane proteins (MPs) serve vital biological roles and
are prime drug targets in a variety of diseases (Bao ef al., 2009). Large-scale affinity purification
studies of soluble-protein complexes have been accomplished for diverse model organisms, but
no global characterization of MP-complex membership has been described so far. Various
experimental methods have been used to examine protein—protein interactions (PPIs) among
MPs (Miller et al., 2005; Tarassov et al., 2008; Costanzo et al., 2010), but integral and lipid-
anchored MPs are still notably under-represented in public interaction databases (Turner et al.,
2010). In contrast to the success of tandem affinity purification (TAP) procedures for
characterizing soluble-protein complexes in yeast (Gavin et al., 2006; Krogan et al., 2006),
native MP complexes are more difficult to purify owing to their hydrophobic nature (Bao et al.,
2009). Therefore, alternative TAP extraction and affinity isolation procedures were developed,
using buffers containing one of three different mild, non-denaturing detergents optimized for MP
solubilization. Based on pilot studies, Triton X-100, DDM (n-dodecyl- b-D-maltopyranoside),
and C12ES (octaethylene glycol monododecyl ether) were selected, as these were most effective
and extracted complementary sets of yeast MPs (Appendix A Figure 1A—C and Text). For

proteome-wide analysis, yeast strains bearing MP fusions with a carboxy-terminal chromosomal
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TAP tag expressed at endogenous levels from native promoters were used (Ghaemmaghami et
al., 2003). The tagged MPs and stably associated proteins were purified essentially as described
previously (Babu ef al., 2009), except that all steps were carried out in the presence of one of the

three detergents.

Based on existing database annotations, transmembrane helix (TMH) predictions, subcellular
localization, literature curation and other information sources (Appendix A Figure 1D and Table
1), a target list was compiled that encompassed 2,141 annotated or predicted MPs (Figure 2.1A
and Appendix A Table 2), of which 1,590 were tagged and processed (Appendix A Figure 2A).
These included 1,144 putative integral, 400 peripheral and 46 lipid-anchored MPs. Detection
coverage ranged from approximately 81% for low abundance MPs (<10° molecules per cell) to
approximately 94% for high abundance proteins (>10* molecules per cell) (Appendix A Figure
2B) (Ghaemmaghami et al., 2003). No attempt was made to purify 551 open reading frames
(ORFs) because they were not detectably expressed (Ghaemmaghami et al., 2003) or the growth
of the tagged strains was impaired (Appendix A Table 2), although a substantial fraction (~66%;

362 of 551) were subsequently detected as interacting ‘preys’ in successful bait purifications.

The overall target recovery rates were comparable for each detergent (~50%), and 77% (1,228
out of 1,590) of the tagged MPs were successfully purified (Figure 2.1B). In addition to bait
abundance, success varied based on the cellular compartment (Figure 2.1C) and TMH number of
each MP (Figure 2.1D). The highest coverage was obtained for those MPs associated with the
Golgi, endoplasmic reticulum or mitochondria with fewer than four TMH (~80%), whereas MPs

associated with the bud neck or possessing =10 TMH had lower success (~70%). Nevertheless,
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we were successful in purifying baits harbouring characteristic membrane-associated Pfam
domains such as the ABC transporter, SNARE (soluble NSF attachment protein receptor) and

PX domains (>90% success; Appendix A Figure 2C and Table 3).
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Figure 2.1 Proteome-wide purification of yeast MPs.
(A) Yeast membrane compartments. Numbers indicate annotated or predicted MPs (listed in Appendix A

Table 2). (B) Overlap of tagged bait proteins identified by mass spectrometry after purification in three



different detergents (left panel), and the proportion of successful bait recovery (right panel). (C) Fraction of
tagged and successfully purified MPs according to simplified Gene Ontology consortium cellular-component
annotations. (D) Number of tagged and purified yeast MPs according to TMH number. (E) Overlap of MPs
(top panel) and their interactions (bottom panel) in the MP sub-network, compared to previous high-
throughput studies (Miller ef al., 2005; Pu et al., 2007; Tarassov et al., 2008; Yu et al., 2008) and high-
confidence (HC) literature PPI from the MIPS (Munich Information Center for Protein Sequences) and
BioGRID (Biological General Repository for Interaction Datasets) databases (Mewes ef al., 2006; Reguly et al.,
20006). (F) Average true positive:false positive (TP:FP) ratio of this study (MP sub-network) versus an earlier
TAP- MS-derived soluble yeast protein data set (Pu ef al., 2007), literature curated interactions (Mewes et al.,
2006; Reguly et al., 2006), and a PCA yeast interactome study (Tarassov et al., 2008), as measured against a
random reference membrane PPI set (CYC2008 complex catalogue) (Pu ef al., 2009). Note that the actual
TP:FP ratio depends on the definition of the reference set and is given here only to compare data sets. ER,

endoplasmic reticulum.

To assign confidence scores, the observed physical associations, including non-MPs, were first
ranked using the purification enrichment score (Collins et al., 2007b), and then integrated with
purification enrichment scores computed from published yeast TAP mass spectrometry (TAP-
MS) surveys of soluble proteins (Gavin et al., 2006; Krogan et al., 2006) to describe the
cytoplasmic interface of membrane systems better. To optimize accuracy and coverage
(Appendix A Text), a high-confidence ‘integrated network’ was built with the same precision
(that is, a reference benchmark true positive to false positive ratio of approximately 22:1) as that
of a highly accurate yeast soluble-protein interaction map (Appendix A Figure 2A) (Pu et al.,

2009).
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The integrated network consists of 13,343 high-confidence associations among 2,875 proteins
(Appendix A Table 4), representing two-thirds of the yeast proteome detectable by mass
spectrometry (de Godoy et al., 2008). Notably, 6,082 of these PPIs are directly supported by the
purification data described here and, for 1,726 PPIs involving at least one of 905 putative MPs
(Appendix A Table 4), two-thirds (64%; 1,110 out of 1,726) have not been reported previously
(Figure 2.1E and Appendix A Figure 2D). For example, putative binding partners for 20 plasma
membrane proteins with previously unreported interactions were identified, including

orthologues (Ostlund ef al., 2010) of 8 human therapeutic targets (Appendix A Table 5).

On average, the MPs have approximately half the number of identified interaction partners as
yeast soluble proteins (geometric mean ~2.1 versus ~4.7; Appendix A Figure 2E, F), possibly
owing in part to partial detergent-induced dissociation. As with soluble proteins (Krogan et al.,
2006), essential, highly expressed and evolutionarily conserved MPs exhibit greater connectivity
(Appendix A Figure 2G, H), particularly components of the bud, cortex and Golgi (mean

connectivity of =2.8).

Independent criteria support the reliability of the integrated and MP interaction networks, and the
quality of the underpinning data. First, benchmarking against a reference set of PPIs derived
from MPs in the CYC2008 catalogue of manually curated protein complexes (Pu et al., 2009)
showed that the accuracy of the MP interactions was comparable to, or higher than, published
small-scale experiments (Mewes et al., 2006; Reguly et al., 2006), protein-fragment
complementation assay (PCA) (Tarassov et al., 2008) and large-scale yeast PPI networks derived

for soluble proteins in past TAP surveys (Gavin et al., 2006; Krogan et al., 2006) (Fig. 2.1F).
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Second, we observed significant enrichment (P < 0.05) for interactions between MPs in the
same, or related, subcellular compartments (Appendix A Figure 3A and Table 6). Third, the
average semantic similarity of the Gene Ontology consortium annotations of the interacting
proteins in the MP network (Appendix A Figure 3B) was comparable to or higher than that
obtained for several previous high-confidence PPI networks (Miller et al., 2005; Tarassov et al.,
2008; Yu et al., 2008), although slightly lower than that obtained for soluble protein TAP (Pu et
al., 2007) or literature curation (Mewes et al., 2006; Reguly et al., 2006), probably reflecting the
less complete annotations of MPs in general. Finally, the integrated network was compared with
genetic interaction data derived for yeast membrane (Schuldiner ef al., 2005; Aguilar et al.,
2010) and non-membrane (Collins et al., 2007a; Costanzo et al., 2010) biological systems
(Appendix A Text). Highly correlated genetic interaction profiles between pairs of physically
interacting proteins were significantly enriched (P < 10™) compared to random pairs (Appendix
A Figure 3C). Collectively, these results suggest that our high-confidence PPI are of similarly
high quality as the most reliable soluble yeast interactome data sets published so far (Gavin et

al., 2006; Krogan et al., 2006; Collins et al., 2007b; Pu et al., 2007).

To deduce the membership of MP complexes, the Markov clustering algorithm (Enright et al.,
2002) was used to partition the integrated network into densely connected subgroups of
interacting proteins, allowing for component sharing between clusters (Pu et al., 2007)
(Appendix A Text). In total, 720 clusters representing putative multi-protein complexes were
identified (Appendix A Table 7 and Figure 3D), of which most (501) contain at least one MP
(Figure 2.2 and Appendix A Table 7). Many (99) of the 264 predicted heterodimeric MP-

containing complexes consisted of only uncharacterized proteins or one uncharacterized factor
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with an annotated MP (Appendix A Table 7), which most commonly contained Pfam domains

related to the cell wall or intracellular signaling (Appendix A Table 8).

Overlap between these clusters and the CYC2008 complex catalogue showed that of the curated
yeast complexes containing an MP, 40% (67 out of 167) had 90% or more subunits matching a
cluster, whereas only approximately 7% (12 out of 167) of known MP complexes were missed in
this study, presumably indicating limitations of our isolation procedures (Appendix A Figure
3E). Conversely, 280 of the predicted MP clusters had limited overlap (<5% of the components)
with CYC2008 complexes (Appendix A Figure 3F), representing a rich resource for biological
discovery. Unexpected connections were uncovered that suggest new roles even for well-
characterized MPs, such as the association between Tor2 and Vps8 (Appendix A Figure 4J) that
may mediate TOR signaling at endosomes (Flinn and Backer, 2010). Likewise, this study
provides additional support for proteasome engagement with organelles through the membrane

fusion factor Sec18 (Appendix A Text and Figure SA—C).

Independently, 21 interactions involving MP components were evaluated by co-
immunoprecipitation and/or iIMYTH (Paumi et al., 2007) (integrated membrane yeast two-
hybrid) assays and confirmed >90% (19 out of 21) (Figure 2.2 and Appendix A Figure 4A-K).
These included the validation of an interaction between the PIR (proteins with internal repeat)
domain-containing envelope proteins Pir3 and Pir4 (Appendix A Figure 4I), and the association
of Sctl, an integral membrane acyltransferase involved in glycerolipid biosynthesis, with the
uncharacterized integral MP Ypr091c, which localizes to the endoplasmic reticulum (Appendix

A Figure 4H).
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As subunits of the same complex typically have a common biological role, high-content
fluorescence screening of mutant strains was used to systematically investigate the phenotypic
consequences of deleting individual components of 26 different MP complexes (Appendix A
Fig. 6A and Table 9). Based on the patterns of compartment-specific fluorescent markers,
subunit loss typically resulted in a discernible and consistent phenotype for most (20 out of 26)
of the predicted complexes tested (representative data shown in Appendix A Figure 6; see

Appendix A Table 9 and Text).

The association of 321 functionally uncharacterized proteins with putative MP complexes
provides insight into their possible cellular roles (Appendix A Table 10), demonstrated by the
identification of Irc6 as a binding partner of the heterotetrameric AP1 clathrin adaptor complex
(Figure 2.3A). AP1 is peripherally associated with Golgi and endosomal membranes, where it
incorporates cargo proteins like Sna2 and chitin synthase Chs3 into clathrin-coated vesicles
(Renard et al., 2010). As with loss of the AP1 subunit Apm1, we found that loss of Irc6
increased cell-surface missorting of Chs3 and Sna2 (Figure 2.3B-E). Irc6 is homologous to
mammalian p34, which associates with soluble AP1 adaptors in human cells but has not been
characterized in detail (Page et al., 1999). Consistent with this, an Irc6—GFP (green fluorescent
protein) fusion localizes to the cytosol (data not shown) and shows sub-stoichiometric binding to
AP1 by co-immunoprecipitation (Figure 2.3F). Although many AP1 regulators recognize the c-
adaptin (Apl4) ear (appendage) domain, yeast two-hybrid assays indicated that Irc6 interacts
with the core domain of Apl4 and with a subunit of the AP2 complex (Figure 2.3G), suggesting a
wider role in regulating clathrin adaptors. Interestingly, the amino-terminal conserved domain of

Irc6 (Figure 2.3H), which is necessary and sufficient for the interaction with AP1 (Figure 2.31),
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has a predicted fold similar to that of regulatory Rab-like GTPases (Pieper et al., 2011). These

data suggest Irc6 is a conserved, functionally important AP1 interacting protein.
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Figure 2.3 Functional association of Ircé with AP1

(A) Model illustrating AP1 dependent incorporation of Chs3 and Sna2 into clathrin-coated vesicles at Golgi
and endosomal compartments. Inset indicates subunit associations of the AP1 complex. MVB, multivesicular
body. (B) Fluorescence microscopy of Chs3—GFP. Mutation of AP1 (Apm1) or Irc6 restores Chs3—GFP cell-
surface delivery in chs6 mutants (see Methods). (C) Loss of AP1 or Irc6 in chs6 mutants restores Chs3-
dependent chitin ring formation as detected by calcofluor white. (D) Quantification of chitin production. The
graph shows the average colony fluorescence (arbitrary units, a.u.) + s.d. of at least six replicates. (E) A
Sna2(Y75A)-GFP mutant lacking an AP3 sorting motif mislocalizes to the cell surface in strains lacking AP1
(Apl12) or Irc6, similar to a Sna2(Y65A/Y75A)-GFP mutant lacking both AP1 and AP3 motifs. (F)
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Immunoblot analyses of epitope-tagged proteins in whole-cell lysates (WCL) and anti-haemagglutinin (HA)
immunoprecipitates (IP). Molecular masses are indicated on the right. (G) Two-hybrid assay of the indicated
Gal4-activation domain (AD) and DNA-binding domain (BD) fusion proteins; cells were grown on medium
containing histidine (left panel) or tested for activation of a HIS3 reporter on medium lacking histidine (right
panel). (H) Sequence conservation between Irc6 and human p34. (I) Two-hybrid analysis of interactions

between AP1 subunit Apl4 and truncated forms of Ircé. aa, amino acid; WT, wild type.

A second example is the interaction of the uncharacterized protein Ssp120 with the annotated
MPs Emp46 and Emp47, which facilitate secretion by sorting cargo proteins into endoplasmic-
reticulum-derived COPII-coated vesicles (Sato and Nakano, 2002) (Figure 2.4A). Ssp120 lacks a
transmembrane domain but contains a signal sequence mediating endoplasmic reticulum
translocation (Sidhu ef al., 1991) and, like Emp47, localizes to early Golgi in wild-type yeast
(Huh et al., 2003). Ssp120 is missorted to the vacuole in emp47 (but not emp46) mutants (Figure
2.4B) and is secreted after additional deletion of VPS10, a receptor that carries luminal cargos
from the late Golgi to the endosome and vacuole (Figure 2.4C). Ssp120 has a domain structure
similar to human MCFD?2 (Figure 2.4D), which binds the mammalian Emp46 and Emp47
homologue LMANI and is a cargo-specific adaptor for secretion of the blood coagulation factors
V and VIII. Mutations in LMANI or MCFD2 cause the bleeding disorder FSF8D, or combined
factor V and factor VIII deficiency (Zhang, 2009). Intriguingly, the C-terminal region but not the
EF-hand motifs of Ssp120 (Fig. 2.4D) are important both for Golgi localization (Figure 2.4E)
and interaction with Emp47 (Figure 2.4F). Consistent with a shared role, both ssp720 and emp47
single mutants show calcium-sensitive growth, whereas ssp 120 emp47 double mutants do not
display increased sensitivity (Figure 2.4G) (Sato and Nakano, 2002). Consistent with a

conserved role for Ssp120 as a cargo-specific adaptor, Emp47 retained its ability to escort

37



Emp46 from the endoplasmic reticulum in ssp /20 mutants (Figure 4H). Further elucidation of
this and other novel predicted interactions should yield mechanistic insights into membrane
system function, many of which are likely to be conserved.
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Figure 2.4 Ssp120 participates in Golgi to ER recycling
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(A) Model showing recycling of the Emp46—Emp47-Ssp120 complex between endoplasmic reticulum and
early Golgi. (B) Fluorescence microscopy of GFP-tagged Ssp120 in wild-type and mutant strains. DIC,
differential interference contrast. (C) Immunoblot showing secretion of tagged Ssp120 constructs from
indicated strains. (D) Domain organization of human MCFD2 and yeast Ssp120 constructs. Signal sequences
(SS) and EF-hand domains highlighted; green boxes indicate additional homology, dotted lines mark deleted
regions. (E) Localization of Ssp120—GFP constructs in wild-type cells and emp47 mutants. (F) Immunoblot
analyses of epitope-tagged proteins in whole cell lysates (WCL) and anti-HA immunoprecipitates (IP). (G)
Strain growth on YPD media containing 0.5 M CaCl2. (H) Fluorescence microscopy of GFP-tagged Emp46 in

wild-type and mutant strains. Scale bars, 2 mm.
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To investigate the broader evolutionary conservation of MP complexes, homology relationships
across 71 sequenced eukaryotic genomes were mapped using InParanoid and Compara
(Appendix A Table 11). Among our 501 MP-containing complexes, one-third (132) of the
constituent proteins were present among >90% of organisms considered, whereas <10% (48)
were restricted to fungi (Appendix A Table 12). Most MP complexes had at least half of their
subunits conserved in worm (363), fly (374) and/or human (389) (Appendix A Figure 7A),

including 90 complexes whose components were fully conserved (Appendix A Figure 7B).

The MP interactions reported here reveal the global modular architecture of the membrane
systems of a model eukaryote. A key element was the parallel purification of endogenous MP
complexes in the presence of three different detergents. Although TAP-MS offers exceptional
coverage and accuracy, this approach has potential caveats. The affinity tag may interfere with
protein localization or interactions, transient associations may be lost and the detergents may
disrupt associations, potentially contributing to the smaller average size of MP complexes
compared to non-membrane assemblies. The data presented here may also be impacted by
missing, incomplete or conflicting information on functional annotations, genome sequences and
subcellular localization information (Appendix A Figure 1D), as well as the occurrence of
spurious interactions. Nevertheless, the rate of false positive PPIs in the integrated network, as
estimated from the reference benchmark precision (true positive:false positive ratio of 22:1), is
just 4.3% (corresponding to 573 non-specific interactions), comparable to that for previous TAP

studies of the soluble yeast interactome (Gavin et al., 2006; Krogan et al., 2006).
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Although limitations exist, the systematic elaboration of a high-confidence MP interactome
provides many opportunities for functional inference. The results of this study identify
associations between un-annotated yeast MPs and functionally cohesive complexes involved in
diverse biological processes. The conservation of many of these complexes provides insights into
the membrane biology of eukaryotes, including humans. Just as genetic studies in yeast have led
to the characterization of conserved human disease pathways, the network of MP complexes

reported here predicts orthologous relationships that may be relevant to human disorders.

All of the experimental data, interactions and predicted complexes of this study are publicly
accessible through a dedicated database (http://wodaklab.org/membrane/), complementing

previous maps of the yeast soluble proteome as valuable community resources.

2.3 Methods

2.3.1 Yeast strains, media and plasmids

The yeast strains and plasmids used in this study are listed in Appendix A Table 13. For the
large-scale purifications, the yeast strains were obtained from the Yeast-TAP-fusion library
deposited in Open Biosystems (Ghaemmaghami et al., 2003). Standard rich (YPD), synthetic
medium plus dextrose lacking histidine, and synthetic complete medium containing 2% glucose

as a carbon source were used for cell growth. Standard methods were used for the introduction of

DNA into yeast (Gutsche, 1991).
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2.3.2 Tandem affinity purification and mass spectrometry

Each tagged protein was purified from 4L yeast cultures grown in rich media (YPD) under native
conditions and prepared for mass spectrometry essentially as described previously (Babu et al.,
2009), except with some modifications of our standard procedures. With the addition of non-
ionic detergents to our buffers, the majority of the yeast MPs could be solubilized and purified.
For most of the MPs, three purifications were carried out in parallel using three different non-
ionic detergents, and two complementary mass-spectrometry techniques, MALDI-TOF (matrix
assisted laser desorption/ionization time-of-flight) mass spectrometry and tandem LC-MS
(liquid chromatography—electrospray ionization—mass spectrometry), were used to detect

physically interacting proteins.

These detergents not only have different abilities to solubilize affinity-tagged proteins (Appendix
A Text) but may differ in the extent to which they disrupt PPI. The detergents were removed
from the purified protein samples before mass-spectrometric identification of co-purifying
polypeptides using tandem LC—MS instruments that are more sensitive than those used
previously to characterize soluble yeast protein complexes (Krogan et al., 2006). Gel images and
confidence scores for protein identification by MALDI-TOF MS are made available in the
database (http:// wodaklab.org/membrane/). Confidence scores for protein identification by
MALDI-TOF and tandem LC-MS were calculated essentially as described previously (Babu et
al.,2009). A tagged protein is considered successfully purified if either it or an annotated or
putative MP with =2 TMH is identified by mass spectrometry (probability score =90% for
tandem LC-MS; Z score =1 for MALDI-TOF mass spectrometry). Details on the derivation of

the PPI network and prediction of protein complexes are described in Appendix A Text.
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2.3.3 Detergents

The following eleven detergents were used at a final concentration of 1% in the affinity
purification of the initial test set of yeast MPs: Triton X-100, DDM (n-dodecyl-b-D-
maltopyranoside), C12E8 (octaethylene glycol monododecyl ether), LDAO
(lauryldimethylamine-oxide), CHAPS, (3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate), OG (octaethylene glycol monododecyl ether), DM (n-dodecyl-b-d-maltoside
CHAPSO (3-[(3-cholamidopropyl) dimethylammonio]-2-hydroxy-1-propanesulfonate), FC-12

(fos-choline-12), Nonidet P-40 (NP-40) and deoxycholate.

2.3.4 Colony overlay
The immunoblotting assay for secretion of haemagglutinin- tagged proteins was carried out
essentially as described previously (Conibear and Stevens, 2002) with antisera against

haemagglutinin.

2.3.5 Fluorescence microscopy

The plasmids encoding fluorescent markers for actin, spindle and mitochondria (Appendix A
Table 13) were constructed essentially as described previously (Li et al., 2011). The endoplasmic
reticulum fluorescent plasmid, pScs2-RFP, was a gift from T. Levine. The Golgi Sec7-RFP
fluorescent plasmid was constructed using a SEC7 gene from the MORF (moveable ORF)
library (Gelperin et al., 2005) through the Gateway recombineering system. For the
morphological study, each compartment-specific fluorescent plasmid was transformed into the

Y7072 MATa canlD::STE2pr-spHISS lyp1D; his3D1 leu2D0 ura3D0 met15D0 LY S21 strain
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background. The resulting query strain with the expressed fluorescent plasmid was then mated to
an array of MATa mutant strains through synthetic genetic array (SGA) technology (Costanzo et
al., 2010). After the subsequent standard SGA selections (Costanzo et al., 2010), the mutants
containing compartment-specific markers were visualized using high-content confocal

fluorescent microscopy.

For vacuolar staining, cells were pulsed with 32 mM of endocytic dye FM4-64 (Life
Technologies) for 20 min in the dark at 30 °C, after which cells were resuspended in YPD and
incubated for 30 min at 30 °C. Cells were subsequently washed twice in phosphate buffered
saline (PBS) before visualization. When required, images were captured using a spinning disc
confocal system (WaveFX; Quorum) with an ultra-cooled 512 back-tinned electron-multiplying
charge-coupled device camera, or a microscope (E-600FN; Nikon) with an Orcall camera
(Hamamatsu). Alternatively, in Figures 2.3 and 2.4 strains expressing GFP fusion proteins were
viewed using an Axioplan 2 fluorescence microscope (Carl Zeiss). Images were captured with a
CoolSNAP camera (Roper Scientific) using MetaMorph software (Molecular Devices) and

adjusted using Adobe Photoshop (Adobe Systems).

2.3.6 Immunoprecipitation

The endogenously non-overproduced TAP-tagged proteins expressed in BY4741 by targeted
homologous recombination (Babu et al., 2009) were confirmed by western blot analysis using
anti-TAP antibody that recognizes the protein A epitope of the TAP tag. TAP-tagged strains
were transformed with plasmids expressing a galactose inducible overproduced haemagglutinin-

tagged full-length protein. The transformants were selected on synthetic-defined media lacking
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uracil. These strains were grown at 30 °C in synthetic-defined media lacking uracil with 2%
sucrose as a carbon source. The cells were then sub-cultured and induced for 4 h at 30 °C in yeast
peptone medium with 2% galactose. The cells were pelleted by centrifugation at 1,900g for 20
min and then resuspended in lysis buffer essentially as described previously (Babu ef al., 2009).
The lysed yeast cells were incubated for 3 h in the presence of 1% Triton X-100 at 4 °C with
immunoglobulin G (IgG) Sepharose 6 Fast Flow beads. The immunoprecipitation procedure was
then carried out essentially as described previously (Babu et al., 2009), except that in each
purification step we added 1% Triton X-100. Alternatively, for the immunoprecipitation
experiments in Figures 2.3 and 2.4, cell extracts were prepared from spheroplasts resuspended in
lysis buffers (50 mM Tris-Cl pH 8.0; 50 mM NaCl; 0.1% Triton X-100; ImM DTT
(dithiothreitol) and 1/100 EDTA-free protease inhibitor (Thermo) (Figure 2.3); as well as 50mM
HEPES pH7.9, 150mM KCI, 1% Triton X-100, 1 mM DTT and 1/100 EDTA-free protease
inhibitor (Thermo) (Figure 2.4) and incubated with rabbit anti-HA.11 (Santa Cruz) and protein A
Sepharose beads. Western blot analysis of immunoprecipitated proteins was carried out using

mouse anti-GFP (Roche) and mouse anti-HA.11 monoclonal antibodies (Covance).

In the case of co-immunoprecipitation with untagged proteins, the standard protocol was adapted
with protein A resins (Pierce). The mouse Pre4 and rabbit Rptl polyclonal antibodies were

obtained from Abcam, and the Sec18 rabbit polyclonal antibody was a gift from C. Ungermann.

2.3.7 Evaluation of Chs3 and Sna2 sorting
Assays to measure the function of the AP1 pathway were based on the localization of AP1 cargo

proteins Sna2 and Chs3. Sna2—GFP is sorted to the vacuole by the binding of either AP1 or AP3
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adaptors to distinct Sna2 motifs (Renard ef al., 2010). The Sna2(Y75A)-GFP mutant, which
lacks the AP3 motif, depends on AP1 for its vacuolar targeting and is mis-sorted to the cell
surface in strains lacking AP1, similar to a Sna2 mutant (Sna2(Y65A/Y75A)-GFP) lacking both

AP1 and AP3 motifs, thus providing a visual indication of AP1 function.

The chitin synthase Chs3, which requires Chs6 for transport to the cell surface, is retained in the
cell by the AP1-dependent recycling pathway in chs6 mutants (Valdivia and Schekman, 2003),
preventing chitin ring formation. Disruption of the AP1 complex restores Chs3 cell surface
delivery through a bypass pathway and restores chitin ring formation in chs6 mutants. Thus,
chitin levels in chs6 mutants provide a quantitative measure of AP1 function. Chitin levels were
quantified by measuring the fluorescence of colonies grown on YPD plates containing 50 mg/ml
(Enright et al., 2002) calcofluor white at 30 °C for 3 days. Fluorescent-light images were
captured with a Fluor S Max Multilmager (Bio-Rad Laboratories) using the 530DF60 filter and
Quantity One software (version 4.2.1; Bio-Rad Laboratories), and image densitometry was
performed as described previously (Lam ef al., 2006). Alternatively, chitin rings were visualized
by fluorescence microscopy of cells fixed with 3.7% formaldehyde, incubated in 100 mg/ml
calcofluor white in 0.5 M Tris pH 9.6 for 30 min at 30 °C, and washed twice before analysis

(Enright et al., 2002).

2.3.8 Yeast two-hybrid analysis
All plasmids for yeast two-hybrid analysis were generated by homologous recombination in
pGAD-C2 and pGBDUC-2, essentially as described previously (James ef al., 1996). Haploid

strains expressing GAL4-AD fusion proteins were mated with strains expressing GAL4-BD
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fusion proteins. Diploid cells were tested for activation of the HIS3 reporter by growth on

selective media lacking histidine.

2.3.9 iMYTH assay

SCT1 prey generation in the pPR3N vector, endogenous tagging of YPR091C with the Cub-
LexA-VP16 MYTH tag and subsequent iMY TH screening were carried out as previously
described (Snider ef al., 2010). In brief, bait and artificial bait expressing variants of the
Saccharomyces cerevisiae NMY51 or L40 MYTH reporter strains were generated and
transformed with prey plasmid expressing either control construct or NubG-SCT1p construct.
Control plasmids, expressing Nubl-tagged (’positive’) and NubG-tagged ("negative’) forms of
the unrelated, plasma membrane-localized Fur4 uracil permease, were obtained from
Dualsystems Biotech (http://www.dsbiotech.ch/). Transformed cells were picked from solid
media, diluted into 150 ml of sterile ddH,O and spotted directly onto selective media. Plates

were grown at 30 °C for 3-6 days and growth was scored.
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Chapter 3: RabS-family guanine nucleotide exchange factors bind retromer

. . 2
and promote its recruitment to endosomes

3.1 Synopsis

This chapter explores another set of interactions identified by the proteomics study in chapter
two, that of retromer with the Rab5-family GEF Mukl1. As active Rab5-family GTPases help
define the early endosomal membrane, we hypothesized the interaction may recruit retromer to
early endosomes. We confirmed the interaction with Muk1 and found that Vps9, the other yeast
Rab5-family GEF, also interacts with retromer. Furthermore, the presence of at least one Rab5-
family GEF is required for recruitment of retromer to endosomes. Recruitment appears to depend
on Rab activation and the endosomal localization of Vps34, which produces PI3P. The data
support a model where the retromer-GEF interaction works in a positive feedback loop to

reinforce retromer recruitment on endosomes.

While exploring the retromer-GEF interactions, the function of an ORF that appeared to encode
a protein with a partial VPS9 GEF domain was probed. In other strains the ORF included an
adjacent ORF and encoded a protein with a complete VPS9 domain and several ankryin repeats.
While an interaction between retromer and the complete VPS9 domain-containing protein could
not be detected, the protein could complement some functions of the Rab5-family GEFs

including retromer localization. Given homology with human VARP, which acts in retromer-

2 A version of chapter 3 has been published. Bean BDM, Davey M, Snider J, Jessulat M,
Deineko V, Tinney M, Stagljar I, Babu M, Conibear E (2015). Rab5-family guanine nucleotide

exchange factors bind retromer and promote its recruitment to endosomes. Mol Biol Cell 26.
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mediated endosome-to-plasma membrane sorting, we named the full gene VARP-Like 1 (VRLI)
and speculate that it may act in a novel pathway in yeast. The experiments in this chapter identify
a new putative Rab5-family GEF and characterize Rab5-family GEFs as novel retromer

recruitment factors.

3.2 Introduction

Retromer is a retrograde endosomal trafficking complex that facilitates recycling of integral
membrane proteins to the late Golgi and the plasma membrane (Seaman, 2005, 2012; Bonifacino
and Hurley, 2008; Attar and Cullen, 2010). It was first identified in yeast as a complex required
to recycle the acid hydrolase receptor, Vps10, and maintain the Golgi localization of Kex2
(Seaman et al., 1998). Since then it has been linked to many processes in higher organisms
including the endosome-to-Golgi recycling of the cation-independent mannose 6-phosphate
receptor and the iron transporter DMT1, and the direct endosome-to-plasma membrane
trafficking of the B2 adrenergic receptor (Seaman, 2004; Tabuchi et al., 2010; Temkin et al.,
2011). In addition, deficiencies in the retromer complex and its associated factors have been
linked to Parkinson’s (Vilarino-Giiell et al., 2011; Zavodszky et al., 2014) and Alzheimer’s

diseases (Fjorback et al., 2012).

Yeast retromer is composed of a structural subcomplex containing the sorting nexins
Vps5/Vpsl7, and a cargo selective subcomplex (CSC) comprised of Vps26/Vps29/Vps35
(Seaman et al., 1998). The sorting nexins bind phosphatidylinositol 3-phosphate (PI3P) at
endosomes, and deform the membrane (Burda et al., 2002), whereas the CSC recruits cargo into

the retromer tubule (Nothwehr ez al., 1999; Seaman, 2005). While these two subcomplexes form
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a stable pentamer in yeast, the CSC and sorting nexins are not tightly associated in mammalian
cells (Mcgough and Cullen, 2011). The mammalian CSC assembles with Vps5/Vps17 homologs
and with other sorting nexins to form spatially distinct classes of retromer tubules that engage
different cargo (Harterink ef al., 2011). While the sorting nexin SNX3 is enriched at early
endosomes, retromer tubules formed by the Vps5 and Vps17 homologs SNX1/2 and SNX5/6
respectively (Wassmer et al., 2009) are most abundant on endosomes undergoing the early-to-

late transition (Rojas et al., 2008; Cullen and Korswagen, 2012; van Weering et al., 2012b).

Rab GTPases are important for membrane identity, vesicle budding and membrane fusion
(Stenmark, 2009). Rabs are converted to their active, membrane-bound form by guanine
nucleotide exchange factors (GEFs) that catalyze the exchange of GDP for GTP, and are
inactivated by GTPase-activating proteins, which increase the rate of GTP hydrolysis by the
Rabs. As early endosomes mature into late endosomes, they undergo a Rab conversion where
active Rab7-family GTPases are recruited and Rab5-family GTPases are inactivated and

extracted from the membrane (Rink ez al., 2005).

Both Rab5- and Rab7-family GTPases are implicated in the recruitment of retromer to
endosomes in mammalian cells (Rojas ef al., 2008; Liu et al., 2012). GTP-bound Rab5 does not
bind retromer directly, but instead recruits a complex containing VPS34, a phosphatidylinositol
3-kinase (PI3K) (Christoforidis et al., 1999). This catalyzes the production of PI3P, which is
recognized by the Phox homology (PX) domains of the sorting nexins (Xu et al., 2001; Yu and
Lemmon, 2001; Cozier et al., 2002). In contrast, direct binding of Rab7 to Vps35 is essential for

the endosomal recruitment of mammalian CSC (Harrison et al., 2014). The CSC also interacts
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with a number of regulatory factors, including the putative Rab7 GTPase activating protein

TBC1DS5 (Seaman et al., 2009; Harbour et al., 2010) and retromer tubule formation is reported to
be maximal at the time of Rab5-to-Rab7 conversion (Cullen and Korswagen, 2012; van Weering
et al., 2012b). Thus, retromer assembly at endosomes may be tightly coupled to the regulation of

Rab activation.

In yeast, the regulation of retromer function by Rab proteins is less well understood. Vps35 binds
to the yeast Rab7 homolog Ypt7, but while this interaction directs it to the vacuole it is not
required for recruitment to endosomes (Balderhaar et al., 2010; Liu et al., 2012). Moreover,
many of the retromer-associated regulatory proteins identified in mammalian cells are not
conserved in yeast. Thus the extent to which retromer assembly at endosomes is subject to Rab-

dependent regulation is still unknown.

Here, we show that retromer physically interacts with the VPS9 domain GEFs Muk1 and Vps9,
and that at least one of these must normally be present for retromer recruitment at endosomes.
We further identify a new yeast VPS9 domain-containing protein related to human VARP that is
present in wild but not laboratory strains of S. cerevisiae. All three proteins can act through
Rab5-family GTPases and the phosphatidylinositol 3-kinase Vps34 to localize retromer to
endosomal membranes. This suggests that association with Rab5 family GEFs could provide a

mechanism to regulate the location or extent of retromer assembly.
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3.3 Results

3.3.1 Retromer physically interacts with RabS-family GEFs

Previous high throughput mass spectrometry studies of yeast protein complexes suggested an
interaction between several subunits of the retromer complex and the VPS9 domain GEF Muk1
(Krogan et al., 2006; Babu et al., 2012). This interaction was surprising as VPS9 domain GEFs
activate Rab5-family GTPases, whereas yeast retromer has been shown to interact only with the

Rab7-like GTPase, Ypt7.

To validate the retromer-Muk]1 interaction, Muk1-HA was expressed from a GAL promoter in
strains containing different TAP-tagged retromer subunits, and pulldowns were carried out using
calmodulin resin under batch purification conditions similar to those used for mass spectrometry.

This showed that all five retromer subunits were able to co-purify Muk1 (Figure 3.1A).

To estimate the fraction of interacting proteins, small-scale co-immunoprecipitations were
subsequently carried out in strains where HA-Muk1 was expressed from the weaker ADH
promoter and the retromer subunit Vps35 was GFP-tagged at its endogenous locus. Interactions
between Muk1 and retromer were reproducibly detected in the presence of the crosslinker DSP.
However, purification of roughly 30% of cellular Muk1 co-precipitated less than 1% of the total
pool of Vps35 (Figure 3.1B). The fact that interactions were detected only in the presence of the
crosslinker and represented a minor fraction of the total Vps35 protein suggests that Vps35-
Muk1 interactions are weak or disrupted on lysis, and are likely to be sub-stoichiometric.
Furthermore, as retromer is a stable pentameric complex, we cannot exclude the possibility that

Muk1 binds another subunit or that it interacts with retromer through a bridging protein.
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Yeast express two known Rab5-family GEFs, Vps9 and Muk1, which share a catalytic VPS9
domain but have divergent C-termini (Carney et al., 2006; Balderhaar et al., 2010; Paulsel ef al.,
2013). Retromer-Vps9 interactions were not previously identified by large-scale mass
spectrometry. Nevertheless, we found that HA-Vps9, when expressed from the ADH 1 promoter,
reproducibly co-purified with Vps35-GFP from DSP-treated cell lysates (Figure 3.1C). These

results indicate that retromer binds more than one VPS9 domain GEF.
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Figure 3.1 Retromer physically interacts with the Rab5-family GEFs Muk1 and Vps9.
(A) TAP-tagged retromer subunits were pulled down using calmodulin beads from GAL1pr-MUK1-HA

strains. Samples were resolved by 12% SDS-PAGE and detected by immunoblotting. Loading of lysates
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relative to the pulldown was 1:25. (B) Endogenously tagged Vps35-GFP and ADH1pr-3HA-Muk1 were cross-
linked with 1.6 mg/mL DSP, 3HA-Muk1 was immunoprecipitated and co-purifying Vps35-GFP was probed
by immunoblotting. Loading of lysates relative to IP was 1:1.6 (anti-HA) and 1:388 (anti-GFP). (C) Cells
expressing Vps35-GFP and ADH1pr-3HA-Vps9 were cross-linked and immunoprecipitated with anti-GFP.
Co-purification of 3HA-Vps9 was detected with anti-HA. Loading of lysates relative to IP was 1:1.6 (anti-

GFP) and 1:388 (anti-HA).

3.3.2 Identification of Vrll, a third member of the yeast VPS9-domain family related to
mammalian VARP

Muk1 and Vps9 are the only two VPS9 domain GEFs described in yeast to date. Interestingly,
the Superfamily database (Gough et al., 2001), which identifies domains using hidden Markov
models, reported a partial VPS9 domain at the N-terminus of the uncharacterized open reading
frame (ORF) YMLO002w. In wild strains of S. cerevisiae, YML002w is continuous with an
upstream ORF (YMLO003w), and is predicted to encode a single protein of 1090 amino acids with
a full-length VPS9 domain. Comparison of sequences from wild and laboratory strains of S.
cerevisiae suggest that a single thymine residue at chrXIII:264337 is deleted in commonly
studied strains, causing a frameshift and premature stop codon (Figure B.1A). Re-sequencing of
the corresponding region in the BY4741 parental strain confirmed the presence of the mutation.
Integration of a 3HA tag at the 5° end of the upstream ORF, YMLO003w, under control of the
ADH 1 promoter, showed the frameshift produces a truncated protein of the predicted size (Figure
B.1B). Thus, it appears that wild yeast strains encode a third VPS9 domain protein that has been

mutated in laboratory strains of S. cerevisiae.
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Sequence comparisons suggest this new VPS9 domain protein is conserved in most species and
is related to human VARP (hVARP), a Rab21 GEF (Zhang et al., 2006). Accordingly, we have
named this ORF VRLI, for VaRp-Likel. hVARP is a multi-functional protein that binds the R-
SNARE VAMP7 and is a key regulator of endosome-to-cell surface transport (Burgo et al.,
2009, 2012; Ohbayashi et al., 2012). While VARP GEF activity is essential for recycling to the
cell surface in neurites, VARP has a separate role as a Rab32/38 effector in the trafficking of
tyrosinase-related protein 1 to melanosomes, which does not require its GEF activity (Tamura et
al., 2011; Ohbayashi et al., 2012). VARP and Vrl1 share extensive regions of conservation,
including an N-terminal region not found in other GEFs, followed by the VPS9 domain and
several Ankyrin repeats (Figure 3.2A and Figure B.2). However, the yeast protein lacks the
second of two sets of Ankyrin repeats present in hVARP. Other hVARP features, including the
Rab32/38 binding site and the VAMP?7 interacting domain (Burgo et al., 2009; Ohbayashi ef al.,
2012; Schifer et al., 2012) are only partially conserved, suggesting the proteins may not be

functionally identical (Figure B.2C).

3.3.3 Vrll, Mukl, and Vps9 have partially overlapping functions

Muk1 and Vps9 were previously shown to have redundant yet distinct functions. Mukl
overexpression rescues the temperature sensitive growth phenotype of vps9 cells, but cannot
replace Vps9’s role in the late endosomal sorting of carboxypeptidase Y (CPY) (Paulsel ef al.,
2013). To determine if Vrll can functionally substitute for Muk1 or Vps9, the genomic region
that includes both YMLO003w and YMLO002w was cloned into a single copy plasmid, and a
nucleotide (T856) was inserted into YMLOO3W to re-create the full length ORF. We use VRLI to

refer to the full-length gene that results from the correction of the frame shift mutation; it is
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Figure 3.2 Vrll is a new yeast VPS9 domain protein.

(A) Schematic of yeast VPS9 domain-containing proteins and human VARP based on Superfamily (Gough et

al., 2001) and ClustalW alignments. (B) Yeast were spotted in 10x dilution series and grown two days at 37°C

to assess temperature sensitivity of the indicated strains. VRL1 was expressed from its endogenous promoter.

(C) A colony overlay assay was used to assess carboxypeptidase Y (CPY) secretion. Cells spotted in 10x

dilution series were overlayed with nitrocellulose and incubated 16 hours. The nitrocellulose was then

immunoblotted with anti-CPY antibodies.

important to note that the laboratory yeast strains used in this paper do not express functional

VRLI. Introduction of a plasmid expressing VRLI from its endogenous promoter fully restored

growth of mukl vps9 strains at high temperatures, suggesting it can replace some function of

Muk1 and/or Vps9 (Figure 3.2B).



The VPS9 domain of Rabex-5 contains a single invariant residue, D313, which is required for
catalytic activity (Delprato and Lambright, 2007). We mutated the corresponding aspartate
residues in Muk1 and Vrl1, and found that expression of Muk1°**** or Vrl1°*7** failed to rescue
the mukl vps9 ts growth defect, suggesting the suppression requires an active VPS9 domain
(Figure 3.2B). However, overexpression of Vrll did not rescue the CPY secretion of a vps94
strain. In addition, high levels of Vrll induced mild CPY secretion in a wild type strain similar to
overexpression of Muk1 (Paulsel et al., 2013; Figure 3.2C). These data suggest that while Vrll1,

Muk1 and Vps9 show some degree of redundancy, they are not functionally equivalent.

As both known VPS9 domain GEFs interact with retromer, we tested Vrll-retromer binding by
co-immunoprecipitation. No physical interaction between ADH Ipr-driven HA-Vrll and the
retromer subunit Vps35-GFP was observed, although HA-Vrl1 was expressed at a significantly
lower level than Muk1 or Vps9 (~5% of HA-Mukl level, data not shown), and thus any
interaction may be below the detection threshold. Taken together, our data suggest that Vrll can

partially substitute for Muk1/Vps9, but cannot replace all functions of these GEFs.

3.3.4 Retromer interacts with the VPS9 domain

Retromer physically interacts with both Muk1 and Vps9, yet their sequence similarity outside the
VPS9 domain is limited. To map the site of interaction, we used the integrated membrane yeast
two hybrid (iMYTH) system, which detects interactions of membrane-associated proteins at their
normal organellar localization (Snider ef al., 2010). The N-terminal half of ubiquitin (NubG) was
fused to full length and truncated versions of Muk1 and co-expressed with retromer subunits

fused to a ubiquitin C-terminus-transcription factor cassette (Figure 3.3A). Interactions that
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Figure 3.3 The VPS9 domain of Mukl1 is sufficient for interaction with retromer subunits in the IMYTH
assay.

(A) Schematic of Mukl1 truncations. The position of the invariant aspartate residue required for GEF
activity, and conserved C-terminal motifs, are indicated. (B) Strains containing Cub-tagged retromer
subunits and plasmids encoding RabS-family GEFs tagged N-terminally with NubG were tested for activation
of the HIS3 reporter on selective media lacking tryptophan, adenine and histidine. NubG-tagged Rhol acted
as a negative control, whereas the NublI tag, which binds tightly to Cub independently of other interactions,
confirmed the expression of Cub fusions. iIMYTH, integrated membrane yeast two-hybrid; Cub, C-terminal

fragment of split ubiquitin; Nub, N-terminal fragment of split ubiquitin.

reconstitute ubiquitin result in the DUB-dependent release of the transcription factor and the
activation of reporter genes. Full length Muk1 and a truncated version (aal-417) corresponding
to the VPS9 domain interacted with three of the five retromer subunits, and this interaction was
not affected by the D353 A mutation predicted to block Muk1's GEF activity (Figure 3.3B). Vps9

also interacted with Vps35-Cub in this assay, though no interaction was observed with the
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remaining tested retromer subunits. We were unable to detect an interaction between Vrl1-Nub
and any of the retromer Cubs; however, Vrl1-Nub was expressed at relatively low levels
compared to the other Nub fusions (Figure B.3A). Moreover, interactions will not be detected if
the Nub and Cub fusions are not positioned in close proximity in the complex. Our results
suggest that retromer interacts, directly or indirectly, with the Muk1l VPS9 domain. This is the
only domain shared by Muk1 and Vps9, suggesting that retromer might recognize a conserved

feature of this domain.

3.3.5 Mukl, Vps9, and Vrll can localize to endosomes

Both Muk1 and Vps9 have a predominantly cytosolic distribution in wild type cells (Paulsel et
al.,2013). Vps9 is believed to be recruited to ubiquitinated cargo via its C-terminal CUE domain
(Carney et al., 2006), which is not present in Muk1. Accordingly, Vps9, but not Muk1, localizes
to the aberrant endosome of ESCRT mutants (Paulsel et al., 2013), where ubiquitinated proteins
accumulate. Overexpression of the tagged ESCRT-III subunit Snf7-RFP disrupts ESCRT
function and causes an endosomal maturation defect (Froissard et al., 2007). We confirmed that
GFP-Vps9 co-localizes with Snf7-RFP at endosomes (21% of cells, SE = 6.5%; 3 experiments,
N=77 cells) (Figure 3.4A). Interestingly, when expressed from a plasmid under its endogenous
promoter, GFP-Muk1 could be detected at Snf7-RFP marked endosomes in some cells (5%, SE
= 1.5%; 3 experiments, N=130 cells) in the absence of Vps9 (Figure 4A). Furthermore, GFP-
Vrll formed puncta that co-localized with Snf7-RFP puncta in 16% (SE = 3.7%; 3 experiments,
N=178 cells) of cells (Figure 3.4A). Taken together, this suggests that all three VPS9 domain

proteins are able to associate with endosomes to some extent.
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Figure 3.4 The yeast VPS9-domain proteins Mukl1, Vps9, and Vrll localize to endosomes

(A) MUK1pr-GFP-Mukl, ADH1pr-GFP-Vps9 and ADH1pr-GFP-Vrll localize to Snf7-RFP marked late
endosomes by fluorescence microscopy. (B) Fluorescence microscopy of ADHIpr-GFP-Mukl with Snf7-RFP,
the lipophilic dye FM4-64 and the tagged retromer subunit RFP-Vps26. (C) Schematic of Muk1 truncations
used in (D) showing conserved C-terminal motifs identified by alignments (purple). (D) Fluorescence
microscopy of full length or mutated ADHI1pr-GFP-Mukl. (E) Deletion of VPS35 does not disrupt the

endosomal localization of overexpressed GFP-Vps9 or GFP-Mukl. Scale bars =2 pm; OE, overexpressed.

When GFP-Muk1 was expressed from the stronger ADH 1 promoter, bright puncta were seen in
37% (SE = 4.8%) of cells, and these overlapped with the endosomal markers FM4-64 and Snf7-
RFP, and with the retromer subunit Vps26-RFP (Figure 3.4B). Two regions in the Muk1 C-

terminal domain, corresponding to residues 473-499 and 580-612, are highly conserved in
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different fungal species (Figure 3.4C). A truncation that removes the last 37 aa of Muk1 (GFP-
Nt-Muk1) did not alter protein stability (Figure B.2B), yet abolished puncta formation (Figure
3.4D), suggesting this region contributes to Muk1’s localization. However, the Muk1 C-terminus
alone (aa 503-612), while expressed at similar levels to the full length GFP-Muk1, did not form
puncta, indicating the Muk1 C-terminal domain is necessary but not sufficient for endosomal
localization (Figure 3.4D). The localization determinant may not be correctly folded in the
truncated protein. Alternatively, membrane localization of Muk1 may require multiple

interacting domains.

To test if retromer is involved in recruiting the Rab5 GEFs to endosomes we deleted retromer

subunits VPS26 or VPS35 from the strains expressing ADHpr-driven GFP-Muk1 or GFP-Vps9.
Both GEFs were found in puncta that co-localized with Snf7-RFP in the retromer deletion strains
(Figure 3.4E, data not shown), suggesting Muk1 and Vps9 localize to endosomes independent of

their interactions with retromer.

3.3.6 Retromer localization to endosomes is impaired by loss of Rab5 GEF's

We have shown that retromer interacts with two different VPS9 domain GEFs, and that these
GEFs can localize to endosomes. To test if the GEFs are required for retromer recruitment we
deleted them singly and in combination (Figure 3.5A). Vps26-GFP localized to puncta in wild
type cells and in mukl and vps9 single mutants, though punctate localization was reduced in the
vps9 strain. Strikingly, deletion of both MUK and VPS9 greatly reduced localization of Vps26-
GFP and Vps5-GFP to endosomes. This was complemented by expression of either VPS9 or

MUK] from single copy plasmids (Fig. 3.5A,B). Strikingly, the MUK 1”*’** GEF mutant failed to
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restore Vps26-GFP localization, demonstrating the importance of Muk1 GEF activity in vivo.
Similarly, expression of Vrl1, but not Vrl1°*”* from its endogenous promoter also restored
retromer localization to mukl vps9 mutant cells. Thus, any of the three active VPS9 domain

proteins is sufficient to recruit retromer to endosomes.

The need for an intact VPS9 domain suggests that active Rabs are required for efficient retromer
recruitment to endosomes. There are three Rab5-family GTPases in yeast: Vps21, Ypt52 and
Ypt53. Ypt53 is normally expressed at very low levels and is only activated under conditions of
stress (Nickerson et al., 2012). We found that loss of VPS21 alone caused a slight reduction in
retromer recruitment (Figure 3.5A), consistent with observations of others (Balderhaar et al.,
2010), but deletion of both VPS21 and YPT52 strongly reduced retromer recruitment. This was
not complemented by expression of VRLI, suggesting that Vrll acts upstream of the Rab5
GTPases, consistent with it role as a putative GEF. Together, this suggests the GEFs redundantly
activate different Rab5 GTPases, and this in turn is needed for retromer’s localization to

endosomes.
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Figure 3.5 Rab5-family GEFs and GTPases are required for endosomal recruitment of retromer.

(A) Fluorescence microscopy of Vps26-GFP in strains lacking Rab5-family GEFs and Rab5-family GTPases.
Muk1 and Vrl1 are expressed from endogenous promoters. Muk1”**** and Vrl1”*"* are predicted to be
catalytically inactive. (B) Microscopy of Vps5-GFP in strains with deletions of Rab5-family GEFs. Scale bars

=2 pm.

3.3.7 RabS5 GEFs are required for normal PI3P localization

Overexpression of active Rabs can often overcome loss of their respective GEFs (Siniossoglou et
al., 2000; Lynch-Day et al., 2010). Therefore, we expressed different forms of Vps21 from high
copy plasmids to see if this would rescue retromer recruitment (Figure 3.6A, B). Expression of
the constitutively active Vps21Q66L in WT and mukl vps9 strains stimulated recruitment of

retromer to the vacuolar membrane, but not to endosomes.
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Because retromer recruitment to early endosomes requires PI3P, its vacuolar localization might
result from loss of endosomal PI3P, or from elevated levels of PI3P at the vacuole in these
mutant strains. Indeed, the PI3P-binding biosensor GFP-FY VE showed endosomal localization
in wild type strains, but prominent vacuole rim staining in a mukl vps9 strain (Figure 3.6C),
similar to that of a vps21 ypt52 strain (Nickerson ef al., 2012). This vacuolar pool of PI3P could
originate at endosomes and accumulate at the vacuole due to a disruption in its turnover or
metabolism. Alternatively, PI3P could be produced at the vacuolar membrane by a vacuole-
localized pool of the PI 3-Kinase Vps34 (Burda et al., 2002). We examined Vps34-GFP
localization in each of the mutants, and found it was strongly mislocalized to the vacuole in
mukl vps9 mutants and partially mislocalized in a vps9 mutant (Figure 3.6D). VPS34 is recruited
by Rab5 GTPases in mammals (Christoforidis et al., 1999), and others have shown that, in yeast,
constitutively active forms of Vps21, which cannot be extracted from membranes by Rab
guanine dissociation inhibitors, are transported to the vacuolar membrane (Markgraf et al.,
2009). Thus, overexpressed Vps21Q66L may activate Vps34 at the vacuole of mukl vps9 strains,

resulting in high levels of PI3P that drive retromer recruitment to the vacuolar membrane.

These results suggest that VPS9 domain GEFs are critical for maintaining an endosomal pool of
Rab5-family GTPases that in turn recruit and activate the PI3K Vps34. The partial
mislocalization of Vps34 in vps9 but not mukl mutants suggests that the three VPS9 domain
proteins do not contribute equally to this process. Nevertheless, expression of Vrll, but not the
VPS9 domain mutant Vrl1>*7**, was found to rescue Vps34 localization (Figure 3.6D) and

restore endosomal pools of PI3P in mukl vps9 strains (Figure 3.6C). Taken together, this
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suggests that Vps9 domain GEFs play a key role in promoting the enrichment of PI3P at

endosomes.
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Figure 3.6 Rab5-family GEFs are needed for PI3P production at endosomes, and this cannot be bypassed by
expressing the constitutively active Rab5-family GTPase Vps21(Q66L).

(A) Fluorescence microscopy shows that Vps26-GFP is mislocalized to the vacuolar rim when Vps21(Q66L) is
expressed, even in the absence of RabS-family GEFs. (B) Quantification of Vps26-GFP fluorescence
microscopy. Images of Vps26-GFP localization from four independent experiments were manually scored for
localization to the vacuolar rim or puncta (N>140/strain/experiment). Error bars represent SE. Unpaired
one-way ANOVA: p<0.0001 overall; ****, p<0.0001. (C) Fluorescence microscopy of GFP-FYVE, a

biomarker for PI3P, in strains with deletions of RabS-family GEFs. (D) Vps34-GFP localization to puncta is
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dependent on expression of Rab5-family GEFs and GTPases. Vrll is expressed from the endogenous

promoter in C,D. Scale bars =2 pm

3.4 Discussion

Here we identify two VPS9 domain Rab5-family GEFs as new retromer-associated proteins and
show their activity is important for the recruitment of retromer to endosomal membranes.
Whereas many of the retromer accessory factors that have been identified in higher cells are
absent in yeast (Harbour et al., 2010; Seaman, 2012), VPS9 domain proteins constitute a broadly
conserved family, and may contribute to fundamental aspects of retromer assembly or function

present in all eukaryotic cells.

Our co-immunoprecipitation experiments showed clear interactions between retromer and two
different VPS9 domain GEFs, Muk1 and Vps9. Interestingly, the interaction was mapped to the
VPS9 domain of Muk1, suggesting that the binding of retromer to the VPS9 domain might
regulate its GEF activity. Indeed, the human homolog of Vps9, Rabex-5, is autoinhibited by a
conserved helix C-terminal to the VPS9 domain, and this is overcome by Rabex-5 binding the
Rab5 effector Rabaptin-5 (Delprato and Lambright, 2007). Because Rabaptin-5 helps recruit
Rabex-5 to endosomes, this creates a positive feedback loop that results in robust Rab5
activation (Horiuchi et al., 1997; Zhang et al., 2014). It is not known if Mukl1 is subject to
autoinhibiton, or if retromer binding could similarly affect GEF activity. However, the
interaction with retromer is expected to increase the local concentration of the GEF, which

would thus serve to enhance Rab5 activation at sites of retromer tubule formation.
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Yeast retromer does not bind directly to Rab5-family GTPases (Liu et al., 2012). Instead, we
found that Rab5-family GTPases and an active VPS9 domain GEF are required for the correct
localization of the phosphatidylinositol 3-kinase Vps34 at endosomes, and for the production of
the endosomal pool of PI3P. While Rab5 directly recruits the human homolog of Vps34,
hVPS34, a similar relationship between yeast Rab5-family GTPases and Vps34 has not
previously been reported (Christoforidis et al., 1999). Because the structural subcomplex of
retromer binds PI3P through the PX domains of Vps5/17 (Burda et al., 2002), the loss of
endosomal PI3P provides a likely explanation for the retromer localization defect in strains

lacking active VPS9 domain GEFs.

The endosomal localization of yeast VPS9 domain GEFs does not depend on retromer, and thus
a physical interaction between retromer and the GEF may not be absolutely required for
endosomal PI3P production and retromer recruitment. Instead, we propose that retromer-GEF
binding enhances the rate or extent of retromer assembly through a positive feedback loop like
that described for Rabaptin-5 (Horiuchi et al., 1997); Figure 3.7A). In this model, the initial
recruitment of retromer to PI3P-labeled endosomes allows it to bind and concentrate Muk1
and/or Vps9, which then recruit and activate Rab5-like GTPases in the vicinity of the forming
retromer tubule. This, in turn, stimulates the recruitment and activation of PI3K, increasing local
PI3P production and promoting further retromer assembly. Interactions with distinct VPS9
domain GEFs could conceivably enhance retromer assembly at different endosomal
compartments, or in response to different stimuli. A similar model has been proposed to explain

the action of the Salmonella effector protein SopB, which causes the over activation of RabS5,
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promoting PI3P production that drives the formation of extensive Snx3 and Snx1-coated tubules

at Salmonella-containing vacuoles (Braun et al., 2010).
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Figure 3.7 Models for the function of the interaction between retromer and Rab5-family GEFs at endosomes.
(A) In the first model, the GEFs concentrate RabS-family GTPases at the retromer tubules. The GTPases
recruit the PI3K Vps34 (i), which locally increases the concentration of PI3P (ii), leading to further retromer

recruitment (iii). (B) In the second model, GEFs physically recruit specific factors to the tubules.

3.4.1 Discovery of a new yeast VPS9-domain protein

As this manuscript was being prepared, it was reported that the human VPS9 domain GEF
hVARP interacts with retromer, and that this interaction is responsible for the normal trafficking
of GLUT1 from endosomes to the plasma membrane (Hesketh ez al., 2014). This, together with

the work presented here, raises the possibility that retromer interacts with a variety of VPS9
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domain GEFs, and that retromer-GEF interactions may contribute to protein trafficking in yeast
and mammals. The VARP-Like protein Vrll, which is present in wild strains of S. cerevisiae but
mutated in common lab strains, has many similarities to hVARP, yet exhibits key differences.
hVARP binds the retromer subunit VPS29 through two conserved cysteine-rich motifs, and this
interaction recruits hVARP to endosomal tubules. These cysteine-rich motifs are not present in
Vrll, and we found Vrll was not fully dependent on retromer for localization to endosomes.
Although our co-immunoprecipitation and iMYTH experiments did not identify an interaction
between retromer and Vrll, such an interaction may be undetectable by these methods due to the

relatively low level of Vrll expression.

A key role of hVARP in the trafficking of GLUT1 is to recruit the R-SNARE VAMP7 into
retromer-derived vesicles, and thus enable their fusion with the plasma membrane (Hesketh et
al.,2014). hVARP has a VAMP?7 interacting domain (Burgo et al., 2009; Ohbayashi et al., 2012;
Schifer et al., 2012) which is conserved in Vrll homologs from many fungal species, though is
less well conserved in S. cerevisiae. A retromer-mediated recycling pathway from endosomes to
the plasma membrane has not been reported in yeast, but the laboratory strains used in most
trafficking studies lack functional Vrll. Thus it is intriguing to speculate that Vrl1, like hVARP,
repurposes an R-SNARE to regulate an as-yet-undiscovered recycling pathway that is missing in

lab strains but present in other yeast species.

The role of h WVARP in VAMP?7 transport suggests an alternative model for the function of
retromer-GEF interactions: that GEFs bind retromer to recruit specific cargo proteins or

accessory factors to forming retromer tubules (Figure 3.7B). In fact, Vps9 has a ubiquitin-
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binding CUE domain that is important for the normal progression of ubiquitinated cargo through
endosomes (Davies et al., 2003; Donaldson et al., 2003). While Muk1 lacks a CUE domain or
other recognizable motifs, it has conserved regions that could mediate interactions with

additional factors that influence the composition or targeting of endosome-derived vesicles.

It is important to note that the two models presented in Figure 3.7 are not mutually exclusive.
The retromer-GEF interaction could enhance retromer assembly by promoting local Rab5
activation and PI3P production, while at the same time recruiting specific cargo or accessory
factors. By providing a means of reinforcing local recruitment, this could explain why retromer
coats subdomains of endosomes (Seaman et al., 1998; Temkin et al., 2011). Moreover, the
positive feedback model could address puzzling aspects of retromer biology in higher cells.
Because the mammalian cargo-selective complex (CSC) does not bind tightly to the PI3P-
binding sorting nexins, it is unclear what prevents the sorting nexins from driving the formation
of empty tubules devoid of cargo (Cullen and Korswagen, 2012). If recruitment of hVARP by
the VPS29 subunit of the CSC also increases local PI3P production, this could enhance co-
assembly with the sorting nexin subcomplex, and link membrane deformation to cargo

recruitment.

3.4.2 The VPS9 family

There are three VPS9 domain proteins in yeast and at least nine in humans (Carney et al., 2006).
While the yeast VPS9 domain proteins share some overlapping functions, our results suggest
they have unique functions that are as yet uncharacterized. Some mammalian Vps9 domain

GEFs can preferentially activate a subset of Rab5-family GTPases (Delprato and Lambright,
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2007), or contain domains that confer distinct localizations (Balaji et al., 2012). While in vitro
activity assays suggest the yeast VPS9 domain GEFs do not have differential specificity for Rab
GTPases (Singer-Kriiger ef al., 1994; Cabrera et al., 2013; Paulsel et al., 2013), we and others
have found they show differential recruitment to endosomes. Further studies will be needed to
determine if the yeast GEFs localize to distinct endosome subpopulations, or associate with
membranes only in response to specific regulatory inputs. It will also be important to determine
if the retromer binding is a general feature of VPS9 domain GEFs in humans and to what extent

the interaction serves to reinforce retromer recruitment or select other cargo.

3.5 Materials and methods

3.5.1 Yeast strains and plasmids

Yeast strains and plasmids used are listed in Table B.1 and Table B.2 respectively. With the
exception of the strains described below all strains from this study were made by homologous
recombination as described (Longtine et al., 1998; Janke et al., 2004; Sheff and Thorn, 2004).
The iMYTH strains were made via integration of the L2 Cub cassette as previously described
(Snider et al., 2010). VPS34 and VPS5 were tagged with a bright GFP variant, GFP+ (Scholz et
al., 2000), by amplifying and transforming GFP+::NAT from pLC1318, a gift from R.

Rachubinsky.

Plasmids were made by homologous recombination in yeast (Scholz et al., 2000), rescued in E.
coli and confirmed by sequencing. To make pGFP-FYVE(EEAI)::LEU2 (pBB21), pGFP-
FYVE(EEAI)::TRPI (Addgene #36096) was cut with Bsu36I and cotransformed with a LEU?2

PCR fragment containing flanking homology to TRPI 5’ and 3’ regions. pNubG-HA-MUKI FL
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(pAO470), pNubG-HA-MUK]1 1-417 (pAO538) and pNubG-HA-MUK1 74-417 (pAO542) were
made by co-transforming MUK gene regions amplified from yeast genomic DNA, together with
Smal digested pPR3-N MYTH prey vector, as described previously (Snider et al., 2010). The
Muk1 D353 A mutant (pA0531) was made via site directed mutagenesis of pNubG-HA-MUK
FL (pA0O470) construct following the QuikChange II protocol (Agilent). pNubG-HA-VPS9
(pBBY) and pNubG-HA-VRLI (pBB24) were made by EcoRI-HF/Clal digesting pPR3-N and

cotransforming it with the respective genes as previously described (Snider ef al., 2010).

Other MUK plasmids made in this study were based on pRS416 (URA3 CEN) as follows. 972
bp of the 5’UTR of MUK, referred to as MUK Ipr, was amplified using primers with homology
to pRS416 and two thirds of a 3HA tag. A second product containing MUK was generated
using primers with homology to two thirds of the 3HA tag and a downstream pRS416 sequence.
The two products were cotransformed with Kpnl/Sacll digested pRS416 to generate pMUK I pr-
3HA-MUKI (pMD120). pMD120 was Aatll/BamHI digested and cotransformed with a GFP
PCR product with ends homologous to 5’ and 3’ of the 3HA tag to make pMUK Ipr-GFP-MUK 1
(pMD121). The pMD121 Mukl promoter was Kpnl/BamHI digested and the cut plasmid was
cotransformed with an ADH 1 promoter PCR product that had homology outside of the cut
region, forming pADHpr-GFP-MUKI (pMT1). Both pMD120 and pMT1 were cut with
HindIII/Nrul and cotransformed with PCR products containing MUK [-D353A4 with terminal
homology outside the cut sites to generate pMUK Ipr-3HA-MUK1-D353A4 (pBB12) and
pADHIpr-GFP-MUK1-D3534 (pBB14). pMD120 and pBB12 were cut with Kpnl and
transformed with an ADHI PCR product with flanking MUK homology to form pADH Ipr-

3HA-MUKI (pBB33) and pADHIpr-3HA-MUK1-D3534 (pBB34). pADHpr-GFP-MUK(1-
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575) (pBB15) was made by cutting out bp 544-1800 of MUK from pMT]1 using BglII and
cotransforming the cut plasmid with a PCR product containing bp 1-1725 of MUK with
flanking homology to the plasmid. pADHIpr-GFP-MUK1(503-612) (pMT2) was made by
excising the N-terminus of MUK/ in pMT1 with Clal/HindIII and cotransforming the plasmid

with a hybridized oligo with homology to GFP and MUK after bp 1506.

VRLI plasmids were based on pADH [pr-GFP-MUKI (pMT1). Genomic DNA was used as a
template for VRLI and primers were used to correct the thymine deletion in YMLOO3W of the

parental yeast strain. The DNA upstream of the deletion was amplified with the reverse oligo (5’

ATATTTATATTTTTCAGTGTCTACTTCGTGGCCT
TTGAAATGTGTAGTAAGCCTAGACCA) and the region downstream was amplified with ( 5’
TGGTCTAGGCTTACTACACATTTCAAAGGCCACGAAGTAGACACTGAAAAATA
TAAATAT). The reverse oligo was used to amplify upstream YML0OO3W with homology to
either the ADHI promoter or GFP of pMT]1 and the forward oligo was used to amplify
downstream YMLOO3W and YMLOO2W with homology to pMT1 after MUKI. The two sets of
PCR products were cotransformed with HindIII cut pMT]1, to make plasmids pADH 1pr-VRLI
(pBB23) or pADH 1pr-GFP-VRLI (pBB22). The GFP tag of pBB22 was cut with Hpal and
cotransformed with an oligo containing 3HA and flanking homology to make pADH 1pr-3HA-
VRLI (pBB25). Expression of N-terminally HA or GFP-tagged forms of VRLI resulted in a
protein of the expected size. The VRL1 promoter was substituted for the ADHI promoter by
cutting pBB25 with Sphl and cotransforming with a PCR product containing 366bp upstream of

YMLO003w and flanking homology to form pVRLIpr-3HA-VRLI (pBB25). pBB25 was cut with
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Mscl and BgllIlI and cotransformed with two overlapping PCR products containing VRLI with the

D373 A mutation, forming pVRLIpr-3HA-VRLID3734 (pBB32).

3.5.2 Growth and colony overlay assays

For the concentration limiting growth assays, 4 uL of 1 ODgoo/mL log phase yeast were spotted
onto Yeast Extract-Peptone-Dextrose (YPD) media in 10x serial dilutions, and imaged using a
CanoScan 4400F scanner after two days growth at the indicated temperatures. A colony overlay
assay was used to assess CPY secretion. In the assay yeast (containing pRS415 and pRS416 as
required) were spotted onto synthetic amino acid dropout media lacking histidine and uracil and
overlayed with a nitrocellulose membrane. After 16 hours the membrane was removed, washed
and blotted with mouse anti-carboxypeptidase Y (Molecular Probes A6428) and then goat anti-
mouse conjugated to horseradish peroxidase (Jackson ImmunoResearch 115035146). The blot
was developed with the enhanced chemiluminescent West Pico (Pierce 34077) and exposed to

Amersham Hyperfilm (GE Healthcare 28906839).

3.5.3 Western blotting and coimmunoprecipitation

For co-immunoprecipitation from batch cultures, 50ml samples of the appropriate strains were
grown in YPD media to mid-log phase, washed and transferred to galactose media for 1 h. Cells
were harvested, resuspended in an equal volume of IPLB buffer (20 mM Hepes KOH, pH 7.4,
150 mM KOAc, 2 mM Mg(Ac)2, 1 mM EGTA, 10% glycerol, Protease inhibitor cocktail and
1% triton X-100), and disrupted by glass beads for 5 min. Cell lysates were then cleared by
centrifugation at 1,500 xg for 3 min. One-half of the cleared lysate was incubated with 50ul

calmodulin beads for 2 h and washed with ten volumes of fresh IPLB. 10ul loading buffer (5%
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SDS, 50mM Tris pH 6.8, 0.4 mg/mL bromophenol blue and 1% B-mercaptoethanol) was added
to 20pul of beads and eluates resolved on 12% SDS-PAGE gels. Gels were then transferred to
nitrocellulose membrane using the iBlot transfer system following the manufacturer’s
instructions (Life technologies). Membranes were probed using anti-HA (Santa Cruz
Biotechnologies sc-805) or anti-TAP (GeneScript #A01435) rabbit primary antibodies and HRP-
tagged goat anti-rabbit secondary antibody (Pierce #31462) and visualized using a Kodak image

station 4000.

Western lysates were prepared from log phase cells by bead bashing, freezing and resuspension
in Thorner buffer (8M Urea, 5% SDS, 50mM Tris pH 6.8, 0.4 mg/mL bromophenol blue and 1%
B-mercaptoethanol). Lysates were heated to 70°C and the equivalent of 0.5 ODgq of cells was
loaded into 10% SDS PAGE gels. In cross-linking co-immunoprecipitation experiments, fresh
spheroplasts were prepared by digesting cell walls with zymolyase (MJS BioLynx SK1204911).
20 ODggp of spheroplasts were crosslinked with 1.6 mg/mL dithiobis(succinimidyl propionate)
(DSP) and lysed as described (Copi¢ et al., 2007), except that 1% n-Dodecyl-B-D-maltoside
(DDM) was used in the lysis buffer instead of TX-100. The lysates were incubated at 4°C with
rabbit anti-HA (Santa Cruz Biotechnologies sc-805) or rabbit anti-GFP (Molecular Probes
A6455) followed by Protein A sepharose beads (GE Healthcare 17-5280-04). The beads were
washed and proteins were eluted by heating at 95°C for 5 minutes. Samples were loaded into
10% SDS PAGE gels. For both Westerns and co-immunoprecipitations proteins were transferred
overnight to nitrocellulose membranes and blotted with either mouse anti-GFP (Roche
11814460001) or mouse anti-HA (Covance MMS-101R). Probing with secondary antibodies and

exposure was done as in the colony overlay assay.
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3.5.4 Integrated membrane yeast two hybrid (iMYTH)

Log phase yeast were serially diluted by a factor of 10 from 1 ODggo and 4 uLL was spotted onto
synthetic dextrose dropout plates lacking tryptophan, adenine and histidine (SD-WAH).
Tryptophan selected for N-terminal ubiquitin (Nub) plasmids and adenine and histidine selected
for an interaction between the C-terminal ubiquitin (Cub) bait and Nub prey constructs (Snider et
al., 2010). Yeast were grown at 37°C for 4 days and then imaged using a CanoScan 4400F

scanner.

3.5.5 Fluorescence microscopy

Log phase yeast were imaged in minimal selective media at room temperature with a Plan-
Apochromat 100 1.40 NA oil immersion objective lens on an Axioplan 2 fluorescence
microscope (Carl Zeiss Inc.). Images were taken with a CoolSNAP camera (Roper Scientific)
using MetaMorph 7.7 software (MDS Analytical Technologies) and adjusted using MetaMorph
and Photoshop CS5 (Adobe). Exposure times varied from 100ms to 3s based on the protein
tagged with GFP or RFP, but were kept the same within a given experiment. Where the FM4-64
(Life Technologies T-3166) lipophilic dye was used, cells were incubated with the dye for one
hour in minimal media, washed once and then grown another hour in minimal media prior to

imaging. Cellular features were quantified by manually scoring images.

75



Chapter 4: Discussion and conclusions

4.1 Summary of major findings

By characterizing proteins associated with cargo adaptors, this study provides insights into cargo
adaptor assembly and recruitment to target membranes. We found Ssp120 is a stable component
of the Emp46/Emp47 complex, which may adapt cargo including glycoproteins to the COPII
coat for ER exit (Sato and Nakano, 2002). Ssp120 has a similar domain structure to human
MCFD?2, a protein that links a subset of glycoproteins to the human Emp47 homolog LMANI,
suggesting a similar function (Nyfeler et al., 2006). However, the regions of Ssp120 and MCFD2
required for Emp47 or LMAN1 binding were different. While no Ssp120 cargo interactions were
identified, an ssp 20 strain was sensitive to calcium to a similar extent as emp47 and emp47
sspl20 strains, consistent with a role for Ssp120 in recognizing a cargo required for calcium
homeostasis. Together, these results indicate Emp46/Emp47/Ssp120 form a conserved complex

that may adapt cargo to COPII.

This study also demonstrated that an interaction between Rab5-family GEFs and retromer likely
plays a role in retromer recruitment to endosomes. Both Muk1 and Vps9 were found to interact
with retromer and the presence of at least one VPS9 domain-containing Rab5-family GEF was
required for recruitment of retromer to endosomes. Furthermore, a third putative Rab5-family
GEF named Vrll was identified that could recruit retromer in a muk! vps9 strain. The Rab5-
family GEFs appear to act through Rab5-family GTPases to drive the endosomal recruitment of
Vps34 and subsequent PI3P production. We propose that the retromer-GEF interaction results in

local PI3P production, which allows efficient retromer recruitment. Together the experiments in
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this study reveal the complexity of cargo adaptors and present a strategy for efficient

recruitment.

4.2 Functional relevance of Ssp120 in the Emp46/Emp47 complex

Ssp120/Emp46/Emp47 were found to form a complex required for tolerance of high calcium
concentrations. We hypothesize that Ssp120 may bind a subset of Emp46/Emp47 cargo, but this
is currently difficult to test as the cargo bound by the complex have not been identified. The
original study that found a role for Emp46/Emp47 in ER export captured radiolabeled secreted
glycoproteins using concanavalin A (ConA) sepharose and ran the captured proteins on an SDS-
PAGE gel (Sato and Nakano, 2002). Compared to the wild type strain, emp46 and emp47 strains
lacked several bands, leading the authors to conclude the proteins are important for the secretion
of a subset of glycoproteins. Repeating the experiment with an ssp/20 strain could identify
glycoproteins that require Ssp120 for secretion, though the identity of the bands would be
unknown. A stable isotope labeling by amino acids in cell culture (SILAC) mass spectrometry-
based approach could identify the cargo. Here, either emp47 or ssp120 yeast would be grown in
normal media whereas wild type yeast would be grown in the presence of heavy, *C-labeled
amino acids. After incorporation of the amino acid, the media derived from both light and heavy
labeled cells would be combined. Secreted glycoproteins would then be captured by ConA
sepharose, eluted and peptides with different abundances between the samples would be
identified using mass spectrometry. This experiment may allow the identification of a
comprehensive set of secreted glycoproteins transported by the Emp47-based complex.
Alternatively, recent advances in automated microscopy and image analysis (Herzig et al., 2012)

have made it possible to screen for the cargo of membrane trafficking pathways by looking for
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disruptions in the localization of GFP-tagged proteins upon deletion of a protein involved in the

pathway. This approach could be used to identify Emp46/Emp47 and Ssp120 cargo.

It is striking that both Emp47 and its human homolog LMANI1 bind proteins with similar
domains, Ssp120 and MCFD?2 respectively. However, Ssp120 may have a different function.
Ssp120 contains two EF-hand calcium binding domains that, unlike the MCFD2 and LMAN1
interaction (Wigren ef al., 2010), are not necessary for binding to Emp47. Thus, an alternate
hypothesis for the function of Ssp120 is that it uses its EF-hands to buffer calcium, directly
contributing to calcium homeostasis. Interestingly, a BLAST search suggests that another
possible human homolog of Ssp120 is nucleobindin, a luminal Golgi resident that appears to be
the major Ca®* binding protein at the Golgi (Lin ez al., 1998). If Ssp120 interacts with calcium to
a similar extent, it may play an important role in calcium homeostasis. Future experiments
should probe Ssp120 calcium binding in Golgi fractions by **Ca*" overlay. In addition, the
ability of overexpressed Emp47 and Ssp120 to rescue growth on media with high calcium
concentrations should be tested to determine if Emp47/Ssp120 are directly responsible for
calcium homeostasis. Furthermore, the calcium sensitivity of Ssp120 EF-hand calcium binding

mutants should be tested.

4.3 Rab regulators in retromer recruitment

This study found that retromer physically interacts with the Rab5-family GEFs Muk1 and Vps9,
and that these GEFs are required for normal retromer recruitment. However, the details of these
interactions remain to be elucidated. Both the cross-linking co-immunoprecipitation and iMYTH

experiments do not exclude the possibility of an indirect interaction between the GEFs and
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retromer. To show a direct interaction, E. coli could be used to express maltose binding protein
(MBP)-tagged GEFs and FLAG tagged retromer CSC, and the ability of MBP-GEFs to pull
down FLAG-CSC could be probed. The difficulty with this approach is that the subunits of the
CSC must be expressed together to fold properly, which requires a complicated construct such as
that used in Tabuchi et al. (Tabuchi ef al., 2010). Another approach is to delete retromer subunits
in the retromer-Cub iMYTH strains to test which are required for the interaction. Preliminary
IMYTH results suggest that the GEFs may contact retromer through more than one subunit,
including Vps29. Interestingly, the human Rab5 GEF VARP binds Vps29, suggesting
conservation of the retromer-GEF interaction (Hesketh ez al., 2014). Once the subunit(s) that
mediate the interaction are identified, a mutational analysis can be carried out to find the specific
GEF-binding site on the retromer subunit(s). Studying the resultant strains that express a form of
retromer unable to interact with the Rab5-family GEFs will allow us to assess the function of the

interactions without the confounding factors associated with deletion of the GEFs.

Based on microscopy of Vps34-GFP (Figure 3.6 D), both Rab5-family GTPases and GEFs
appear to be required for the endosomal localization of Vps34-GFP. As VPS34 is a Rab5 effector
in humans (Christoforidis et al., 1999), it is not surprising that the Rab5-family GTPases localize
yeast Vps34. A co-immunoprecipitation would provide further evidence that Vps34 is a yeast
Rab5-family GTPase effector. The mislocalization of Vps34-GFP in a mukl vps9 strain,
combined with the inability of a constitutively active Rab5 GTPase, Vps21(Q66L) to localize
retromer in a mukl vps9 strain, strongly suggests the GEFs localize the Rab5 GTPases. This
result agrees with findings that GEFs play a critical role in localizing the Rab Ypt7 (Cabrera and

Ungermann, 2013) and human Rab5 (Bliimer ef al., 2013), but contrasts the need for the human
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GDF Yip3 in Rab9 recruitment to endosomes (Sivars ef al., 2003). Some yeast Ypt-interacting
proteins (YIPs) likely act as GDFs (Pfeffer and Aivazian, 2004) though only one, Yipl, is
essential and it has been assigned a role in COPII trafficking (Heidtman ef al., 2003). To confirm
that GDFs are not required for recruitment of Rab5-family GTPases, the localization of GFP-
tagged Rabs could be assessed in YIP deletions. Furthermore, a knock-sideways approach
similar to that used by Bliimer et a/l. (Bliimer et al., 2013) could be taken. Here, a
heterodimerization system would be used to pull Rab5-family GEFs to the mitochondria and
probe their ability to recruit GFP-tagged Rab5-family GTPases independent of other endosomal

factors, which would not be present on the mitochondrial membrane.

It is interesting to consider why retromer is not recruited to the vacuole in a mukl vps9
background even though Vps34-GFP localizes to the vacuolar limiting membrane and produces
PI3P (Figure 3.6 C). The local PI3P synthesis model suggests that retromer is not recruited
because the Rab5-family GEFs are needed to generate the high degree of local PI3P enrichment
required for retromer tubule formation. Therefore, when Vps34 is recruited to the vacuolar
membrane in the absence of the GEFs, likely through a Atgl4-dependent autophagic pathway
(Kihara et al., 2001), it may not be producing a high enough concentration of PI3P to drive
retromer recruitment. Furthermore, when an active form of Vps21 was overexpressed in strains
lacking the GEFs, Vps26 recruitment to the vacuolar rim was enhanced, even though we did not
observe enhanced puncta formation. These observations suggest that if enough PI3P is present at
the vacuole, retromer may be recruited there. Consistent with this observation, a retromer-based
trafficking pathway from the vacuole has recently been identified (Arlt ef al., 2015). Other

factors may also contribute to the lack of Vps26 recruitment to the vacuole in a mukl vps9 strain.
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For example, tubule formation is believed to involve ordered assembly of BAR domains at areas
of high membrane curvature, and its possible that the lipid composition of the vacuolar

membrane in the absence of Rab5-family GEFs does not allow sufficient membrane curvature.

The results of this study provide further evidence that Rabs and their regulators are involved in
retromer recruitment. In humans, retromer interacts with the RabS GEF VARP (Hesketh et al.,
2014), the Rab5 effector Rabankyrin-5 (Zhang et al., 2012), Rab7 (Rojas et al., 2008) and a
putative Rab7 GAP TBC1D5 (Seaman ef al., 2009). Thus, retromer interacts with Rab regulators
at various stages of endosomal maturation. What is the advantage of these interactions? To some
extent the indirect interactions with Rab5 and the direct interaction with Rab7 (Rojas et al.,
2008) could facilitate the observed peak in retromer recruitment at the Rab transition (van
Weering et al., 2012b). It would also be interesting to know if any interaction sites on retromer
are obscured when it forms tubules, which could drive spatial segregation. For example, perhaps
Rab7 is involved in CSC recruitment to the base of a tubule, but once the CSC enters the tubule
TBCI1DS5 activates the Rab so it can cycle off the tubule. Also, the retromer-GEF interaction may
remove the GEFs from endosomes, allowing a Rab conversion. Studies probing the localization

of Rabs and Rab regulators in retromer tubules should be able to identify any spatial segregation.

The interactions between retromer and Rab5-family GEFs identified in this study may provide
insight into etiology of some diseases. The VPS35 D620N mutation has been linked to a rare
autosomal dominant form of late onset Parkinson disease (Vilarifio-Gtiell ef al., 2011). Currently
there is debate in the field about the effect of the mutation. Some groups have found it disrupts

the association of the actin nucleating Wiskott-Aldrich syndrome protein and scar homolog

81



(WASH) complex, preventing efficient retromer tubule scission (McGough et al., 2014;
Zavodszky et al., 2014), whereas another group found that WASH and retromer still interact and
colocalize (Follett et al., 2014). The D620N mutation is near the VPS35-VPS29 interaction
interface and the Rab5 GEF VARP binds VPS29 (Hesketh ef al., 2014). Therefore, another
possible effect of the D620N mutation is that it disrupts retromer-GEF interactions causing
defects in specific retromer functions. This hypothesis could be tested by pulldown experiments
with wild type and mutant retromer. If interactions between retromer and other human Rab5
GEFs are identified, they could provide further insights into disease. In particular, alsin is a Rab5
GEF whose dysfunction has been linked to amyotrophic lateral sclerosis (ALS), but has a poorly
defined function at endosomes (Chandran et al., 2007). It would be interesting to test if alsin can
interact with retromer and if mutant alsin disrupts retromer function. As mutations in both alsin
and strumpellin, a component of the WASH complex, are linked to hereditary spastic paraplegia
(HSP) (Harbour et al., 2010), it is tempting to speculate that they may each cause a specific

disruption of retromer function.

4.4 Vrll as a putative RabS-family GEF

This study identified Vrll as a new VPS9-domain containing protein present in some
Saccharomyces cerevisiae strains and other related fungi. Furthermore, Vrll was able to rescue
the high temperature growth and retromer localization defects of a mukl vps9 strain in a manner
dependent on a predicted key catalytic residue, D373, identified by homology with Rab5-family
GEFs. Together, these results strongly suggest Vrll is a new yeast Rab5-family GEF. However,
in vitro studies are required to confirm that Vrll has Rab5-family GEF activity. One such assay

is based on loading purified Rab GTPases with the fluorescent GDP analogue Mant-GDP
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(Davies et al., 2005). Loaded Mant-GDP can be detected by Fluorescence Resonance Energy
Transfer (FRET) with a tryptophan residue in the Rab. If Vrll is a Rab5-family GEF, in the
presence of GTP it should preferentially catalyze the replacement of Mant-GDP with GTP on

Rab5-family GTPases.

The three yeast VPS9 domain-containing proteins have both overlapping and unique functions.
Specifically, while the proteins were generally redundant, only Vps9 appeared to be critical for
CPY sorting (Figure 3.2 C). Recently, Shideler et al. found that the function of Vps9 in vacuolar
protein sorting is dependent on its ubiquitin-binding CUE domain and that a Muk1-CUE domain
fusion can rescue vacuolar protein sorting in a vps9 strain (Shideler et al., 2015). This stresses
the importance of other domains in directing the VPS9-domain GEF activity. It will be important
to identify the interaction that recruits Mukl1 to endosomes. Furthermore, it is worth testing if
Mukl, Vps9 and Vrll are in distinct locations, as one possible explanation for the existence of
three yeast Rab5-family GEFs is that they can direct Rab5-family GTPases to different locations

in order to perform unique functions.

Given the extensive conserved regions in Vrll outside of its VPS9 domain, it is interesting to
speculate on what unique functions it may have. It has a similar organization to human VARP,
which mediates a retromer-dependent endosome to plasma membrane trafficking pathway that
has not been identified in yeast (Hesketh et al., 2014). A tempting hypothesis is that Vrll drives
a similar pathway in yeast. This would require an interaction with retromer, which we were
unable to detect, though this was likely due to the low level of Vrll expression and the detection

limits of our assays. Evidence for such a pathway would include increased surface levels of a
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subset of plasma membrane proteins in lab strains expressing Vrll, as they would be more
rapidly recycled from endosomes. In particular, nutrient transporters might be affected as
GLUT]1 has been identified as cargo in humans (Hesketh ez al., 2014). The absence of Vrll
specifically in lab strains suggests that its expression may result in a phenotype that was selected
against when isolating those strains, such as flocculation. One hypothesis following this
reasoning is that Vrll pathway maintains the surface levels of the lectins involved in flocculation
(Goossens and Willaert, 2010). Here, expression of Vrll in lab strains should increase
flocculation and deletion of VRLI in other strains should reduce flocculation. In the human
endosome-to-plasma membrane pathway VARP links the v-SNARE VAMP7 to retromer-
derived vesicles (Hesketh ef al., 2014). Therefore, yeast two-hybrid assays or dihydrofolate
reductase protein complementation assays should be used to identify Vrll interactors, in
particular SNARE:s. Collectively, the above experiments will probe the existence of a yeast

endosome-to-plasma membrane pathway.

4.5 Conclusions and future prospects

This study identified a novel subunit of a cargo selective adaptor and proposed a new GEF-
dependent mechanism for the recruitment of a membrane trafficking complex. The discovery
that Ssp120 forms a stable complex with the cargo adaptor Emp46/Emp47 suggests an
evolutionary origin for the human LMAN1/MCFD?2 cargo adaptor. Furthermore, future studies
of the complex may provide insights into calcium homeostasis. Our finding that Rab5-family
GEFs interact with retromer, and are required for its recruitment, demonstrates the important role
compartment identity can play in the recruitment of membrane trafficking complexes. As the

interaction between retromer and VARP (Hesketh et al., 2014) suggests that retromer-GEF
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interactions are conserved in humans, it will be important to assess if disruptions of these

interactions contribute to disease.

Future work should focus on the functional characterization of mammalian retromer interactions
in an effort to understand the contributions of retromer to endosome integrity and disease. In
particular VPS29 and C-terminal end of VPS35, which it interacts with, are emerging as
important interaction interfaces. For example, on VPS29 there is a hydrophobic patch that has
been shown to interact with the membrane-deforming sorting nexins (Swarbrick ef al., 2011), the
putative Rab7 GAP TBC1D5 (Harbour ef al., 2010) and the Rab GEF VARP (Hesketh et al.,
2014). Interestingly, preliminary iMY TH-based experiments suggest that Muk1 also interacts
with yeast Vps29 indicating that the retromer-GEF interaction site may be conserved. The
convergence of so many interactions on a relatively small region of retromer could allow spatial
and temporal control of the complex by allowing a given binding partner to exclude other
interactions. In particular, the interactions with VARP and TBC1DS5, which are likely mutually
exclusive as they are disrupted by the same point mutation (Swarbrick ef al., 2011; Hesketh et
al., 2014), could play roles in retromer recruitment and fission respectively as discussed earlier.
Furthermore, interactions between retromer and the Rab regulators could be involved in
maintaining endosome size by linking membrane removal through retromer-driven vesicle
formation to Rab5-driven fusion with endosomes. It may be that disruption of these interactions
leads to a loss of endosomal integrity that could play a role in diseases linked to retromer.
Thorough investigation of retromer interactions will shed light on the mechanisms behind several
neurological diseases including Parkinson disease, amyotrophic lateral sclerosis and hereditary

spastic paraplegia.
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Appendices

Appendix A Online supplementary material for chapter 2
Supplementary material for chapter 2 including text, tables 1-13 and figures 1-7 can be found
online by following the link below.

http://www.nature.com/nature/journal/v489/n7417/full/nature11354.html - supplementary-

information
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Appendix B Supplementary material for chapter 3

Table B.1 Yeast strains used in chapter 3

Strain ID Genotype Source or Reference

BY4741 MATa his341,; leu240; met1540; ura340 O'shea Lab

Vps5-TAP BY4741 VPS5-TAP::HIS3 Yeast Tap-tagged fusion library

(Ghaemmaghami ef al., 2003)

Vps17-TAP | BY4741 VPS17-TAP::HIS3 Yeast Tap-tagged fusion library
Vps26-TAP | BY4741 VPS26-TAP::HIS3 Yeast Tap-tagged fusion library
Vps29-TAP | BY4741 VPS29-TAP::HIS3 Yeast Tap-tagged fusion library
Vps35-TAP | BY4741 VPS35-TAP::HIS3 Yeast Tap-tagged fusion library
BBY203 BY4741 VPS35-GFP::KAN This Study

BBY204 BY4741 NatNT2::ADHI1-3HA-VPS9 This Study

BBY207 BY4741 NatNT2::ADHI-3HA-VPS9 VPS35-GFP::KAN This Study

BBY208 BY4741 NatNT2::ADH1-3HA-MUK1 VPS35-GFP::KAN This Study

CUY4412 MATo VPS26-GFP::KANMX4 his3D200 leu2D0 lys2D0 Balderhaar et al. 2010

met15D0 ura3D0

BBY210 CUY4412 muklA::NAT This Study

BBY211 CUY4412 vps94::HIS3 This Study

BBY212 CUY4412 muklA::NATR vps94::HIS3 This Study

BBY177 BY4741 mukiA::KANR This Study

BBY201 BY4741 vps94::HIS3 This Study

BBY 182 BY4741 muklA::KANR vps94::HIS3 This Study

BBY422 BY4741 NatNT2::ADHI-3HA-YMLOO3W This Study

MDY956 CUY4412 vps214::NAT This Study
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Strain ID

Genotype

Source or Reference

BBY312

NMY51

A0O445

A0447

AO464

A0O468

BBY327

BBY216

BBY322

BBY217

BBY324

BBY413

BBY414

BBY420

BBY421

BBY416

CUY4412 vps214::NAT ypt524::HPH

his34200 trp1-901 leu2-3,112 LYS2::(lexAop)4-HIS3
ura3::(lexAop)8-lacZ ade?2::(lexAop)8-ADE2 GAL4
NMY51 VPS5-Cub-LexA-VP16-KANMX

NMY51 VPS35-Cub-LexA-VP16-KANMX

NMY51 VPS26-Cub-LexA-VP16-KANMX

NMY51 Artificial Bait-Cub-LexA-VP16-KANMX

BY4741 VPS26-tDimer2::URA NatNT2::ADHpr-yeGFP-MUK1
BY4741 NatNT2::ADHpr-yeGFP-VPS9

BY4741 NatNT2::ADHpr-yeGFP-VPS9 vps354::HPH
BY4741 NatNT2::ADHpr-yeGFP-MUK1

BY4741 NatNT2::ADHpr-yeGFP-MUK1 vps354::HPH
BY4741 VPS34-GFP+::NAT

BY4741 muklA::KANR VPS34-GFP+::NAT

BY4741 vps94::HIS3 VPS34-GFP+::NAT

BY4741 mukiA::KANR vps9A::HIS3 VPS34-GFP+::NAT

BY4741 vps21A::NATR ypt524::HPH VPS34-GFP+::HIS3

This Study

Snider et al. 2010

This Study
This Study
This Study
Snider et al. 2010
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study

This Study

Table B.2 Plasmids used in chapter 3

LC# | Plasmid ID Description Source or Reference
- pMuk1-HA pGALIpr-MUK1-HA::URA3 MOREF collection (Gelperin et al., 2005)
1069 | pCS11 PSNF7-RFP::LEU2(CEN) Conibear Lab
1407 | pRS415 pLEU2(CEN) ATCC#87520
698 | pRS416 pURA3(CEN) ATCC#87521
596 | pTS48 pVPS9::URA3(2p) Stevens Lab
2070 | pMUKI1(2p) pMUKI::LEU2(2p) MoBY OREF collection (Ho et al. 2006)
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LC# | Plasmid ID Description Source or Reference
2324 | pMD120 pMUKIpr-3HA-MUK 1 ::URA3(CEN) This Study (Conibear Lab)
2468 | pBB12 pMUK pr-3HA-MUK1(D3534)::URA3(CEN) This Study (Conibear Lab)
2627 | pBB33 pADHIpr-3HA-MUK1::URA3(CEN) This Study (Conibear Lab)
2628 | pBB34 pADH1pr-3HA-MUK1(D3534)::URA3(CEN) This Study (Conibear Lab)
2325 | pMDI121 pMUK Ipr-GFP-MUK1 ::URA3(CEN) This Study (Conibear Lab)
2458 | pMT1 pADHI1pr-GFP-MUK 1 ::URA3(CEN) This Study (Conibear Lab)
2470 | pBB14 PADH1pr-GFP-MUK1(D3534)::URA3(CEN) This Study (Conibear Lab)
2467 | pMT2 PADHI1pr-GFP-MUK1(503-612)::URA3(CEN) This Study (Conibear Lab)
2501 | pBB15 pADHI1pr-GFP-MUKI1(1-575)::URA(CEN) This Study (Conibear Lab)
2556 | pBB23 pPADHIpr-VRLI::URA3(CEN) This Study (Conibear Lab)
2616 | pBB28 PVRLIpr-3HA-VRLI::URA3(CEN) This Study (Conibear Lab)
2620 | pBB32 PpVRLIpr-3HA-VRL1(D3734)::URA3(CEN) This Study (Conibear Lab)
2555 | pBB22 pADHI1pr-GFP-VRLI::URA3(CEN) This Study (Conibear Lab)
2175 | pAO538 pCYClpr-NubG-HA-MUKI(1-417t)::TRP1(21) This Study (Stagljar Lab)
2178 | pAO542 pCYClpr-NubG-HA-MUK1(74-417t):: TRP1(2n) | This Study (Stagljar Lab)
2180 | pA0531 pCYCIpr-NubG-HA-MUKI1(D3534)::TRP1(2p) | This Study (Stagljar Lab)
2181 | pAO470 pCYClpr-NubG-HA-MUK]1::TRP1(21) This Study (Stagljar Lab)
2266 | pBB9 pCYClpr-NubG-HA-VPS9::TRP1(2) This Study (Conibear Lab)
2559 | pBB24 pCYClpr-NubG-HA-VRLI::TRPI1(2p) This Study (Conibear Lab)
2080 | pPR3N-NubG-Rhol | pCYClpr-NubG-HA-RHOI::TRPI1(2p) Stagljar Lab
2081 | pPR3N-NubI-Rhol pCYClpr-Nubl-RHOI::TRPI1(2) Stagljar Lab
2527 | pBB21 pGFP-FYVE(EEAI)::LEU2(2p) This Study (Conibear Lab)

599 | pSRG92 p-myc-VPS21::URA3(2p) Stevens Lab

600 | pSRGI3 p-myc-VPS21(Q66L)::URA3(2p) Stevens Lab
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A cthIII:264328-26:.339 B 6@0

S. cerevisiae s288c CACTGAAAAA-AT QR‘

S. cerevisiae W303 CACTGAAAAA-AT xfb
S. cerevisiae CEN.PK CACTGAAAAA-AT OQ\\Q

S. cerevisiae SK1 CACTGAAAAATAT ks
S. cerevisiae RM11-1a CACTGAAAAATAT =50
S. cerevisiae K7 CACTGAAAAATAT -

S. cerevisiae YJM789 CACTGAAAAATAT =35

S. paradoxus CAGCGAAAAATAT
S. mikatae CACTGAAGAATAC
S. kudriavzevii CACTGAAAAATAT
S. bayanus TACCGAAAACTGC
Figure B.1 There is a deletion present in lab Saccharomyces cerevisiae strains in the gene YMLO03W that is
absent from other S. cerevisiae and truncates the normal gene product.
(A) An alignment of YMLO0OO3W in laboratory/wild S. cerevisiae strains and other related fungi. (B) Cells
expressing ADHIpr-3HA-Yml003w were lysed, resolved by 10% SDS-PAGE and immunoblotted with anti-

HA. Expected size of the protein expressed from the truncated ORF was roughly 40 kDa. HA, hemagglutinin.
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Homosapiens]/1-1050 P---- - - - VEEHFQIELNGKDVFEIQ--GNRIKLGAGFACLLSVPILF NEKE--ESFSILCIAHPL
C. VAMP7 Interacting Domain
. 1300 1310 1350 , }360 1370 1|380
S._cerevisiae_(RM11-1a)/1-1090 MR I NTSKRNQKP- SG------- INMIQSFL----RFENFBElISSFkASL-------———--——_
K._lactis/1-1067 ~-VNTRCKLW--LGKD------- INCIQTFL----K¥NLAEFQKLRNCL---=-----=--—-—--—
C._albicans/1-1189 IFESKQRIG------ EQLDFDKQCL GEVT¥KL--NQI IEYFL---- SILNNF KlAYLF---
N._crassa/1-1345 MMA' LKAEA-LT------- L VEQFV---- ARD I V SVHFIT ---------------
T._virens/1-1322 AM E LKTET-RV-=------ \ VEQFV----NHAREMVRSISYST---------------
T._melanosporum/1-1266 LM I KKAEA-RM- VEVFV----SHAKDSVRSINFAC-------=--=----—-~=
X_tropicalis/1-1119 AlS SQSSLS-SA- VEKLLRAVSBGDLEMVRYLLEWVDDDFEED--DFPVGN
G._gallus/1-1087 FSRGSSVSSLS-SA------- VEKLLRAVADGDLEMVRY LLEWTEEDLEDEDDTVSTSK
Homosapiens]/1-1050 IS.E STSSFS-SM------- VIEKLLRAVADGDLEMVRY LLEWTEEDLEDAEDTVSAAD

Figure B.2 Conservation of the hVARP N-terminal domain and the VAMP7-interacting domain.

(A) Schematic of Vrll and hVARP with curated domains (Tamura ef al., 2011) including Ankyrin repeat

domains (ANKR), the VAMP7 interacting domain (VID) and key Rab32/38-interacting residues. (B) An

alignment of the N-terminus of hVARP/Vrll shows broad conservation. (C) Partial conservation of the

VAMP7-interacting domain.
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Figure B.3 All NubG iMYTH and GFP-MUK] vectors were expressed.

(A) iMYTH strains expressing different Nub-HA-tagged GEFs were lysed and immunoblotted with anti-HA

to determine relative expression levels. (B) By immunoblotting with anti-HA, strains with ADH1pr-GFP-

Muk1 vectors were found to express GFP-Muk1 at similar levels. HA, hemagglutinin.
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