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Abstract

Sorting of proteins and lipids is an essential process for maintaining organelle
composition and integrity in eukaryotic cells. In many compartments, proteins are
sequestered into membrane subdomains from which vesicle budding and scission occur,
thereby allowing transport to other compartments. Protein sorting and vesicle transport
are closely coupled to the cytoskeleton, where actin and/or tubulin dynamics are involved
in multiple steps of this process. However, links between sorting and the cytoskeleton
remain unclear.

Within the endocytic pathway, sorting nexins (SNXs) play a role in sorting of
internalized receptors for recycling or degradation. In this study, SNX1 and SNX2 are
shown to interact with Kalirin-7 (Kal7), a neuronal guanine nucleotide exchange factor
(GEF) that activates the actin-modulating GTPases Racl and RhoG. Overexpression of
either SNX with Kal7 in epithelial cells potentiated lamellipodia formation in a GEF- and
RhoG-dependent manner, while SNX depletion inhibited this phenotype. Furthermore,
SNX2 enhanced Kal7-dependent neurite extension in nerve growth factor-treated PC12
cells. Finally, SNX1 and SNX2 interact with inactive RhoG, and could thus recruit the
small GTPase to its GEF.

In the exocytic pathway, proteins are synthesized at the endoplasmic reticulum
(ER), where they are folded prior to transport and maturation in post-ER compartments.
ER tubules extend along the microtubule network, and this link is critical for ER structure
and function. The VAMP-associated proteins VAPA and VAPB are ER transmembrane
proteins that interact with microtubules through a conserved major sperm protein (MSP)

domain. This link between ER and microtubules could create immobile obstacles in the



ER membrane, which could adversely affect membrane protein diffusion. In this study,
overexpression of VAPA, but not VAPB, inhibited lateral diffusion of the transmembrane
cargo VSVG, suggesting differential effects on cargo sorting. Furthermore, a P56S
mutation in the VAPB MSP domain, which is linked to adult-onset amyotrophic lateral
sclerosis, caused ER aggregation that blocked anterograde VSVG transport. These
defects could be rescued by co-expression of a FFAT (two phenylalanines in an acidic
tract) motif found in numerous VAP-interacting proteins, which dissociated VAPs from
microtubules. Overall, these findings demonstrate novel links between protein sorting and

cytoskeletal dynamics in multiple transport processes.
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Introduction

Vesicular trafficking regulates organelle homeostasis in eukaryotes

Eukaryotic cells have evolved a complex system of organelles in order to
compartmentalize numerous biosynthetic, degradative, metabolic and regulatory
functions. Maintenance of the structural and functional integrity of organelles requires
constant delivery of new proteins and lipids, as well as removal of non-functional
material. Vesicular trafficking is the principal method used to co-ordinate this process,
where material buds from a donor compartment in the form of membrane-bounded
vesicles, and is transported to an acceptor compartment for fusion (Bonifacino and Glick,
2004). In this manner, it is possible to precisely regulate the composition of a
compartment. Although vesicle budding, transport and fusion have been extensively
studied, many aspects of this field are not fully understood. Among these, the regulation
of protein sorting has generated particular interest, where mechanisms exist to
differentiate between proteins that are destined for other compartments and those that
must be retained. The following study characterizes novel functions for proteins involved
in sorting at multiple transport steps, and examines the relationship between protein

sorting and interaction with or modulation of the cytoskeleton.

Intracellular transport pathways

Vesicle transport events are generally divided into the exocytic and endocytic
pathways, although there is extensive cross-talk between the two systems (Figure 1). In
the exocytic pathway, membrane-associated and secreted proteins are synthesized at the

endoplasmic reticulum (ER), where they are inserted into the ER membrane or are



Figure 1: Intracellular transport pathways. Transmembrane and secreted proteins are
synthesized at the ER, where they are inserted into or translocated across the membrane.
Following folding and assembly, proteins destined for transport through the secretory
pathway are sequestered into ER exit sites for COPII-dependent budding and transport to
the Golgi complex via the ER-Golgi intermediate compartment (ERGIC). Following
processing within the Golgi complex, proteins are sorted for COPI-dependent retrieval to
the ER or clathrin-mediated budding from the TGN for transport to the cell surface or
endocytic pathway. Cell surface proteins can be internalized via clathrin-dependent and
independent endocytosis for delivery to early endosomes. Subsequently, proteins are
transported to late endosomes and/or multivesicular bodies, which fuse with lysosomes
for degradation. Within the endocytic pathway, there are multiple opportunities for cargo
sorting and recycling to the TGN or back to the cell surface, and as-yet unidentified coat
proteins might mediate these processes. Reprinted from Bonifacino and Glick (2004) Cell
116: 153-166, with permission from Elsevier.






translocated to the lumen. From the ER, proteins are transported to the Golgi complex via
the ER-Golgi intermediate compartment (ERGIC). After further maturation in the Golgi
complex, proteins proceed to the trans-Golgi network (TGN), where they are sorted for
transport to the plasma membrane or endocytic pathway, or alternatively for secretion
into the extracellular space. Within the secretory pathway, there are additional retrograde
transport steps within the Golgi complex and from the Golgi back to the ER, which allow
retrieval of ER proteins from post-ER compartments. The ER is also a site of lipid
synthesis, thus anterograde transport along the secretory pathway is the main method for
delivery of newly synthesized proteins and lipids to other sites in the cell.

In the endocytic pathway, proteins and lipids are internalized from the plasma
membrane (discussed in further detail below) and are transported to early endosomes.
Proteins then proceed from early endosomes to late endosomes and/or multivesicular
bodies (MVBs), which are generated by inward budding of endosomal membranes to
form internal vesicles. Subsequently, these compartments fuse with or mature into
lysosomes, which are acidified compartments containing hydrolytic enzymes for protein
and lipid degradation (Futter et al., 1996). At numerous stages of the endocytic pathway,
there are sorting mechanisms for recycling back to the plasma membrane or to the frans-
Golgi network, which can divert proteins away from lysosomal degradation. Importantly,
actin is required at numerous stages of the endocytic pathway, and disruption of actin
dynamics severely impairs endocytic events (Merrifield et al., 2002; Yarar et al., 2005).
Together, the exocytic and endocytic pathways play critical roles in biosynthetic and

degradative processes.



Vesicular transport processes employ common mechanisms

In general, vesicular trafficking between compartments follows a common order
of events: protein and lipid sorting, vesicle budding and scission, transport along the
cytoskeleton, tethering to and finally fusion with the target compartment (Figure 2). For
proteins to be incorporated into vesicles, they must first be sorted and segregated into
membrane subdomains. While this process may involve passive diffusion and/or active
sequestration, protein sorting has the dual effect of concentrating cargo into eventual sites
of budding and restricting or reducing incorporation of non-cargo proteins into vesicles.
Alternatively, bulk flow of proteins and membranes may occur, which allows non-
specific transport between compartments. Subsequently, resident proteins that have
escaped the initial compartment can be sorted and retrieved. For example, soluble ER
proteins containing a C-terminal KDEL sequence are retrieved from post-ER structures
and recycled to the ER by the KDEL receptor (Pelham, 1988; Semenza et al., 1990).

At sites of cargo sequestration and/or vesicle budding, cargo molecules recruit
coat proteins, either directly or via interaction with adaptor proteins, to drive or stabilize
regions of high membrane curvature necessary for vesicle budding (Bonifacino and
Glick, 2004). To date, three major coat protein complexes have been identified in the
secretory pathway, each of which appears function at discrete transport steps. The COPII
complex, consisting of the small GTPase Sarl and the coat proteins Sec23/Sec24 and
Sec13/Sec31 (Barlowe et al., 1994), is involved in budding of vesicles from the ER.
These vesicles then fuse with the ERGIC compartment, also known as vesicular-tubular
clusters (VTCs). Secondly, COPI, or coatomer, is a heptameric complex that regulates

anterograde transport from ERGIC to cis-Golgi and between Golgi cisternae, as well as



Figure 2: Vesicle budding and fusion. Prior to transport, soluble or membrane-
associated cargo molecules must be sorted into budding vesicles either through active or
passive mechanisms. At sites of cargo concentration, coat proteins and their adaptors are
recruited, and interaction with cargo and/or membranes drives curvature of the budding
vesicle. Once high-curvature membrane domains are generated, a scission event occurs to
separate the nascent vesicle from the donor compartment. Subsequently, vesicles are
transported along the cytoskeleton, and uncoating takes place. Prior to fusion, vesicles
tether to the acceptor compartment, possibly through Rab GTPases and tethering
complexes. Vesicle docking and fusion can then occur through SNARE proteins, and the
contents of the vesicle are released into the acceptor compartment. Reprinted from
Bonifacino and Glick (2004) Cell 116: 153-166, with permission from Elsevier.






retrograde Golgi-to-ER retrieval (Lee et al., 2004; Waters et al., 1991). Finally, transport
from the TGN to the plasma membrane and some forms of endocytosis are mediated by
adaptor proteins and the clathrin coat (Bonifacino and Glick, 2004). Vesicles are pinched
from the donor compartment, either by proteins such as the GTPase dynamin, which
promotes constriction of the neck of a budding vesicle (Roux et al., 2006), or through
other mechanisms that may require actin (Merrifield et al., 2002; Sever et al., 1999).
Newly formed vesicles are then uncoated, and are transported along the cytoskeleton by
motor proteins such as dynein and kinesin for microtubule-based transport, or myosin
(possibly through the class VI myosins involved in retrograde movement along actin
cables) for actin-based transport (Buss et al., 2001). Actin polymerization can also propel
endocytic vesicles by forming comet tails that generate compressive force, causing
‘rocketing’ of vesicles through the cytosol (Benesch et al., 2002; Kovacs et al., 2006).

To ensure that vesicles have reached the appropriate compartment, proteins such
as the Rab family of Ras-like small GTPases interact with tethering complexes on the
acceptor compartment (Cai et al., 2007). There are over 60 mammalian Rab isoforms
identified which have differential localizations and interactions with other proteins to
regulate specific transport steps (Zerial and McBride, 2001). The large number of Rab
GTPases underscores the complexity of target specificity, which is essential to prevent
cargo delivery to inappropriate compartments. Finally, fusion is mediated by the soluble
N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins
(Sollner et al., 1993). For synaptic vesicles, there is one SNARE protein on the vesicle,
termed vesicle-associated membrane protein 2 (VAMP2), and two SNARESs on the target

membrane, Syntaxin 1 and SNAP-25 (synaptosome-associated protein of 25 kDa). Each



protein is membrane-associated and contains at least one o-helical motif that interacts
with other SNAREs. SNARE proteins on the vesicle and target membranes (v- and t-
SNARES, respectively) interact to form a parallel four-helix bundle, with one helix
contributed by VAMP2 and Syntaxin 1, and two from SNAP-25 (Sollner et al., 1993;
Sutton et al., 1998). Other donor and acceptor combinations use different SNARE
proteins, thereby adding a further level of refinement to the specificity of fusion (Pevsner
et al., 1994). Overall, the transport and fusion processes involve complex co-ordination of

multiple events to ensure appropriate cargo incorporation and target specificity.

Vesicular trafficking within the endocytic pathway

Protein sorting in the endocytic pathway

The endocytic pathway is an important process for nutrient uptake, but is also
critically important for turnover of proteins and lipids as well as for regulation of
extracellular signals. Ligand-receptor interactions at the plasma membrane often result in
receptor internalization, and the endocytic pathway is critical for regulation of signal
termination through protein degradation. Alternatively, recycling back to the plasma
membrane can allow further rounds of signaling to occur, thereby amplifying a signal or
extending its duration. For recycling to occur, receptors must be diverted away from the
lysosomal pathway to recycling endosomes or to the #rans-Golgi network for subsequent
return to the plasma membrane. Alternatively, proteins may be actively sorted for
lysosomal degradation. The presence of consensus sequences within the cytoplasmic

portion of many receptors, such as tyrosine-containing (YXX®, where X is any amino

acid and @ is a bulky, hydrophobic amino acid) or di-leucine (DXXLL or



[D/E]XXXL[L/I]) motifs, mediates recruitment of adaptor and coat proteins involved in
sorting (Bonifacino and Traub, 2003). Additionally, ubiquitination of receptors recruits
sorting proteins such as the hepatocyte growth factor-regulated tyrosine kinase substrate
(Hrs) and members of the endosomal sorting complex required for transport (ESCRT-I)
to promote incorporation into MVBs and delivery to lysosomes (Bache et al., 2003;
Katzmann et al., 2001; Raiborg et al., 2002). Sorting is also dependent on the lipid
composition of endosomal membranes. Endocytic compartments are enriched in specific
subpopulations of phosphoinositides (PIs); for example, sites of clathrin-mediated
endocytosis at the plasma membrane contain high levels of PI(4,5)P2
(phosphatidylinositol-4,5-bisphosphate), while early and late endosomes are enriched in
PI(3)P (phosphatidylinositol-3-phosphate) and PI(3,5)P, (phosphatidylinositol-3,5-
bisphosphate), respectively (Roth, 2004). Many proteins involved in endocytosis and
receptor sorting contain domains that recognize specific PI species, and are thus recruited

to compartments enriched in these lipids (Lemmon, 2008).

Sorting nexins are phosphoinositide-binding proteins involved in receptor sorting

Sorting nexins (SNXs) are a recently identified family of approximately 30
proteins involved in sorting and trafficking events at multiple steps within the endocytic
pathway. All SNXs contain a Phox homology (PX) domain that shares homology with
the p40°™™ and p47°"™™ subunits of NADPH oxidase, and inserts into the membrane via a
hydrophobic lipid-binding pocket lined with basic residues that recognize the negatively-
charged PI headgroup (Bravo et al., 2001; Hiroaki et al., 2001). SNX isoforms show

preference for specific Pls, and binding specificity is thought to be important for cellular



function through recruitment to appropriate membrane domains (Worby and Dixon,
2002). For example, while SNX1 and SNX2 bind preferentially to PI(3)P and PI(3,5)P,,
SNX9 interacts broadly with PIs containing two or three phosphate groups (Carlton et al.,
2005; Cozier et al., 2002; Lundmark and Carlsson, 2003; Yarar et al., 2007). The
majority of SNXs contain additional domains that are required for function. Many of
these, including Bin/amphiphysin/Rvs (BAR), regulator of G-protein signaling (RGS)
and Src homology 3 (SH3) domains, are common in proteins involved in cell signaling
and/or endocytosis, suggesting potential roles for SNXs in these processes (Cullen, 2008;
Worby and Dixon, 2002).

In addition to PX domain-mediated recruitment to endosomal membranes, SNXs
also interact with internalized receptors to direct recycling or delivery to lysosomes.
Initially, SNX1 was identified as a protein that could interact with the lysosomal targeting
motif of the epidermal growth factor receptor (EGFR), and overexpression of SNX1
promoted EGFR degradation (Kurten et al., 1996). Although these results identified a
role for SNX1 in lysosomal delivery of EGFR, a later study suggested that the observed
effects were due to protein overexpression, since knockdown of SNX1 or the closely
related SNX2 did not affect receptor turnover (Gullapalli et al., 2004). Since the initial
characterization of SNX1, many studies have identified interactions of other SNXs with
numerous cell-surface or lysosomal sorting receptors (Haft et al., 1998; Worby and
Dixon, 2002). These interactions can promote delivery to lysosomes, as is the case for
SNX1 and the protease-activated receptor PAR1 (Gullapalli et al., 2006). Alternatively,
SNXs may direct recycling back to the cell surface as seen for SNX4 and the transferrin

receptor or Grd19p/Snx3p and the yeast iron transporters Ftrlp and Fet3p (Strochlic et



al., 2007; Traer et al., 2007), or endosome-to-TGN retrieval of the cation-independent
mannose 6-phosphate receptor by SNX1, SNX2, SNX5 and SNX6 (Rojas et al., 2007;
Wassmer et al., 2007). Although SNX proteins appear to play diverse roles in receptor

sorting, the mechanisms by which this function is achieved are not yet clear.

Retromer is an SNX-containing complex involved in endosome-to-TGN retrieval

Initial genetic screens in the yeast Saccharomyces cerevisiae identified more than
40 genes that played a role in sorting of the hydrolytic enzyme carboxypeptidase Y
(CPY) to the vacuole, which is the yeast equivalent of mammalian lysosomes (Bankaitis
et al., 1986; Banta et al., 1988; Robinson et al., 1988; Rothman et al., 1989; Rothman and
Stevens, 1986). Among the products of these genes, five proteins (VpsSp, Vpsl7p,
Vps26p, Vps29p and Vps35Sp) were found to be necessary for endosome-to-Golgi
retrieval of Vps10p, a receptor required for lysosomal delivery of CPY (Horazdovsky et
al., 1997; Seaman et al., 1997; Seaman et al., 1998). These proteins form a pentameric
sorting complex, termed retromer (Seaman et al., 1998). Retromer is composed of two
distinct subcomplexes in yeast, with Vps26p, Vps29p and Vps35p forming a cargo-
selective subcomplex, and a Vps5p/Vps17p heterodimer acting as an additional structural
subcomplex (Figure 3). While Vps35p interacts directly with cargo proteins (Nothwehr et
al., 1999; Nothwehr et al., 2000), Vps26p and Vps29p stabilize membrane association
and mediate interaction with VpsSp/Vps17p (Gokool et al., 2007; Reddy and Seaman,
2001). Vps5p and Vpsl7p are PX and BAR domain-containing proteins that dimerize via
the BAR domain, which is proposed to drive membrane tubulation as described in further

detail below (Horazdovsky et al., 1997; Seaman and Williams, 2002).
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Figure 3: The retromer complex. Retromer is a pentameric endocytic sorting complex
that consists of two distinct subcomplexes. The cargo-recognition subcomplex consists of
Vps35, the cargo-interacting subunit, as well as Vps26 and Vps29, which facilitate
membrane association and interaction with the structural subcomplex. In yeast, the
structural subcomplex consists of VpsSp and Vpsl7p, which are believed to drive
membrane tubulation. In mammals, homo- and heterodimers of SNX proteins appear to
fulfill the structural subcomplex roles.
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With the exception of Vpsl7p, mammalian orthologues of all subunits of the
yeast retromer complex have been identified, and are known to form the same cargo
recognition and structural complexes (Edgar and Polak, 2000; Haft et al., 2000;
Nothwehr and Hindes, 1997). Remarkably, the mammalian retromer complex is required
for endosome-to-TGN retrieval of the cation-independent mannose 6-phosphate receptor,
the mammalian orthologue of the yeast Vps10p (Arighi et al.,, 2004). Thus, retromer
function appears to have been conserved through evolution. Loss of retromer function by
homozygous deletion of Vps26 in mice resulted in embryonic lethality, further
demonstrating the importance of retromer activity in development (Radice et al., 1991).
Notably, SNX1 and SNX2, which share greater than 60% sequence identity (Figure 4),
were identified as the mammalian orthologues of VpsSp. In addition, SNX5 and SNX6
have been identified as potential members of retromer (Wassmer et al., 2007), while
SNX3 may function as an adaptor for the complex (Strochlic et al., 2007). Thus, it is
possible that additional SNX proteins in mammals could compensate for the lack of a
Vps17 orthologue, and different combinations of retromer-associated SNXs could confer
receptor or targeting specificity.

Although SNX1 and SNX2 are the most extensively studied members of the SNX
family, their cellular functions are not well understood. While retromer-dependent
functions of SNX1 and SNX2 are well established, a recent study reported a retromer-
independent role for SNX1 in promoting degradation of the protease-activated receptor
PAR1 (Gullapalli et al., 2006). In addition, depletion of Vps35 in Drosophila
melanogaster S2 cells promotes aberrant signaling and actin polymerization events

(Korolchuk et al., 2007). These findings suggest that SNX1, SNX2 and Vps35 may
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Figure 4: Sequence alignment of human SNX1 and SNX2. Alignments were
performed with ClustalW version 2.0.8, with identities indicated by asterisks and
similarities depicted by points and colons. Blue and red bars correspond to the PX and
BAR domains, respectively. Red amino acid residues in SNX2 were mutated to alanines
for generation of the PX or BAR mutants.
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interact with other proteins and have cellular functions that are independent of the
retromer complex or, alternatively, that the retromer complex could also be involved in

processes other than endocytic sorting.

Retromer may constitute a membrane-deforming coat complex

Recent studies have solved the crystal structures of all three members of the
cargo-selective subcomplex of retromer. The first structure reported was that of Vps26,
which forms a B-sandwich fold that is highly reminiscent of the B-arrestin family of
proteins involved in G protein-coupled receptor signaling (Collins et al., 2008; Shi et al.,
2006). Although this similarity indicates an evolutionary relationship between Vps26 and
B-arrestins, residues involved in B-arrestin function are not conserved, suggesting that
Vps26 is unlikely to have arrestin-like activities. Subsequently, Vps29 was found to share
structural similarity with a number of phosphodiesterases and protein phosphatases
(Wang et al., 2005). Vps29 also possesses a negatively-charged groove on its surface that
is a putative metal-binding site required for phosphodiesterase activity; however, further
studies have shown no enzymatic activity (Hierro et al., 2007). Although Vps26 and
Vps29 do not appear to perform functions similar to structurally related genes, it remains
possible that these activities have not yet been identified or that they act on different
proteins or pathways. Finally, the structure of Vps35 in complex with Vps29 was recently
solved. Vps35 is a largely a-helical protein that forms a superhelical a-solenoid
structure, with Vps26 and Vps29 interacting at opposite ends (Hierro et al., 2007). In the
same study, retromer was proposed to form a coat of alternating cargo-selective and

structural subcomplexes on tubular endosomal membranes. Thus, retromer might act as a

14



novel coat complex for cargo sorting and budding of vesicles from endosomal

compartments.

The BAR domain as a sensor or inducer of membrane curvature

Interestingly, all of the SNXs that have been identified as members of retromer
possess a C-terminal BAR domain, and function of the PX and BAR domains appears to
be critical for retromer activity (Carlton et al., 2004). To date, a BAR domain has been
described in 12 members of the SNX family, and is invariably located directly
downstream of the PX domain (Cullen, 2008; Seet and Hong, 2006). Initially identified
as a conserved domain in bridging interactor 1 (BIN1), amphiphysin and the S. cerevisiae
reduced viability upon starvation (Rvs) proteins Rvs161p and Rvs167p, BAR domains
have since been reported in a large number of proteins that are generally targeted to the
endocytic pathway (Habermann, 2004; Sivadon et al., 1995). BAR domain proteins have
recently generated significant interest due to their ability to tubulate membranes in vitro
and in vivo (Takei et al., 1999), since this property is thought to facilitate vesicle budding.
The membrane-deforming activity of the BAR domain was first identified for the
amphiphysin and endophilin families of proteins, which generated narrow-diameter
tubules when incubated with liposomes in vitro (Farsad et al., 2001; Razzaq et al., 2001;
Takei et al,, 1999). A mechanism for BAR-mediated membrane tubulation was not
proposed until the crystal structure of the amphiphysin BAR domain was solved,
revealing the formation of a crescent-shaped dimer (Peter et al., 2004) (Figure 5). Each
monomer contributes a coiled-coil of three antiparallel o-helices, with kinks in the

helices contributing to the overall curvature of the dimer. Furthermore, the concave face
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Figure 5: The Bin/amphiphysin/Rvs (BAR) domain family. BAR domains form a
crescent-shaped dimer that is enriched in basic residues on the concave face, facilitating
interaction with negatively-charged phospholipids. Based on the curvature of the BAR
domain, curved membranes of 15-50 nm in diameter are preferentially recognized or can
be generated from flat membranes. N-BAR proteins recognize similar curvatures, but
possess an N-terminal amphipathic helix that inserts into the lipid bilayer to stabilize
interaction or curvature. F-BAR proteins form a shallow crescent that senses or induces
curvature of 40-200 nm in diameter, while I-BAR domains form a zeppelin-shaped dimer
that induces opposite curvature to that of other BAR domains. Furthermore, some BAR
and [-BAR proteins have been found to interact with small GTPases at the apex of the
concave face (or the equivalent region of the I-BAR domain).
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of the BAR dimer is enriched in basic, positively charged residues, which provide contact
points for interaction with negatively charged phospholipid head groups on the surface of
the membrane.

Although BAR domain proteins show very low sequence similarity, the crystal
structures of Arfaptin 2, endophilin-B1, APPL1 and SNX9 are all strikingly similar to
that of amphiphysin, forming crescent-shape‘d dimers with similar curvature (Gallop et
al., 2006; Li et al., 2007; Pylypenko et al., 2007; Tarricone et al., 2001; Weissenhorn,
2005). Based on the structural features of the BAR domain, the concave surface could
preferentially interact with curved membranes, or could induce curvature in a flat
membrane sheet. In support of this model, numerous BAR domain-containing proteins,
including amphiphysin, oligophrenin, centaurin, SNX1 and SNX2, show increased
interaction with high-curvature liposomes and can generate high-curvature (15-50 nm)
tubules in vitré (Carlton et al., 2004; Carlton et al., 2005; Peter et al., 2004). In addition,
many BAR domain-containing proteins contain lipid-binding PX or PH domains. The
combination of multiple lipid-interacting motifs could thus serve as a co-incidence
detection module, such that the protein will be preferentially recruited to regions of
appropriate membrane composition and curvature (Carlton et al., 2004; Yarar et al.,

2008).

BAR domain proteins belong to a larger family of membrane-deforming proteins

A number of structures related to the BAR domain have recently been resolved,
indicating that the BAR domain may belong to a larger family of proteins with

membrane-deforming abilities (Figure 5). First, some proteins, including endophilin and
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amphiphysin, contain a short amphipathic helix directly N-terminal to the BAR domain,
and this grouping is referred to as N-BAR (Gallop et al., 2006; Peter et al., 2004). One
face of the amphipathic helix is concentrated in hydrophobic residues, allowing it to
partially insert into the membrane and thereby generate a wedge effect to enhance
membrane deformation. Subsequently, a group of proteins containing an N-terminal FCH
(Fes/CIP4 homology) domain followed by a coiled-coil motif were found to generate
membrane tubules of greater diameter (40-200 nm), and the combination of FCH and
coiled-coil was termed F-BAR (Itoh et al., 2005). The crystal structure of the F-BAR
proteins CIP4, FBP17 and FCHo2 have been solved, and all of these also form a
crescent-shaped dimer (Henne et al., 2007; Shimada et al., 2007). The curvature of F-
BAR is shallower than that of BAR, which could explain the increased tubule diameter.
Importantly, F-BAR filaments can arrange end-to-end to form a spiral coat around a
membrane, which could promote tubule extension (Frost et al., 2008; Shimada et al.,
2007). Finally, a BAR-like domain has been identified in the Racl-binding insulin
receptor substrate of 53 kDa (IRSp53) and missing-in-metastasis B (MIM-B).
Structurally, IRSp53 and MIM-B differ from other BAR-family proteins in that they form
a zeppelin-shaped dimer instead of a crescent (Lee et al., 2007; Mattila et al., 2007,
Millard et al., 2005; Suetsugu et al., 2006). This motif, which has been termed inverse
BAR (I-BAR), appears to generate opposite curvature with respect to BAR and F-BAR
proteins, causing outward protrusion of the plasma membrane. Thus, the BAR family of
proteins appears to have evolved and adapted to generate a wide variety of membrane

curvatures.
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BAR domains can interact with small GTPases

In addition to their established role in sensing or inducing membrane curvature,
BAR domains of several proteins have been shown to interact with small GTPases of the
Rho and Arf families. Specifically, the BAR domain of Arfaptin 2 has been shown to
interact directly with Rac1 and Arf6, and this interaction appears to promote formation of
actin-dependent membrane ruffles (D’Souza-Schorey et al., 1997; Van Aelst et al., 1996).
While the interaction is specific for the active, GTP-bound form of Arf6, conflicting
results have been reported for Racl, and Racl activity may not influence its ability to
bind to Arfaptin 2 (Shin and Exton, 2001; Tarricone et al., 2001). Additionally, the BAR
domain of Hob3p interacts with Cdc42 in Schizosaccharomyces pombe, and this
interaction appears to be necessary for Cdc42 recruitment to sites of cell division (Coll et
al., 2007). Finally, the I-BAR domain of IRSp53 and MIM-B interacts with Racl, and
this interaction is thought to play a role in membrane remodeling (Bompard et al., 2005;
Miki et al., 2000). For Arfaptin 2, the interaction with Racl has been mapped to the
concave face of the BAR domain, suggesting that GTPase binding and membrane
curvature occur via the same site (Tarricone et al., 2001). However, it is not clear whether
the curvature sensing and GTPase-interacting properties are sequential or mutually
exclusive (Habermann, 2004). It is likely that both properties are important, since the

actin cytoskeleton is required for BAR-mediated tubulation in vivo (Itoh et al., 2005).

Rho GTPases act as molecular switches

Rho GTPases belong to the Ras-like superfamily of small GTPases, which act as

molecular switches to regulate various aspects of cellular function (Wennerberg et al.,
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2005). As illustrated in Figure 6, Rho GTPases undergo cycles of activation and
inactivation, with activity linked to the nucleotide binding state of the protein. In
addition, Rho GTPases are prenylated at a C-terminal CAAX motif (A corresponds to an
aliphatic amino acid and X is any amino acid), where a hydrophobic geranylgeranyl
moiety is covalently linked to the cysteine residue to serve as a membrane anchor
(Pechlivanis and Kuhlmann, 2006). Normally, inactive, GDP-bound Rho is sequestered
in the cytosol by Rho GDP dissociation inhibitors (RhoGDIs) to prevent inappropriate
activation (DerMardirossian and Bokoch, 2005). In response to certain stimuli such as
receptor activation, Rho-GDP is inserted into a membrane compartment, where a guanine
nucleotide exchange factor (GEF) stimulates release of GDP to allow binding of GTP and
activation of the Rho. Once activated, Rho-GTP recruits a series of effector proteins to
execute cellular functions. Subsequently, Rho-mediated signals are terminated by
GTPase activating proteins (GAPs), which stimulate the intrinsic GTPase activity of the
Rho GTPase, resulting in hydrolysis of GTP to GDP. The inactive Rho-GDP can then be
extracted from the membrane by RhoGDI, allowing it to undergo further rounds of
recruitment and activation. Because the interaction of GDP-bound Rho GTPases with
RhoGDIs is of very high affinity (in the low nM range), Rho GDIs are likely to tightly
regulate inactive Rho GTPases by preventing inappropriate membrane recruitment and
activation. It has been proposed that proteins or lipids could act as GDI displacement
factors (GDFs), which might be necessary to catalyze the dissociation of this complex
(DerMardirossian and Bokoch, 2005). In addition to catalyzing GDI release, a GDF could
prevent extraction of inactive Rho from the membrane by reducing the affinity of

membrane-associated Rho-GDP for RhoGDI, thereby permitting further rounds of
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Figure 6: The Rho GTPase cycle. In their inactive, GDP-bound state, Rho GTPases are
sequestered in the cytoplasm via interaction with RhoGDI. During specific stimuli, an
inactive Rho can be recruited to a membrane compartment, and this process might require
its release from RhoGDI by a GDI displacement factor (GDF). Following membrane
recruitment, a guanine nucleotide exchange factor (GEF) activates the Rho by promoting
exchange of GDP for GTP. The activated Rho can then interact with and recruit effector
proteins to exert cellular effects. Upon signal termination, a GTPase activating protein
(GAP) stimulates the ability of Rho to hydrolyze GTP to GDP, resulting in inactivation
of the Rho. At this point, RhoGDI can extract the Rho from the membrane to allow
subsequent rounds of recruitment and activation. An alternative role for potential GDFs is
to prevent extraction of inactive Rho from the membrane, which could allow re-
activation without extraction from the membrane.
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activation without cycling through the cytosol. The ability of a GTPase to undergo rounds
of activation, signaling and inactivation without membrane extraction and reinsertion
would greatly enhance the speed of a given signaling system. Thus, GDF-mediated
membrane retention of inactive GTPases could functionally amplify the downstream

effects of a GTPase.

Rho GTPase activity regulates actin dynamics

Although 22 Rho isoforms have been identified to date, the majority of studies of
this protein family have focused on three members, RhoA, Racl and Cdc42, each of
which gives rise to specific actin-dependent structures when activated. Initial studies
revealed that RhoA induces formation of contractile stress fibres, while Racl and Cdc42
stimulate extension of sheet-like protrusions and folds (termed lamellipodia and
membrane ruffles) or finger-like projections (termed filopodia) from the cell periphery,
respectively (Nobes and Hall, 1995; Ridley and Hall, 1992; Ridley et al., 1992). Since the
initial characterization of these morphological structures, the signaling pathways leading
from GEF-mediated activation to actin reorganization have been widely characterized.
While these findings have been reviewed extensively (Burridge and Wennerberg, 2004,
Jaffe and Hall, 2005; Ridley, 2006), there are several signaling events that are key to
actin and membrane reorganization (Figure 7). For induction of stress fibres, RhoA
activates the ROCK family of Rho kinases (Riento and Ridley, 2003). Subsequently,
ROCKs phosphorylate the light chain (MLC) of myosin II and inhibit its
dephosphorylation by MLC phosphatase. The increased pool of active, phosphorylated

MLC is responsible for actin bundling and formation of stress fibres. Furthermore, RhoA
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Figure 7: Rho GTPase signaling pathways. The GTPases RhoA, Racl and Cdc42
initiate stress fibres, lamellipodia and filopodia, respectively, through different signaling
pathways. RhoA activates the Rho kinase ROCK, which potentiates phosphorylation and
activation of myosin light chain (MLC) to promote actin bundling and contractility,
resulting in stress fibres. RhoA can also promote actin polymerization through mDia,
which also contributes to stress fibre formation. In contrast, Racl and Cdc4?2 interact with
p21-activated kinase (PAK) to inhibit RhoA signaling. Active Rac] can also interact with
IRSp53 to stimulate actin nucleation through WAVE and the Arp2/3 complex, resulting
in lamellipodia formation. Similarly, active Cdc42 promotes Arp2/3-mediated actin
nucleation through N-WASP, and can additionally interact with Dia2 to enhance actin
polymerization, leading to formation of filopodia. RhoG has been proposed to function as
an upstream activator of Racl and Cdc42 through the ELMO/Dock180 GEF complex,
but may also promote formation of lamellipodia independently of other GTPases through
unknown mechanisms.
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activates mammalian diaphanous (mDia), a formin-related protein involved in actin
filament extension (Watanabe et al., 1997). In contrast, activation of Racl and Cdc42
leads to actin nucleation and polymerization through the actin-related Arp2/3 complex.
Cdc42-GTP binds to the neural Wiscott-Aldrich syndrome protein (N-WASP) and
relieves an autoinhibitory intramolecular interaction (Miki et al., 1998a). Activation of N-
WASP results in conformational changes in the Arp2/3 complex to stimulate actin
polymerization and/or branching. Racl promotes Arp2/3-mediated actin nucleation in a
similar manner, but makes use of the WASP family verprolin-homologous (WAVE)
proteins (Miki et al., 1998b). In contrast to Cdc42 and N-WASP, Racl cannot interact
directly with WAVE, but instead interacts with the [-BAR protein IRSp53, which can
then activate WAVE and regulate membrane protrusion (Miki et al., 2000). Alternatively,
WAVE proteins are sequestered in an inhibitory complex that can be dissociated by
active Racl to promote WAVE function (Eden et al., 2002). In addition to N-WASP,
Cdc42 can also activate the mDia-related protein Dia2, suggesting multiple methods of
promoting actin polymerization (Alberts et al., 1998; Peng et al., 2003). Thus, it is
possible that the set of actin-polymerizing factors that are activated by specific Rho
GTPases could dictate the resulting morphological effects.

In addition to activating WASP and WAVE proteins, Cdc42 and Racl also
interact with the p21-activated kinase (PAK) to promote actin remodeling (Eby et al.,
1998). Among its downstream targets, PAK phosphorylates MLC kinase, thereby
inhibiting its activity. This has the effect of reducing levels of active, phosphorylated
MLC, leading to a reduction in contractility and actin bundling necessary for stress fibre

formation. Thus, Racl or Cdc42 activation can functionally antagonize RhoA signals.
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Further complexity of Rho GTPase signals can occur through cross-talk between
pathways, where many Rho GEFs can activate multiple GTPases, with broad signaling
consequences. In other cases, activation of one Rho GTPase could in turn lead to
activation of other Rho proteins, as seen for RhoG pathways that activate Racl and
Cdc42 (Gauthier-Rouviére et al., 1998; Katoh and Negishi, 2003).

While the above morphological effects have been documented in fibroblasts, it
should be noted that Rho family proteins are equally functional in other cell types as well,
where they regulate actin-dependent processes. In neurons, for example, RhoA stimulates
neurite retraction and growth cone collapse, while Cdc42, Racl and the related GTPase
RhoG are important for neurite initiation and growth cone guidance events (Katoh et al.,
2000; Kozma et al., 1997). Rho GTPases are also closely linked with endocytosis and
vesicular transport. In particular, Racl and RhoG appear to be required for phagocytosis
and macropinocytosis, where actin-dependent membrane protrusions are used to engulf
extracellular objects (Cox et al., 1997; Ellerbroek et al., 2004; van Buul et al., 2007).
Additionally, Rho GTPases are implicated in processes such as transcription and
regulation of the cell cycle; however, these topics will not be discussed in further detail

here.

Kalirin-7 is a brain-specific GEF for Racl and RhoG

To better understand the function of SNX2, a previous study in the laboratory
used bacterial and yeast two-hybrid screens to identify potential interactors from a human
brain cDNA library. In this study, SNX2 was found to interact with the RNA helicase

Abstrakt to regulate its shuttling to the nucleus (Abdul-Ghani et al., 2005). This screen
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also identified Kalirin-7 (Kal7), a brain-specific GEF for Racl and RhoG, as a potential
binding partner for SNX2 (May et al., 2002; Penzes et al., 2000). Kal7 is a member of a
family of multifunctional Rho GEFs that arise from a single gene by alternative splicing,
and consists of a Secl4p-like lipid binding domain, nine spectrin repeats, a Dbl
homology/Pleckstrin homology (DH/PH) motif responsible for GEF activity, and a C-
terminal PSD-95/discs large/Z01 (PDZ)-binding motif that targets it to the postsynaptic
density (Johnson et al., 2000; Penzes et al., 2000). Other Kalirin isoforms include
additional or alternate domains, including SH3 domains, an additional DH/PH motif that
acts as a GEF for RhoA, and protein kinase-like domains (Johnson et al., 2000). Through
its recruitment to the postsynaptic density and GEF activity, Kal7 is important for
formation and maintenance of actin-rich dendritic spines in response to ephrin-B/EphB
signals (Ma et al., 2003; Penzes et al., 2003; Penzes et al., 2001). An N-terminally
truncated splice variant of Kal7 has also been implicated in signaling through the nerve
growth factor (NGF) receptor TrkA to promote neurite outgrowth, suggesting that Kalirin
isoforms are likely to regulate multiple processes through different receptors (Chakrabarti
et al., 2005). Although the expression of Kalirin isoforms is largely restricted to the brain,
the highly similar Racl and RhoG guanine nucleotide exchange factor Trio is broadly
expressed in many tissues, and may perform similar functions in other cell types (Debant
et al., 1996).

Human Kal7, also known as Duo, was initially identified as a Huntingtin-
associated protein-1 (HAP1)-interacting protein (Colomer et al., 1997). Although HAP1
function is not fully understood, its role in endocytic trafficking has been well established

(Kittler et al., 2004; Li et al., 2002; Rong et al., 2006). A truncated form of Kal7 was also
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found to interact with the small GTPase Arf6 at the plasma membrane, and this process
could be important for endocytic events (Koo et al., 2007). Potential interactions of Kal7
with HAP1, Arf6 or SNX2 could thus implicate Kal7 in transport through the endocytic
pathway. Alternatively, interaction of SNX2 with Kal7 might suggest a novel role for
SNX2 in modulation of the actin cytoskeleton. Thus, characterization of the potential
roles of SNX and Kal7 in actin modulation and/or retromer activity is one of the main

objectives of this study.

Vesicular trafficking within the exocytic pathway

Membrane-associated and secreted proteins are sorted in the ER

The ER is the principal site for synthesis of membrane-associated and secreted
proteins. Following synthesis, proteins must be properly folded prior to export from ER
exit sites, and specialized sorting mechanisms are necessary to ensure that improperly
folded proteins do not aberrantly exit the ER. Misfolded proteins could adopt toxic
functions or interactions with other proteins, thus failure of the sorting machinery could
have very serious and possibly fatal consequences to a cell. Normally, ER-associated
folding machinery and chaperone proteins interact with newly synthesized proteins to
assist in this process. Once a protein adopts its native conformation, it can then diffuse
through the ER membrane or lumen for incorporation into ER exit sites, where COPII-
mediated vesicle budding occurs for subsequent transport to the ERGIC and Golgi
compartments (Barlowe et al., 1994). Incorporation into ER exit sites can occur either
through active sorting or by passive diffusion, and evidence exists to suggest that both

mechanisms may be used. For example, membrane proteins containing a C-terminal di-
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acidic DXE motif interact with the cargo-selective Sarl-Sec23/Sec24 subcomplex of the
COPII coat, which can then recruit Sec13/Sec31 to drive vesicle budding (Miller et al.,
2003a; Nishimura and Balch, 1997). Thus, the DXE motif acts as an export signal for
selective incorporation into ER exit sites. In contrast, luminal ER-resident proteins
containing a C-terminal KDEL or KKXX motif are able to transit out of the ER to
ERGIC or Golgi compartments, where they are sorted for retrieval back to the ER by the
KDEL receptor, as discussed above (Jackson et al., 1993; Pelham, 1988; Semenza et al.,
1990). Since disruption of KDEL receptor function causes aberrant secretion of ER-
resident proteins, KDEL-containing proteins are thought to exit the ER by passive

mechanisms that require active retrieval.

Defects in protein sorting and exit cause ER stress

ER stress occurs when the protein folding machinery cannot sufficiently
accommodate the load of nascent or unfolded proteins. Several cellular mechanisms exist
to overcome ER stress, including inhibition of the translational machinery, upregulation
of chaperone proteins, and degradation of unfolded or misfolded proteins (Zhao and
Ackerman, 2006). Under stress conditions, increased levels of unfolded proteins bind to
and sequester ER chaperone proteins such as BiP, a member of the heat-shock protein 70
chaperone family. Normally, free BiP can be found in an inhibitory complex with the
protein kinase-like ER kinase PERK; however, titration of BiP levels during ER stress
disrupts this complex. Activated PERK can then phosphorylate and inactivate elF2o
(eukaryotic initiation factor 2ct), which is a part of the translation initiation machinery, to

temporarily delay protein synthesis and allow chaperones to relieve the unfolded protein

28



load (Harding et al., 1999). In addition, excessive levels of unfolded proteins in the ER
give rise to the unfolded protein response (UPR), which leads to upregulation of
chaperone proteins via activation of the transcription factors ATF6 and XBP1 (Schroder
and Kaufman, 2005). These transcription factors can also initiate transcription of genes
involved in lipid synthesis to increase ER size, which may further serve to alleviate
increased concentrations of unfolded proteins. The UPR is closely associated with the
ER-associated degradation (ERAD) pathway, which is an additional compensatory
mechanism leading to retrotranslocation of unfolded proteins from ER to the cytosol for
degradation by the ubiquitin/proteasome system (Meusser et al.,, 2005). If these
mechanisms are not sufficient to adequately relieve the load of unfolded proteins,

prolonged ER stress eventually results in apoptotic cell death.

Structure and function of the ER is closely associated with the microtubule network

The characteristic reticular network of ER tubules that extends throughout the cell
is generated by multiple interactions with the microtubule network. Among these,
extension of ER tubules is mediated by interactions with motor proteins such as kinesin,
which can pull ER membranes toward microtubule plus ends at the cell periphery
(Feiguin et al., 1994; Lane and Allan, 1999). Furthermore, non-motor proteins are
required to link the ER network to microtubules, thereby stabilizing ER tubules and
preventing their collapse toward the perinuclear region. The first such protein identified
was the 63 kDa cytoskeleton-linking membrane protein (CLIMP-63), an ER-localized
transmembrane protein that binds directly to microtubules through its cytoplasmic tail

(Klopfenstein et al., 1998). Consistent with the proposed function in linking ER and
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microtubule networks, overexpression of CLIMP-63 causes rearrangement of the ER
network and generation of thick, cable-like structures that co-localize extensively with
microtubules. Interestingly, interaction of CLIMP-63 with microtubules appears to be cell
cycle-dependent, where phosphorylation of CLIMP-63 disrupts this interaction during
mitosis, leading to ER collapse (Vedrenne et al., 2005). A second ER-associated
membrane protein, p180, was also found to interact directly with microtubules, and
promoted bundling of tubulin filaments (Ogawa-Goto et al., 2007).

In addition to the structural link between ER and microtubule networks, there is a
functional link that is important for regulation of protein diffusion, vesicle biogenesis and
protein transport. Studies using the microtubule-depolymerizing drug Nocodazole have
established a role for microtubules in generation of tubular ERGIC structures (Simpson et
al., 2006). Furthermore, ER-to-Golgi trafficking is believed to be directed along stable
microtubules (Mizuno and Singer, 1994). Additionally, Nocodazole treatment results in
expansion of ER exit sites, suggesting a relationship between these structures and the
microtubule network (Dukhovny et al., 2008). Overall, these studies suggest that an intact

microtubule network is essential for normal ER function.

Membrane proteins diffuse laterally through the ER

Following synthesis and folding, membrane proteins must diffuse to ER exit sites
for incorporation into transport vesicles. The presence of a transmembrane domain
restricts the movement of a protein to two dimensions, meaning that proteins must diffuse
laterally to sites of budding. Numerous computational studies on protein diffusion have

been performed, and the proposed models regard the membrane as a lattice of unit cells,

30



where a diffusing protein can jump from one cell to the next at a given rate (Jacobson et
al., 1987). Since the lipid bilayer has a fluid composition, proteins are generally thought
to diffuse freely within the plane of the membrane in the absence of obstacles. However,
several factors can restrict a protein’s ability to move through the membrane, thereby
decreasing its rate of diffusion. First, an increase in membrane viscosity can negatively
affect diffusion by making it more difficult for the protein to move to adjacent spaces in
the membrane (Saxton, 1987). In addition, the presence of other proteins can have potent
effects on diffusion. When other proteins are also diffusing freely through the membrane,
they have minimal effects on diffusion, since they do not permanently occupy membrane
spaces (Kusumi et al., 2005; Saxton, 1987). However, at very high concentrations, freely
diffusing proteins can reduce diffusion rates, presumably through an increase in
membrane viscosity (Saxton, 1987). In contrast, when other proteins are immobile, they
permanently occupy unit cells, thereby reducing the number of available spaces to which
a mobile protein can move (Figure 8). Thus, as the concentration of immobile proteins or
obstacles in a membrane increases, diffusion of free proteins drops sharply, since less
space is available for movement of mobile proteins. At sufficiently high concentrations,
immobile obstacles can create pockets of membrane that are inaccessible to mobile
proteins, effectively preventing long-range diffusion (Saxton, 1987). Additional factors
that could affect protein diffusion include interactions with other proteins or lipids, along
with membrane microdomains that could retain or exclude a protein (Nicolau et al.,
2007).

In order to create an immobile obstacle within a membrane, at least two anchor

points are required to prevent its lateral movement. The first of these is generally a
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Figure 8: Effect of immobile obstacles on lateral diffusion. At low concentrations
(top), immobile obstacles in a lipid bilayer have no effect on the ability of a mobile
protein to freely diffuse (from the green cell to the red cell in the right-hand panel of
images, for example). However, at moderate concentrations (middle), immobile obstacles
cause a decrease in the rate of diffusion by occupying a significant portion of the
membrane, thereby reducing the fluid space available for mobile proteins to move
laterally. At sufficiently high concentrations (bottom), immobile obstacles eventually
generate pockets of membrane that are isolated from each other, and can effectively
abolish long-range diffusion.
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transmembrane domain, which anchors the protein in the lipid bilayer. The second anchor
point can be achieved through interaction with another immobile obstacle. The
cytoskeleton is thus an obvious structure onto which a membrane-associated protein can
attach to become immobile (Saxton, 1987). Consequently, the ability of a protein to
reversibly interact with the cytoskeleton could be used to regulate the ability of other

proteins to diffuse through the membrane.

VAPs are ER-localized transmembrane proteins that associate with microtubules

In addition to CLIMP-63 and p180, a novel family of ER-resident proteins has
been described that can also associate with microtubules. These proteins were initially
discovered by virtue of their interaction with the v-SNARE VAMP?2 (Skehel et al., 1995),
and have thus been named VAMP-associated proteins (VAPs). Two highly similar
isoforms, named VAPA and VAPB, have been identified to date (Figure 9), each of
which has an N-terminal major-sperm protein (MSP) domain, a central coiled-coil region,
and a C-terminal transmembrane domain (Nishimura et al., 1999). In addition, a splice
variant of VAPB (termed VAPC) lacking the coiled-coil and transmembrane regions has
been identified, although its function is not clear. The coiled-coil and transmembrane
regions of VAPA and VAPB have a topology similar to a number of t-SNARE proteins,
and VAPs were initially thought to have SNARE-related functions (Nishimura et al.,
1999). However, studies have since shown that VAPs do not directly regulate the late
secretory pathway and do not have SNARE-like activity, although they are capable of
interaction with numerous SNARE proteins and could thereby regulate their sorting

(Kagiwada et al., 1998; Soussan et al., 1999; Weir et al., 2001). Both VAPA and VAPB
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Figure 9: Sequence alignment of human VAPA and VAPB. Alignments were
performed with ClustalW version 2.0.8, with identities indicated by asterisks and
similarities depicted by points and colons. Blue, red and green bars correspond to the
major sperm protein (MSP), coiled-coil and transmembrane regions, respectively. The
conserved proline residue at position 56, which is replaced by a serine residue in the
ALS8-causing VAPB mutant, is indicated in red.
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are mainly ER-localized, but are also found in the ERGIC, suggesting that they function
primarily within these compartments (Soussan et al., 1999; Weir et al., 2001). Thus, if
VAPs play a role in early secretory events, it remains possible that they could indirectly
exert effects on later steps as well by modulating the sorting or delivery of proteins
involved in exocytosis.

Emerging evidence suggests that VAPs are indeed involved in protein transport.
For example, VAPA is implicated in plasma membrane incorporation of the glucose
transporter GLUT4, while VAPB appears to be involved in COPI-dependent vesicle
transport (Foster et al., 2000; Soussan et al., 1999). Both VAPA and VAPB additionally
form homo- and heterodimers which require the MSP and transmembrane domains, and
this ability is thought to regulate their function (Amarilio et al., 2005; Nishimura et al.,
1999; Weir et al., 2001). Furthermore, VAPs are known to interact with microtubules,
although this association is believed to be indirect (Kaiser et al., 2005; Mitne-Neto et al.,
2007; Skehel et al., 2006). Given the dual association of VAPs with the ER and with
microtubules, it seems plausible that VAP may create immobile obstacles in the ER

membrane, which could provide a mechanism for regulating vesicular transport.

A mutation in the MSP domain of VAPB is linked to amyotrophic lateral sclerosis

Recently, a mutation giving rise to a form of adult-onset, autosomal-dominant
familial amyotrophic lateral sclerosis (ALS8) was mapped to the VAPB gene (Nishimura
et al., 2005; Nishimura et al., 2004). ALS is a fatal neurodegenerative disorder that
causes preferential loss of motor neurons, resulting in progressive symptoms including

muscle weakness and paralysis, typically leading to death within 3-5 years of onset
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(Boillée et al., 2006; Shaw, 2005). Although most cases of ALS are sporadic,
approximately 10% are linked to mutations in a number of identified genes. In the case of
ALSS8, a missense P56S substitution within the MSP domain of VAPB has been
identified, and gives rise to an ER aggregation phenotype (Kanekura et al., 2006;
Nishimura et al., 2004; Teuling et al., 2007). Overexpression of wild-type VAPB
enhances UPR-mediated responses to ER stress, while the P56S mutant blocks induction
of UPR (Kanekura et al., 2006). These data suggest that VAPB might play a role in
regulating levels of unfolded proteins in the ER, and that loss of motor neurons could
result from an inability of these cells to adapt to ER stress. Further studies have shown
that mutant VAPB recruits wild-type VAPA and VAPB into aggregates (Teuling et al.,
2007; Tsuda et al., 2008), possibly through aggregation of the MSP domain or through
transmembrane domain interactions. Although the mechanisms of mutant VAPB-
mediated cell death are not clear, the propensity to form aggregates and segregate wild-
type VAPs suggests that this mutation constitutes a toxic gain of function.

Notably, the most common genetic cause of ALS is mutation of the copper-zinc
superoxide dismutase (SOD1), a protein involved in scavenging of reactive oxygen
species (Tsuda et al., 1994). While SODI1 is broadly localized to numerous compartments
and to the cytoplasm, numerous ALS-associated mutations have been identified that
cause SODI aggregation. A mouse model of SOD1-dependent ALS has been generated,
and analysis of VAP expression in this model has revealed that both VAPA and VAPB
are downregulated in late stages of pathology (Teuling et al., 2007). Consequently, loss

of VAP expression could be a contributing factor to multiple forms of ALS.
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The major sperm protein of Ascaris suum forms actin-like filaments

Since the pathogenic mutation of VAPB is located in the MSP domain,
understanding the function of this motif could provide insights into ALS8 disease
progression. The MSP domain of VAPs was initially identified based on its homology to
the major sperm protein of the nematodes 4. suum and Caenorhabditis elegans (Skehel et
al., 2000). The spermatozoa of nematodes utilize amoeboid movement rather than
flagellar propulsion as observed for many other organisms. While these cells appear to
lack the actin-based machinery required for locomotion, they instead form actin-like
filaments consisting of polymerized major sperm protein, which appears to be sufficient
to drive cell motility (Roberts and Stewart, 2000). The crystal structure of MSP has been
solved, revealing an overall B-sandwich structure that forms a dimer as the minimal unit
for polymerization (Baker et al., 2002; Bullock et al., 1996; Haaf et al., 1998). The
residues required for dimerization and/or oligomerization of MSP are poorly conserved in
VAPs, indicating that formation of filaments is unlikely to occur (Kaiser et al., 2005;
Loewen and Levine, 2006; Skehel et al., 2000; Smith and Ward, 1998). The P56 residue
of VAPB that is mutated in ALSS8 is located to a kink within an extended B-sheet
(Loewen and Levine, 2006). Mutation of this residue could thus alter the conformation of

the -sheet, which could lead to formation of aggregates and protein dysfunction.

The MSP domain of VAPs interacts with proteins involved in lipid synthesis and

metabolism

Aside from their indirect association with microtubules, VAPs have been shown

to interact with a number of other proteins. In terms of function, the largest group of
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VAP-interacting proteins is involved in synthesis, transport or metabolism of lipids.
These proteins include the ceramide transport protein CERT (Kawano et al., 2006),
oxysterol-binding protein (OSBP) and the OSBP-related proteins or ORPs (Perry and
Ridgway, 2006; Wyles et al., 2002; Wyles and Ridgway, 2004), and Nir/rdgB proteins
linked with retinal degeneration (Amarilio et al., 2005). Scs2p, the yeast orthologue of
VAP, interacts with Opilp, a transcriptional repressor of genes involved in synthesis of
phosphatidylinositol (Loewen et al., 2004). This interaction retains Opilp in the
cytoplasm under stress conditions such as during UPR, preventing its translocation to the
nucleus and enhancing transcription of lipid-synthesizing genes (Brickner and Walter,
2004) Furthermore, Scs2p was identified as a suppressor of choline sensitivity and
inositol auxotrophy in yeast, indicating a conserved role for VAPs in regulating lipid
metabolism or transport (Kagiwada et al., 1998). In all of the cases above, interaction
with VAP or Scs2p is sufficient for targeting of lipid-regulating proteins to the ER, and
this activity could have the effect of promoting synthesis of new ER membranes or

regulating the lipid composition or fluidity of the ER.

Interaction of VAPs with lipid-regulating proteins occurs through a conserved FFAT

motif

Within the above listed lipid-regulating proteins, a short, highly conserved motif
consisting of two phenylalanines in an acidic tract (FFAT) was identified as the minimal
domain required for interaction with VAPs and Scs2p (Loewen et al., 2003). FFAT is a
seven amino acid residue motif with the sequence EFFDAXE, and this peptide sequence

interacts with and neutralizes a basic groove in the MSP domain of VAP (Kaiser et al.,

38



2005; Loewen and Levine, 2006). Similarly, mutation of either the phenylalanines or the
acidic residues of FFAT blocks ER recruitment and interaction of the FFAT-containing
protein with VAP, indicating that these residues are necessary for the observed
interaction (Amarilio et al., 2005; Kawano et al., 2006; Wyles and Ridgway, 2004).
Notably, expression of a K87D/M89D mutant VAPA that is unable to interact with FFAT
causes expanded ER structures that are evenly distributed throughout the cell (Kaiser et
al., 2005). Unlike the P56S mutation in VAPB, the FFAT-defective mutant remains
monomeric, and likely constitutes a loss-of-function mutant rather than a toxic gain of
function. One study (Teuling et al., 2007) has demonstrated that P56S mutant VAPB
cannot interact with a green fluorescent protein (GFP)-tagged FFAT motif; however, it is
possible that the observed loss of interaction is in fact due to aggregation of VAPB,
which could reduce the accessibility of FFAT to its binding site. Additionally, exogenous
expression of some FFAT motifs or FFAT-containing proteins, such as ORP3 and Nir2,
causes formation of ER membrane stacks or whotls, while other FFAT proteins such as
Nir3 cause rearrangement of ER and microtubule structures (Amarilio et al., 2005;
Teuling et al., 2007). At this time, it is not clear whether the FFAT motif or other
domains within the FFAT-containing proteins are respénsible for the changes in ER
structure. Although the mechanisms for these morphological changes remain unclear, it is
possible that FFAT motif proteins can modulate interaction of VAPs with the
microtubule network to promote rearrangement of the ER or facilitate anterograde
transport. Consequently, a second objective of this study is the characterization of the

effects of FFAT on VAP function.
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Objectives and Hypotheses

The main objective of this study is to identify and characterize novel relationships
between protein sorting and interaction with or regulation of the cytoskeleton. Given the
complexity of cytoskeletal dynamics and protein transport in eukaryotic cells, two
separate systems will be examined to address this issue using a combination of

biochemical and cell biological approaches.

I Novel functions for sorting nexins in modulating actin dynamics

While SNXs have a clearly established role in regulating protein sorting within
the endocytic pathway, alternative functions remain largely uncharacterized. A previous
laboratory screen identified the actin-modulating Racl and RhoG GEF Kalirin-7 as a
potential interactor for SNX2. This interaction lends itself to two testable hypotheses:

1) Interaction of SNX2 with Kal7 modulates Kal7 activity to regulate actin
dynamics.
(ii))  Recruitment of Kal7 to SNX-containing retromer complexes adds an actin
component to retromer activity.
The results and discussion of this portion of the thesis will be presented in chapters I and

II1, respectively.

II. VAPs and FFAT regulate lateral diffusion and anterograde transport of ER cargo

Although VAPA and VAPB are known to interact with microtubules, the effects
of this interaction on transport of proteins in the ER remains unclear. Furthermore, the

interaction of FFAT proteins with VAPs can modulate ER architecture. Based on the dual
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association of VAPs with the ER and microtubules, it is hypothesized that overexpression
or aggregation of VAPs creates immobile obstacles that impede diffusion of membrane
proteins, and that FFAT relieves immobile obstacles by releasing VAP from
microtubules. The results and discussion of this portion of the thesis will be presented in

chapters II and IV, respectively.
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Materials and Methods

Materials

Unless otherwise stated, chemicals were obtained from Sigma, and restriction

enzymes were purchased from Invitrogen.

Plasmid construction

cDNA coding for full-length human SNX1 or SNX2, as well as SNX2 truncations
coding for amino acid residues 1-269 (N+PX) or 270-519 (BAR) were amplified by
polymerase chain reaction (PCR) and cloned into the Notl and EcoRI sites of pFLAG-
CMV2 (Sigma). SNX2 R182A/R183A/F184A (RRF) and K426A/R428A (KR/AA)
mutants were generated by site-directed mutagenesis and cloned into pFLAG-CMV2 as
above. Plasmids for purification of recombinant SNX1 or SNX2 from Escherichia coli
were generated by PCR amplification and insertion of full-length Flag-SNX into the Kpnl
site of a modified pQE9 vector (Qiagen) containing a hemagglutinin (HA) tag (Abdul-
Ghani et al., 2005).

His¢-myc-tagged wild-type and GEF-inactive N1415A/D1416A (ND/AA) mutant
Kal7 cloned into pEAK10, as well as Hisg-myc-Kal7 ACT cloned into psCEP were
generous gifts from Dr. Betty A. Eipper (University of Connecticut).

Wild-type RhoA, Racl and Cdc42 in pRKS5-myc were obtained from Dr. Alan
Hall (University College London). cDNA for wild-type RhoG was inserted into the
BamHI and EcoRI sites of pRKS5-myc. Dominant-negative RhoG™'"™ was generated by
site-directed mutagenesis, and was also inserted into pRK5-myc as above. Dominant-

negative, HA-tagged RhoA™N, Rac1™™ and Cdc42™N in pcDNA3.1(+) were obtained
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from UMR ¢DNA Resource. For tandem affinity purification (TAP) of Rho GTPases,
myc-tagged, wild-type RhoA, Racl, Cdc42, and RhoG were inserted into the HindlII site
of pBS1761 (EUROSCARF). The resulting N-terminally TAP-tagged cDNA was then
PCR amplified and cloned into the Kpnl and EcoRI sites of pYES2 (Invitrogen).

For all VAPA and VAPB experiments, cDNAs coding for wild-type human
VAPA and VAPB were subcloned into pPFLAG-CMV?2 at the Notl and BamHI sites. The
N-terminally truncated constructs lacking the MSP domain (AN) were also' subcloned
into the Notl and BamHI sites of pFLAG-CMV?2 starting with amino acid residues 135
and 124 for VAPA and VAPB, respectively. The P56S mutation was generated by site-
directed mutagenesis, and was subcloned into pFLAG-CMV?2 at the Notl and EcoRI
sites. The FFAT motif of rabbit OSBP (residues 347-468) was PCR amplified and

inserted into the BamHI and EcoRI sites of pcDNA3.1(+)-myc.

Cell culture and transfection

All cells were maintained at 37°C in the presence of 5% CO; in medium
supplemented with 100 units/ml penicillin and 100 pg/ml streptomycin (Invitrogen).
Chinese hamster ovary (CHO) cells were grown in minimum essential medium o
(Invitrogen) containing 5% fetal bovine serum (FBS), while HeLa cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM, HyClone) containing 5% FBS. CHO

and HeLa cells were transfected with LipofectAMINE reagent (Invitrogen) according to

the manufacturer’s instructions. 293TN cells (System Biosciences) were maintained in

DMEM supplemented with 10% FBS and 500 pg/ml G418 (Invitrogen), and were
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transfected with Lipofect AMINE Plus (Invitrogen) according to the optimized procedure
(System Biosciences) described for 293TN cells.

PC12 cells were grown in DMEM supplemented with 10% horse serum and 5%
FBS, and were transfected with Effectene (Qiagen) according to manufacturer’s
instructions. For direct visualization, PC12 cells were co-transfected with a vector coding
for monomeric red fluorescent protein (mRFP) in addition to Kal7 and/or SNX plasmids.
24 hours after transfection, cells were differentiated for 3 days in DMEM containing 10%
horse serum in the presence of 10 ng/ml NGF-pB. Alternatively, undifferentiated cells
were grown for 3 days in DMEM containing 10% horse serum without NGF-f. Cells

were then fixed as described below.

Immunocytochemistry and confocal microscopy

For visualization by confocal microscopy, cells were seeded onto 12 mm glass
cover slips and transfected as above. 24-48 h after transfection, cells were fixed for 30
min with 4% paraformaldehyde in phosphate-buffered saline (PBS). Cover slips were
then incubated with blocking buffer (1% bovine serum albumin, 2% normal goat serum,
0.6% saponin, and 0.01% NaN3; in PBS) and stained with mouse or rabbit anti-
Calreticulin (Stressgen), rabbit anti-EEA1 (Abcam), mouse anti-Flag (Applied Biological
Materials), rabbit anti-Flag (Sigma), rabbit anti-Kalirin (Upstate), rabbit anti-
Mannosidase II (a gift from Dr. Marilyn Farquhar, University of California, San Diego),
mouse anti-myc (Sigma), rabbit anti-Sarl (Upstate), 12G10 mouse anti-alpha tubulin
(Drs. J. Frankel and E. M. Nelsen, University of Iowa Developmental Studies Hybridoma

Bank) or mouse anti-Vps35 (Abnova) antibodies diluted in blocking buffer. Secondary
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goat anti-mouse and goat anti-rabbit antibodies conjugated with Alexa 488 (Invitrogen)
or Texas Red (Jackson Laboratories) were also diluted in blocking buffer, and cover slips
were mounted in SlowFade Gold reagent (Invitrogen).

All images were captured on an Olympus IX70 inverted microscope equipped
with an MRC1024 scanning confocal unit (BioRad) and a 60X, 1.4 numerical aperture
oil-immersion objective. Images were acquired using LaserSharp software (BioRad), and
further processing and measurements were performed with ImageJ version 1.37v

(National Institutes of Health, Bethesda, MD).

Purification of Hise-SNX and TAP-Rho GTPases

Expression of recombinant His¢-HA-Flag-SNX proteins in mid-logarithmic phase
E. coli was induced overnight with 1mM isopropyl-f3-D-thiogalactoside (Roche). Cells
were resuspended in PBS containing 10 mM imidazole, 2 mM B-mercaptoethanol (-
ME) and 2 mM phenylmethylsulfonyl fluoride (PMSF). Lysozyme was added to 20
mg/ml for 10 min, and cells were lysed by sonication in the presence of 1% Nonidet P-40
(NP-40). The lysate was then cleared by centrifugation at 30,000 x g, and the supernatant
was added to nickel-nitrilotriacetic acid (Ni-NTA)-agarose beads (Qiagen) and allowed to
bind for 4-8 h. Beads were then washed with 50 volumes of wash buffer 1 (0.1% NP-40,
10 mM imidazole and 2 mM B-ME in PBS) and 50 volumes of wash buffer 2 (10 mM
imidazole and 2 mM B-ME in PBS), and eluted with 10 volumes of elution buffer (300
mM imidazole and 2 mM B-ME in PBS). All recombinant proteins were quantified by
SDS-PAGE followed by staining with Coomassie Blue (BioRad) and densitometric

analysis, using bovine serum albumin as a standard.
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For purification of TAP-tagged Rho GTPases, pYES2 plasmids were transformed
into the EUROSCARF yeast strain FY1679-08A (MATa; ura3-52; leu2A 1; trplA63;
his3A200; GAL?2) using the LiCl method (Schiestl and Gietz, 1989) and grown in SC-ura
medium. Protein expression in mid-logarithmic cells was induced overnight in SC-ura
containing 2% galactose instead of glucose. Cells were disrupted by vortexing with 0.5
mm glass beads (Biospec) in 20 mM Tris-HCI pH 7.5, 150 mM NaCl, 5 mM EDTA, 2
mM PMSF. The lysate was solubilized with 1% NP-40 and cleared by centrifugation at
30,000 x g, and TAP-tagged Rho GTPases were immobilized on IgG Sepharose beads
(GE Healthcare), which were then washed with 100 volumes of wash buffer 1 (20 mM
Tris-HCI pH 7.5, 0.1% NP-40, 300 mM NaCl, 2 mM EDTA) and 200 volumes of wash
buffer 2 (20 mM Tris-HCI pH 7.5, 50 mM NaCl, 2 mM CaCl,) prior to storage at 4°C in

wash buffer 2 containing 0.01% NaNj.

Interaction of SNX1 and SNX2 with Kal7

To assess the interaction of SNX1 and 2 with Kal7, CHO cells were co-
transfected with Flag-tagged SNX and either His¢-myc-Kal7 or empty vector. 48 h
following transfection, cells were scraped in PBS and solubilized in 1% 3-(3-
cholamidopropyl)diethylammonio-1-propanesulfonate (CHAPS, Bioshop), 20 mM
imidazole and 20 mM B-ME in PBS containing a cocktail of protease inhibitors (4-[2-

aminoethyl]benzenesulfonyl fluoride, Aprotinin, Bestatin hydrochloride, E-64, Leupeptin

and Pepstatin A). The lysate was cleared by centrifugation at 5,000 x g, diluted to a final
concentration of 0.1% CHAPS and incubated for 16 h at 4°C with Ni-NTA-agarose

beads. Beads were then washed five times with 0.1% CHAPS, 20 mM imidazole and 20
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mM B-ME in PBS, and eluted with 1X SDS sample buffer. Retained proteins were
analyzed by Western immunoblot with mouse anti-Flag (Sigma) and mouse anti-myc

antibodies.

Western immunoblot

For all immunoblot experiments, samples were resolved by SDS-PAGE on
vertical slab gels. For domain-mapping experiments of SNX2 interaction with Kal7,
resolution was performed on gradient gels of 7.5-15% polyacrylamide. Gels consisting of
a single percentage of acrylamide within the range of 6% to 15% were used for all other
studies as appropriate for protein size. Following SDS-PAGE, proteins were transferred
to nitrocellulose membranes, and nonspecific binding sites were blocked with blocking
buffer (Tris-buffered saline containing 0.05% Tween-20 and 5% skim milk powder).
Blots were then incubated overnight with primary antibodies diluted in blocking buffer.
Subsequently, blots were incubated for 1 h with Alexa 488-conjugated goat anti-mouse or
anti-rabbit secondary antibodies diluted in blocking buffer. Following primary and
secondary antibody incubations, blots were washed three times with Tris-buffered saline
containing 0.05% Tween-20. All blots were visualized with a Typhoon 8600 variable
mode imager (Molecular Dynamics). For quantitative immunoblots, densitometric

analysis was performed using ImageQuant version 5.2 (Molecular Dynamics).

ShRNA depletion of SNXI, SNX2 and Vps35

Lentiviral transduction was performed to deplete HeLa cells of SNX1, SNX2 or
Vps35. Briefly, 293TN cells were transfected with pMD2.G and psPAX2 envelope and

packaging plasmids (Addgene plasmids 12259 and 12260, Dr. Didier Trono, Ecole
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Polytechnique Fédérale de Lausanne) as well as a mixture of five ShRNA targets against
SNX1, SNX2 or Vps35 in the pLKO.l1 plasmid (GenBank accession numbers
NM_003099, NM_ 003100 and NM_018206 from the RNAi consortium TRC-Hsl.0
library, Open Biosystems) according to supplier instructions. A GFP shRNA target in
pLKO.1 (Addgene plasmid 12273, Dr. Robert Weinberg, Massachusetts Institute of
Technology) was used for control infections. 48 h after transfection, lentivirus-containing
medium was collected, filtered through a 0.45 um cellulose acetate filter, and stored at
4°C.

For shRNA experiments, HeLa cells were seeded onto cover slips and transfected
with Hisg-myc-Kal7 ACT. 24 h after transfection, cells were infected with GFP, SNX1,
SNX2 or Vps35 shRNA lentiviral particles in the presence of 5 pg/ml polybrene.
Alternatively, cells were mock-infected with 5 pg/ml polybrene in the absence of
pseudovirus, and were fixed and stained with anti-Kalirin antibodies 48 h after infection.
To confirm protein depletion, infected 35 mm dishes of HeLa cells were solubilized in
PBS containing 1% CHAPS and 2 mM PMSF. Following 5,000 x g centrifugation,
protein concentration in the soluble fraction was determined using the D¢ protein assay
(BioRad) with bovine serum albumin as a standard, and equal amounts of protein were
analyzed by Western immunoblot for all samples. Based on the supplier’s estimated titer
of 2 x 10° particles/ml, a multiplicity of infection of 20 gave optimal knockdown as
determined by immunofluorescence and quantitative immunoblot with monoclonal anti-
SNX1, anti-SNX2 (Stressgen) or anti-Vps35 antibodies. 12G10 mouse anti-tubulin

antibody was used to confirm equal loading of samples.
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Endogenous expression of RhoG mRNA in HeLa and CHO cells

HeLa and CHO cells were trypsinized and counted, and 5 x 10° cells were used
for isolation of total RNA with an RNeasy mini kit (Qiagen) according to the
manufacturer’s instructions. Prior to reverse transcriptase-PCR (RT-PCR), any
contaminating genomic DNA was eliminated by digestion with RNAse-free DNAse I
(Fermentas) at 37°C for 30 min, and samples were heat killed at 95°C for 20 min.
Subsequently, RT-PCR was performed using a OneStep RT-PCR kit (Qiagen) according
to the manufacturer’s instructions. For the RT-PCR reaction, RhoG and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) primer pairs were selected using sequences within
each gene that were identical for both hamster and human. The RhoG sequences used
were: 5°-ATC TGT TTC TCC ATT GCC AGT-3’ (sense strand) and 5'-CTT GGC CAG
TGC CTG GCC CTG-3' (antisense strand), while the GAPDH sequences used were: 5°-
GGC GCT GCC AAG GCT GTG GGC-3’ (sense strand) and 5'-GTC ATA CCA GGA
AAT GAG CTT-3' (antisense strand). For the PCR reaction, 30 cycles were performed
with an annealing temperature of 47°C and an extension time of 1 min. In addition,
control reactions were performed without RNA or without the reverse transcriptase

reaction, where RN A was added to the reaction after heat-inactivation of the RT enzyme.

Interaction of SNX with Rho GTPases

Interaction of SNX2 with Rho GTPases was determined by transfection of CHO
cells with myc-tagged RhoA, Racl, Cdc42 or RhoG. 48 h after transfection, cells were

harvested by scraping in PBS and solubilized with 0.5% CHAPS, 1 mM MgCl, and 10

mM B-ME in PBS containing protease inhibitors. The lysate was cleared by
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centrifugation at 5,000 x g for 10 min, and diluted to a final concentration of 0.125%
CHAPS. Cell extracts were then loaded with 200 uM guanosine 5°-(B-thio)diphosphate
(GDPS), 200 uM guanosine 5°-(y-thio)triphosphate (GTPyS), or a combination of both
nucleotide analogs (Sigma) at 200 pM each, for 10 min at 30°C. 100 pmol of
recombinant Hisg-HA-Flag-SNX2 was then added to the extracts, which were incubated
for 16 h at 4°C in the presence of Ni-NTA-agarose beads that were blocked with 0.5%
gelatin (BioRad). Beads were then washed five times with PBS containing 0.125%
CHAPS, 150 mM NaCl, 1 mM mM MgCl,, 10 mM B-ME and 20 mM imidazole, and
proteins were eluted with SDS sample buffer prior to analysis by Western immunoblot.
For direct interaction studies, 45 pmol of recombinant TAP-myc-Rho GTPases
immobilized on IgG-Sepharose beads were blocked with 0.5% gelatin in equilibration
buffer (0.125% CHAPS and 1 mM MgCl, in PBS) prior to loading with 200 uM GDPfS
in equilibration buffer for 10 min at 30°C. Beads were then incubated for 16 h with 45
pmol of recombinant Hise-HA-Flag-SNX1 or SNX2 at 4°C, and were washed five times
with 0.125% CHAPS, 150 mM NaCl and 1 mM MgCl, in PBS prior to analysis by

Western immunoblot.

Endoglycosidase H assay of VSVG transport from ER to Golgi

The effect of VAP overexpression on ER-to-Golgi transport of transmembrane
cargo was analyzed by co-transfection of wild-type, truncated (AN) or P56S mutant
VAPA or VAPB with VSVG***-myc3 (kindly provided by Dr. Jesse C. Hay, University
of Montana) using a modified assay for Endoglycosidase H (Endo H) sensitivity (Gabel

and Bergmann, 1985). 16-18 hours after transfection, cells were shifted to 42°C for 6 h to
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accumulate misfolded VSVG*™® in the ER. Cycloheximide was then added to 20 ug/ml

for 10 min, and cells were rapidly shifted back to 37°C for 0, 30, 60 or 90 min to allow
folding and exit of VSVG. At each of these chase times, cells were chilled on ice, washed
with PBS and scraped with a rubber policeman. Cells were then resuspended in 20 mM
Tris-HC1 pH 7.5 supplemented with 2 mM PMSF and disrupted by sonication. Following
low-speed centrifugation at 500 x g for 5 min, membranes were isolated at 100,000 x g
for 1 h. The membrane fraction was then solubilized in 50 mM sodium citrate pH 5.5
containing 0.1% SDS, and proteins were heat inactivated by boiling for 10 min. Lysates
were then diluted to a final concentration of 0.02% SDS in 50 mM sodium citrate pH 5.5,
and glycoproteins were digested with 10 mU Endo H (Roche) in the presence of 1 mM
PMSF for 17 h at 37°C. Samples were then precipitated with trichloroacetic acid and
dissolved in SDS sample buffer. Proteins were subsequently resolved by SDS-PAGE and

detected by Western immunoblot with anti-myc antibodies.

65T

Time course of Chromogranin B-GF. transport

Transport of Chromogranin B from ER to Golgi was assessed by co-transfection
of CHO cells with pCDM8/CgB-GFP>®T (Wacker et al., 1997) and either empty vector,
wild-type or P56S mutant VAPA or VAPB. Sixteen hours after transfection, cells were
shifted to 15°C for 2 hours in medium buffered with 20 mM HEPES pH 7.4 (Invtrogen)

to enhance GFP5®T fluorescence and to prevent transport to the Golgi complex by
trapping the cargo in the ER-Golgi intermediate compartment. Cycloheximide was then

added to 20 pg/ml for 10 min before shifting cells back to 37°C. Cells were then chased
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for 0 or 30 min, at which time cover slips were fixed as described above and stained with

mouse anti-calreticulin antibodies.

Fluorescence recovery after photobleaching (FRAP)

CHO cells were seeded onto 0.17 mm glass-bottomed Delta T dishes (Bioptechs),
and co-transfected with pCDM8.1/VSVG**-GFP (a gift from Dr. Jennifer Lippincott-
Schwartz, National Institutes of Health) and either empty vector, wild-type or P56S
mutant VAPA or VAPB. To determine the effect of FFAT on lateral diffusion of
VSVG*™ in the ER membrane, cells were additionally co-transfected with myc-tagged
OSBP-FFAT. VSVG***.GFP was accumulated in the ER at 42°C for 5 h. For FRAP
experiments examining the effect of microtubule depolymerization on lateral diffusion of
VSVG*™.GFP, cells were treated with 33 uM Nocodazole (Sigma) during the 5 h
incubation at 42°C. Prior to imaging, the media was buffered with 20 mM HEPES pH
7.4, and cycloheximide was added to a concentration of 20 pg/ml. Cells were imaged on
a confocal microscope equipped with a Delta T stage adaptor (Bioptechs) maintained at a
constant temperature of 32°C. A portion of the ER in the periphery of the cell was
photobleached, and recovery was monitored by imaging every 20 seconds for 10 minutes.
The extent of VSVG recovery into the photobleached area was determined using Medical
Image Processing, Analysis and Visualization (MIPAV) software from the National
Institutes of Health (McAuliffe et al., 2001). Values were expressed as a fraction of the
pre-bleach fluorescence intensity, with any residual fluorescence signal immediately
following photobleaching subtracted from all values as a background signal.

GtSO45

To estimate the recovery rate of VSV , the corrected intensity values from all

frames in the first two minutes following photobleaching were used, since these values
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followed an approximately linear curve. A linear regression was applied to the values,
and the slope of this regression was used as an indication of fluorescence recovery per

unit of time.

Microtubule pulldown

CHO cells were transfected with wild-type or mutant VAPs as described above.
16-18 hours after transfection, cells were scraped in PBS, and homogenized by sonication
in buffer H (5 mM HEPES-NaOH pH 7.4, 100 mM NaCl, 1X protease inhibitor cocktail).
After clearing the lysate at 5,000 x g for 5 min, Triton X-100 was added to a final
concentration of 0.25%, and insoluble proteins were removed by centrifugation at
130,000 x g for 20 min. Synthetic FFAT (DENEFFDAPE) or AAAT (DENEAADAPE)
peptides (GL Biochem) in dimethyl sulfoxide (DMSO) were then added to equivalent
amounts of supernatant to give final concentrations of 0, 62.5, 125, or 250 uM, and
extracts were incubated on ice for 30 min.

During incubation of lysates with FFAT or AAAT peptide, bovine brain tubulin
(Cytoskeleton) was pre-polymerized according to the manufacturer’s instructions.
Briefly, purified tubulin was recoﬂstituted to 5 pg/ul in G-PEM buffer (80 mM 1,4-
piperazinebis(ethanesulfonic acid) (PIPES) pH 6.9, 1 mM EGTA, 1 mM MgCl,, and 1
mM GTP). To 15 pl of reconstituted tubulin, 1.875 pl of polymerization buffer (PEM
containing 60% glycerol) was added, and polymerization was allowed to proceed at 37°C
for 30 min. Subsequently, polymerized microtubules were stabilized with 135 ul of G-

PEM buffer supplemented with 20 pM Taxol (G-PEM/Taxol) to give a final tubulin

concentration of 0.5 pg/ul. To test for nonspecific pulldown of VAPs in the absence of
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microtubules, a blank polymerization reaction was performed using G-PEM instead of
tubulin.

To each sample, 7.5 pg of polymerized microtubules were added, and extracts
were allowed to bind for 20 min at 25°C. The mixture was then diluted with an equal
volume of G-PEM/Taxol and layered onto a cushion of 20% sucrose in 80 mM PIPES pH
6.9, 1| mM EGTA, 1 mM MgCl; and 10 uM Taxol. Polymerized microtubules were
isolated by 100,000 x g centrifugation for 40 min at 25°C. The microtubule-containing
high-speed pellet was washed once with G-PEM/Taxol and solubilized in SDS sample
buffer. Proteins associated with the microtubule fraction were resolved by SDS-PAGE
followed by Western immunoblot with mouse anti-Flag and 12G10 mouse anti-alpha

tubulin antibodies.

Statistical analyses

Unless otherwise stated, an unpaired Student’s t-test was performed to determine
statistical significance of experimental results, and a p-value <0.05 was considered

significant.
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Chapter 1: Novel functions for sorting nexins in modulating actin dynamics

Results

Kalirin-7 interacts with SNX1 and SNX2

To verify the interaction of SNX2 and Kal7 that was identified in the yeast two-
hybrid screen, pulldown experiments were performed using N-terminally epitope-tagged
Hisg-myc-Kal7 aﬁd Flag-SNX2. Given the high degree of similarity between SNX1 and
SNX2, Flag-SNX1 was also tested for interaction with Kal7. When co-transfected CHO
extracts were incubated with Ni-NTA beads, both SNX1 and SNX2 specifically
associated with Kal7, but could not be detected in the bead fraction in the absence of
Kal7 (Figure 10A). In addition, the GEF-inactive Kal7 N1415A/D1416A (ND/AA)
mutant could also interact with SNX1 and SNX2, suggesting that GEF activity of Kal7 is
not required for its interaction with either SNX. It is worth noting that the cDNA isolated
in the two-hybrid screen aligned within a region matching the second through the seventh
spectrin repeats of Kal7. This region is also found in other Kalirin isoforms (Johnson et
al., 2000), indicating that the Kal-SNX interaction may include isoforms other than Kal7.
However, the ability of SNX1 or SNX2 to interact with other splice variants was not
examined in this study.

To characterize the domains of SNX2 that are required for interaction with Kal7,
truncated SNX2 fragments consisting of the N-terminus and PX domain (N+PX) or the
BAR domain were generated (Figure 10B). Although both of these fragments were
readily detected in CHO extracts, they failed to associate with Kal7, suggesting that the
entire SNX2 protein is required for interaction (Figure 10A). Interaction of Kal7 with N-

terminus, PX, or PX+BAR domain fragments of SNX2 was also tested; however, these
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Figure 10: Interaction of Kal7 with SNX1 and SNX2. (A), Detergent-solubilized
extracts from CHO cells co-expressing wild-type (WT) or GEF-inactive (ND/AA) Hisg-
myc-Kal7 and full-length or truncated Flag-SNX1 or SNX2 were subjected to pulldown
with Ni-NTA beads. Retained proteins were analyzed by Western immunoblot with anti-
Flag and anti-myc antibodies. The lower band present in all lanes corresponds to a non-
specific product recognized by the mouse anti-Flag antibody. (B), Schematic of SNX1,
SNX2 and Kal7 fragments used in this study.
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truncations did not express efficiently, and could not be used for interaction studies.

Co-expression of Kal7 and SNX potentiates lamellipodia formation

Next, the subcellular distribution of exogenous SNX1, SNX2 and Kal7 was
determined in singly transfected CHO cells. As reported by others (Gullapalli et al., 2004;
Zhong et al., 2002), Flag-SNX1 and SNX2 co-localized with the early endodomal antigen
EEA1 (Figure 11A). Both wild-type and GEF-inactive myc-Kal7 also partially co-
localized with EEA1, although the distribution of Kal7 appeared to be broader than that
of SNX1 or SNX2. In co-transfected cells, both SNX1 and SNX2 partially co-localized
with wild-type Kal7 (Figure 11B). Notably, co-transfected cells displayed dramatic
lamellipodia and membrane ruffles (hereafter referred to only as lamellipodia), with
SNX1 and SNX2 prominently redistributed to the leading edge of these structures.
Within lamellipodial structures, Kal7 co-localized with SNX1 and SNX2 both on discrete
patches at the cell surface and on vesicular structures within the cell (Figure 11B, inset).
Both SNX1 and SNX2 co-localized extensively with F-actin in lamellipodia, as
determined by staining with phalloidin (Figure 12). However, co-localization of Kal7
with F-actin at the leading edge was comparatively weak, and neither SNX1 nor SNX2
co-localized with F-actin in the absence of Kal7 or when co-expressed with GEF-inactive
Kal7 ND/AA. In contrast to other studies showing that GEF activity of Kalirin is not
required for lamellipodia (Schiller et al., 2005), expression of Kal7 ND/AA did not
promote lamellipodié formation in a significant proportion of cells, either in the presence
or absence of Flag-SNX. However, a second study reported that expression of Kal7

ND/AA was unable to induce lamellipodia in epithelial cells, but instead resulted in a
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Figure 11: Subcellular localization of SNX1, SNX2 and Kal7. (A), CHO cells singly
transfected with Flag-SNX1, Flag-SNX2, His¢-myc-Kal7 WT or Hise-myc-ND/AA
(magenta) were stained with anti-EEA1 (green) and imaged by confocal microscopy. (B),
Cells were co-transfected with Flag-SNX1 or SNX2 (magenta) and His¢g-myc-Kal7 WT

or ND/AA (green). Inset images were taken at higher magnification. Scale bar, 10 um
(inset scale bar = 5 pm).
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Figure 12: Co-localization of SNX1, SNX2 and Kal7 with F-actin. (A), CHO cells
singly transfected with Flag-SNX1, Flag-SNX2, myc-Kal7 wild-type or ND/AA (green)
were stained with phalloidin (magenta) to detect F-actin prior to visualization by confocal
microscopy. (B), CHO cells co-expressing Flag-SNX1 or SNX2 with wild-type or GEF-
inactive (ND/AA) myc-tagged Kal7 were fixed and stained with anti-Flag or anti-myc
(green) and phalloidin (magenta) as indicated. Inset images were collected at higher
magnification. Scale bars = 10 pm (inset scale bars = 5 um).
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rounded morphology with numerous membrane blebs (Schiller et al., 2008). Thus, the
present study supports a role for Kal7 GEF activity in formation of lamellipodia.

To verify that lamellipodia formation is indeed due to co-expression of Kal7 and
SNX, the proportion of transfected cells that displayed this phenotype were quantified.
When transfected with an empty vector, only a small fraction of cells (1.5 = 1.1%)
formed lamellipodia (Figure 13A). Similarly, overexpression of Flag-SNX1 or SNX2 was
unable to induce lamellipodia, where 6.7 £ 0.9% and 4.4 + 1.3% of cells displayed
phenotype, respectively (p>0.05). Although expression of wild-type Kal7 gave a small
increase in the incidence of lamellipodia to 10.9 + 0.7%, co-expression of Kal7 with
SNX1 or SNX2 resulted in a striking increase in phenotype to 42.3 = 1.7% and 55.3 =
4.4% of cells, respectively. The requirement of Kal7 GEF activity for lamellipodia
formation was also tested, and while 1.2 + 0.4% of cells expressing Kal7 ND/AA
developed lamellipodia, co-expression of SNX1 or SNX2 only modestly promoted
lamellipodia formation (3.8 + 0.6% and 10.2 = 1.1% of cells, respectively). Taken
together, these results suggest that co-expression of SNX1 or SNX2 with Kal7 can
potentiate Kal7-dependent membrane remodeling, and that this phenotype is dependent
on the GEF activity of Kal7.

Since truncated fragments of SNX2 did not interact with Kal7, the ability of
SNX2 N+PX or BAR domain fragments to induce lamellipodia when co-expressed with
Kal7 was also tested, with the expectation that these fragments would not promote
lamellipodia formation. When expressed in the absence of Kal7, the N+PX and BAR
fragments localized to punctate structures within the cell (Figure 14). Compared to wild-

type SNX2 (Figure 11A), the truncated fragments showed reduced co-localization with

60



Figure 13: Quantification of lamellipodia phenotype. (A), CHO cells expressing
empty vector (control), Kal7 WT or Kal7 ND/AA were co-transfected with an empty
mRFP vector (black bars), Flag-SNX1 (grey bars) or Flag-SNX2 (white bars). Cells were
fixed after 48 h, and mRFP- or Flag-positive cells were scored for lamellipodia. (B),
CHO co-expressing wild-type Kal7 and either SNX2 wild-type, N+PX or BAR were
scored for lamellipodia as in panel A. For all conditions, a minimum of 300 cells were
counted per trial from blinded cover slips, and cells were scored as positive if
lamellipodia were present on at least 10% of the cell periphery. Values are presented as
mean + SEM (n=4, * p<0.01 compared to empty vector, *** p<0.001 compared to empty
vector, Kal7 WT and the respective SNX alone for panel A, one-way ANOVA followed
by Neuman-Keuls post-hoc test. ** p<0.01 compared to Kal7 WT + SNX2 WT for panel
B).
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Figure 14: Subcellular localization of SNX2 truncations and mutants. Shown are
representative confocal images of CHO cells expressing low levels of Flag-tagged SNX2
N+PX and BAR truncations, or SNX2 RRF and KR/AA mutants stained with anti-Flag
(magenta) and anti-EEA1 (green). Inset images were taken at higher magnification. Scale
bar, 10 pm (inset scale bar = Sum).
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EEA1, suggesting that the PX and BAR domains are both involved in targeting to the
correct compartment. When co-expressed with Kal7, the N+PX domain of SNX2 resulted
in 31.9 & 2.5% of cells with lamellipodia, while the BAR domain induced lamellipodia in
31.1 £+ 2.1% of cells (Figure 13B). While these truncations are clearly not as effective as
full-length SNX2, it is interesting to note that the observed values are greater than those
seen for cells transfected with empty vector, Kal7 or SNX2 alone. It is possible, however,
that either truncated fragment could interact with endogenous SNX proteins, since both
the N-terminus and BAR domain of SNX1 and SNX2 have been implicated in
dimerization (Zhong et al., 2002). Thus, it remains possible that overexpression of
truncated SNX2 could promote Kal7-dependent lamellipodia by clustering endogenous

proteins and facilitating their interaction with Kal7.

PX and BAR domain function of SNX is necessary for lamellipodia formation

Since truncated fragments of SNX2 were unable to interact with Kal7 and were
less efficient in promoting Kal7-mediated lamellipodia, functionality of the PX and BAR
domains might be important for the phenotypic effects observed upon co-expression of
Kal7 with SNX2. To test this possibility, the R182A/R183A/F184A (RRF) mutant that
has been previously shown to abolish phosphoinositide binding of the PX domain was
generated (Gullapalli et al., 2004). In addition, a K426A/R428A (KR/AA) mutant of
SNX?2, which targets analogous basic amino acid residues known to affect tubulation or
curvature-sensing properties of the SNX1 BAR domain, was also created (Carlton et al.,
2004). Ni-NTA pulldown experiments with His¢-tagged Kal7 were then performed as

above, and both SNX2 mutants retained their ability to interact with Kal7 (Figure 15A).
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Figure 15: Effect of SNX2 PX and BAR domain mutation on interaction with Kal7
and lamellipodia formation. (A), Lysates from CHO expressing His¢-myc-Kal7 and
either wild type, PX (RRF) or BAR (KR/AA) mutant Flag-SNX2 were subjected to
pulldown with Ni-NTA beads. (B), CHO co-expressing wild-type Kal7 and either wild-
type, RRF or KR/AA mutant Flag-SNX2 were scored for lamellipodia. For each trial, at
least 300 cells were counted per condition from blinded cover slips (mean + SEM; n=4,
**¥ p<0.001).
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However, when tested for the ability to form lamellipodia, co-expression of Kal7 with
SNX2 RRF and KR/AA mutants was less effective (31.3 + 1.3% and 32.9 £+ 2.6% of
cells, respectively) than co-expression with wild-type SNX2 (55.1 + 1.7%, Figure 15B).
As described for the SNX2 truncations, these values are higher than those seen for cells
transfected with empty vector, Kal7 or SNX2 alone. Interestingly, mutation of either the
PX or BAR domain did not prevent membrane recruitment of exogenous SNX2 at lower
expression levels, although co-localization with EEA1 was reduced (Figure 14).
However, at higher expression levels, SNX2 mutants mislocalized to the cytoplasm, as
reported by others (Carlton et al., 2004; Gullapalli et al., 2004; Zhong et al., 2002). The
observation that disruption of either PX or BAR domain function of SNX2 partially
inhibits Kal7-mediated lamellipodia highlights the importance of these two domains in

phenotypic expression.

Depletion of endogenous SNXI or SNX2 inhibits Kal7-mediated lamellipodia formation

To rule out a possible non-specific effect of SNX overexpression, shRNA
depletion was performed to determine if loss of endogenous SNX1 or SNX2 could
attenuate Kal7-mediated lamellipodia formation. Since the sequences of hamster SNX1
and SNX2 are unavailable, HeLa cells were used for shRNA studies. The ability of HeL.a
cells to form lamellipodia when co-expressed with wild-type Kal7 and either SNX1 or
SNX2 was comparable to the response seen for CHO cells, indicating that both cell lines
elicit similar responses (Figure 16A). The above experiments showing that SNX1 and
SNX2 promote lamellipodia formation when co-expressed with Kal7 were performed

using wild-type Kal7 driven by the weaker mammalian EFlo promoter. Under these
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Figure 16: Induction of lamellipodia in HeLa cells. (A) HeLa cells transfected with
empty vector (control) or Kal7 WT were co-transfected with an empty mRFP vector
(black bars), Flag-SNX1 (grey bars) or Flag-SNX2 (white bars). Cells were fixed after 48
h, and mRFP- or Flag-positive cells were scored for lamellipodia or dorsal ruffles. At
least 50 cells were counted per trial for each condition (mean + SEM; n=3, *** p<0.001).
(B), Quantitative immunoblot of HeLa cells transfected with equivalent amounts of
EFlo-driven Kal7 WT or CMV-driven Kal7 ACT to determine relative expression levels
under the different promoters. Equal protein loading was confirmed by staining with anti-
tubulin antibodies, while equivalent transfection efficiency was confirmed by co-
transfection with EGFP. (C), Detergent-solubilized extracts from CHO cells co-
expressing wild-type (WT) or ACT Hisg-myc-Kal7 and Flag-SNX1 or SNX2 were
subjected to pulldown with Ni-NTA beads. Retained proteins were detected with mouse
anti-Flag and anti-myc antibodies. (D) HeLa cells expressing EFla-driven Kal7 WT or
CMV-driven Kal7 ACT were stained with anti-Kalirin antibodies, and the proportion of
cells displaying lamellipodia or dorsal ruffles was determined (mean + SEM; n=3, **
p<0.01).
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conditions, expression of Kal7 alone did not efficiently induce lamellipodia. Thus,
overxpression of Kal7 under the stronger cytomegalovirus (CMV) promoter was used to
determine if higher Kal7 protein levels could overcome the need for SNX
overexpression. Compared to EF1a-driven Kal7 WT, cells transfected with CMV-driven

Kal7 ACT, which lacks the C-terminal PDZ-binding motif, showed a 5- to 6-fold increase

in Kal7 expression (Figure 16B). Importantly, Kal7 ACT still interacted efficiently with
SNX1 and SNX2 when assessed by Ni-NTA pulldown (Figure 16C). At endogenous
SNX levels, CMV-driven Kal7 ACT induced lamellipodia more efficiently than EFla-
driven Kal7 (45.4 + 3.4% and 10.9 + 3.4% of cells, respectively, Figure 16D). It is worth
noting that deletion of the PDZ-binding motif of Kal7 does not affect GEF activity,
indicating that spontaneous lamellipodia do not arise from loss of an autoinhibitory
mechanism (Penzes et al., 2001). In addition, the observed phenotype indicates that
subcellular targeting information provided by the PDZ-binding motif is not essential for
induction of lamellipodia in epithelial cells.

Next, HeLa cells were infected with lentiviral sShRNA targets directed against
SNX1 or SNX2 to deplete endogenous proteins. shRNA infection caused a 50% decrease
in SNX1 and SNX2 levels, without affecting expression of the cargo-selective retromer
subunit Vps35 (Figure 17A). Interestingly, depletion of SNXI1 resulted in a slight
increase in expression of SNX2 and vice-versa, suggesting that loss of one protein may
be compensated for by upregulation of the other. Co-infection with both lentiviral targets
had a weaker effect than single infections, with a 27% and 38% reduction in SNX1 and
SNX2 levels, respectively. Infection with a control shRNA target against GFP had no

effect on expression of SNX1, SNX2 or Vps35. When examined for phenotypic changes,
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Figure 17: Effect of SNX1 and SNX2 depletion on Kal7-mediated lamellipodia
formation. (A), Confirmation of SNX1 or SNX2 depletion in HeLa cells 48 hours after
infection with lentiviral sShRNA targets. Mock- or GFP shRNA-infected cells were used
as control. Quantification was performed by densitometric analysis, and values were
corrected for equal loading based on tubulin levels. (B), Confocal images of lentivirus-
infected HeLa cells expressing CMV-driven myc-Kal7 ACT and stained with anti-myc
antibodies. (C), HeLa cells expressing Kal7 ACT were depleted of SNX1 or SNX2 for 48
hours prior to fixation and scoring for lamellipodia or dorsal ruffles. For each condition, a
minimum of 50 cells were counted per trial from blinded cover slips (mean + SEM; n=6,
*** p<0.001 compared to mock or GFP infection).
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knockdown of SNXI1 and/or SNX2 had no obvious effect on cell morphology in the
absence of Kal7.

Subsequently, the phenotype of shRNA-infected HeLa cells expressing CMV-
driven Kal7 ACT was examined. In many mock- or GFP-infected cells expressing CMV-
driven Kal7 ACT, dorsal ruffles were observed in addition to lamellipodia (Figure 17B),
and both phenotypes were included in the analysis since they reflect activation of Racl
and RhoG (Ellerbroek et al., 2004; Ridley et al., 1992). Endogenous SNX1 and SNX2
partially redistributed to the leading edge of lamellipodia and to dorsal ruffles in Kal7
ACT-expressing HeLa cells (Figure 18, panels A and B), as was seen for epitope-tagged
SNX1 and SNX2 in CHO cells. Furthermore, endogenous SNX1 and SNX2 co-localized
with Kal7 ACT at the leading edge of these structures. The localization of endogenous
SNX1 or SNX2 in CHO cells could not be assessed, since the SNX1 and SNX2
antibodies did not detect the hamster proteins. Infection with control GFP shRNA had no
effect on induction of lamellipodia or dorsal ruffles compared to mock-infected cells
(40.3 £ 1.8% and 38.0 £ 1.6% of cells, respectively, Figure 17C). However, depletion of
SNX1 or SNX2 caused an approximate two-fold reduction in the proportion of cells
displaying lamellipodia (to 23.7 + 0.7% and 17.0 £ 1.2% of cells, respectively).
Depletion of SNX1 and SNX2 in the same cells also reduced lamellipodia phenotype to
13.9 + 1.5%. While the effect of SNX1 and SNX2 knockdown was significant compared
to knockdown of SNX1 alone (p<0.05), it was statistically similar to knockdown of
SNX2 alone (p>0.4). It is thus possible that SNX2 might play a more prominent role in

lamellipodia formation than SNX1.
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Figure 18: Co-localization of endogenous SNX1 and SNX2 with Kal7. (A), HeLa cells
were fixed and stained with anti-SNX1 or anti-SNX2 to demonstrate localization of
endogenous protein in the absence of Kal7. (B), HeLa cells transfected with CMV-driven
myc-Kal7 ACT were stained with anti-Kalirin (magenta) and anti-SNX1 or SNX2 (green)
antibodies. Arrows indicate regions of Kal7 and SNX overlap at the leading edge. Inset
images were captured at higher magnification. Scale bars = 10 pm (inset scale bar = 5

pm).
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Induction of lamellipodia by Kal7 and SNX is a RhoG-dependent phenotype

Previous studies have shown that the DH/PH motif of Kal7 acts through both
Racl and RhoG (May et al., 2002; Penzes et al., 2000). Since activation of either GTPase
is known to promote formation of lamellipodia, the contribution of each GTPase to the
phenotype observed upon co-expression of Kal7 and either SNX1 or SNX2 was
determined. Wild-type Kal7 was co-expressed with SNX1 or SNX2 and either empty
vector or dominant-negative RhoATPN, RaclT”N, Cde42™™ or RhoGT”N, and the effect
of inactive GTPases on lamellipodia phenotype was assessed. In cells expressing Kal7
with either SNX1 or SNX2, co-expression of dominant-negative RhoA™™, Rac1™™ or
Cdc42™"™ had only a minor inhibitory effect on lamellipodia compared to empty vector
(Figure 19 and Table I). Strikingly, co-expression of dominant-negative RhoG™'™
inhibited lamellipodia in cells co-expressing Kal7 and either SNX1 or SNX2 by 7- to 8-
fold. Thus, the lamellipodia phenotype induced by co-expression of Kal7 with SNX1 or
SNX2 is likely to result from activation of RhoG, with only a minor, if any, contribution

from Racl or other Rho GTPases.

CHO and HeLa cells express RhoG mRNA

While some studies have shown that RhoG is broadly expressed in tissues, others
have suggested that it plays a particularly important role in cells from hematopoietic
lineages and in neurons (May et al., 2002; Vigorito et al., 2004; Vincent et al., 1992).
Although dominant-negative RhoG™'™N was able to efficiently block Kal7- and SNX2-
dependent lamellipodia formation, no information exists about the endogenous

expression of RhoG in CHO cells. To confirm its expression, total RNA samples were
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Figure 19: Effect of dominant-negative Rho GTPase expression on Kal7 and SNX-
dependent lamellipodia formation. CHO cells were co-transfected with wild-type myc-
Kal7, Flag-SNX1 or SNX2 and either empty vector (blue bars), RhoA™ (red bars),
Rac1™™ (green bars), Cdc42™™ (cyan bars) or RhoG™'™ (purple bars). 48 hours later,
Flag-SNX positive cells were scored for lamellipodia, with at least 300 cells counted per
trial for each condition (mean £ SEM; n=4, *** p<0.001).
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Table I: Effect of dominant-negative Rho GTPases on lamellipodia induction in
CHO cells co-expressing Kal7 and either SNX1 or SNX2°

Kal7 + SNX1 Kal7 + SNX2
Empty vector | 58.8 + 1.1% 49.5+£0.5%
RhoAT*N 55.1 +2.4% 455+ 1.0%
Rac1™™ 51.4+1.8% 40.6 +2.3%
Cdc42™™ 50.7 = 0.5% 44.6 +1.9%
RhoG™'™ 7.4+ 1.0% *** 7.5+ 1.1% ***

*Values represent percentage of cells displaying lamellipodia (mean £ SEM; n=4)
**% p<0.001 compared to empty vector
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purified from CHO and HeLa cells, and RhoG mRNA expression was confirmed by RT-
PCR using primer pairs that recognize both hamster and human sequences for RhoG or
GAPDH. Since the sequence of RhoG is similar to Racl and other Rac-related GTPases,
primer sequences unique to RhoG were selected from the hypervariable region, which
shows the weakest conservation among Ras family GTPases. Although the antisense
primer selected for RhoG was highly similar to the related GTPase Rac2, the sense
primer sequence was not conserved between these two GTPases, and only RhoG would
be amplified by these primers in an RT-PCR reaction. BLAST searching of the primer
sequences confirmed that the selected DNA sequences would not amplify other GTPases.
For RT-PCR reactions, HeLa cells were used as a positive control, since they have
previously been shown to express RhoG and because they were used in the above RNAi
studies (van Buul et al., 2007; Yamaki et al., 2007). As shown in Figure 20, RhoG and
GAPDH fragments were detectable in both CHO and HeLa cells, and amplified
fragments corresponded well to the expected sizes of 204 bp and 311 bp, respectively.
Furthermore, RhoG could not be amplified from control reactions lacking RNA or from
samples that were not subjected to reverse transcription, confirming that amplification did
not arise from contaminating genomic DNA. Thus, these data confirm that RhoG is

indeed expressed at the mRNA level in CHO cells.

Lamellipodia formation does not require retromer function

Because of the well-documented role for SNX1 and SNX2 in retromer function, it
is possible that Kal7-mediated lamellipodia formation depends on other components of

the retromer complex. First, co-localization analysis was performed for Kal7, SNX1 and

74



Figure 20: Expression of RhoG mRNA in CHO and HeLa cells. Total RNA was
isolated from CHO and HeLa cells and treated with DNAse I to remove contaminating
genomic DNA. Samples were then subjected to RT-PCR with primer pairs that
specifically recognize both hamster and human RhoG or GAPDH, and amplified products
were resolved by electrophoresis. Control reactions in the absence of RNA (- RNA) or
lacking the reverse transcriptase reaction (- RT) were performed to rule out sample
contamination with exogenous RNA or genomic DNA.
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SNX2 with Vps35, the cargo-interacting subunit of retromer. In the absence of Kal7,
Vps35 co-localized extensively with Flag-tagged SNX1 and SNX2 in CHO cells (Figure
21A). Conversely, myc-tagged Kal7 did not co-localize with Vps35. When wild-type
Kal7 and either SNX1 or SNX2 were co-transfected in CHO cells, both SNX1 and SNX2
were still observed on Vps35-positive vesicular structures within the cell (Figure 21B).
However, relocalization of either SNX to the plasma membrane in cells co-expressing
Kal7 did not result in a concomitant redistribution of Vps35 to the plasma membrane.
Thus, recruitment of SNX1 and SNX2 to the leading edge of lamellipodia is unlikely to
require other subunits of retromer.

To further assess the potential role of retromer in Kal7 function, lentiviral shRNA
infection was used to deplete HeLa cells of Vps35. In this way, it was possible to
determine whether a loss of retromer function could impair lamellipodia formation by
CMV-driven Kal7 ACT. Expression levels of the three members of the cargo-selective
subcomplex of retromer have been closely associated, such that reducing levels of Vps26,
Vps29 or Vps35 appears to de-sfabilize other members of the subcomplex, without
affecting expression of SNX proteins (Arighi et al., 2004; Vergés et al., 2004). Infection
with a control GFP shRNA sequence had no effect on Vps35 expression, while infection
with Vps35 shRNA targets caused a decrease in its expression by 80-90% without
affecting levels of SNX1 or SNX2 (Figure 22A). When HeLa cells expressing CMV-
driven Kal7 ACT were depleted of Vps35, 45.1 & 2.1% of cells displayed lamellipodia or
dorsal ruffles, which was statistically similar to mock- or GFP shRNA-infected cells
(43.2 = 1.8% and 42.9 + 2.3%, respectively, p>0.5, Figure 22B), indicating that Kal7-

mediated lamellipodia formation is likely retromer-independent.
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Figure 21: Co-localization of SNX1 and SNX2 with Vps3S. (A), CHO cells singly
transfected with Flag-SNX1, Flag-SNX2 or wild-type myc-Kal7 (magenta) were stained
with anti-Vps35 (green) prior to visualization by confocal microscopy. Arrows indicate
regions of SNX1 or SNX2 co-localization with Vps35. (B), CHO cells co-expressing
Flag-SNX1 or SNX2 and wild-type myc-Kal7 were stained with anti-Flag (magenta) and
anti-Vps35 (green) antibodies. Scale bar = 10 pm (Inset scale bar = 5 pm).
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Figure 22: Retromer independence of Kal7-dependent lamellipodia phenotype. (A),
Confirmation of Vps35 depletion in HeLa cells 48 hours after infection. Equal sample
loading was confirmed by detection with anti-tubulin antibodies, and quantification was
performed by densitometric analysis. (B), HeLa cells expressing CMV-driven Kal7 ACT
were depleted of Vps35 for 48 hours prior to fixation and scoring for lamellipodia or
dorsal ruffles. For each condition, at least 50 cells were counted per trial (mean = SEM;
n=6).
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SNX1 and SNX2 interact specifically with inactive, GDP-bound RhoG

The BAR domains of Arfaptin-2 and Hob3p have previously been shown to
interact with the small GTPases Racl and Cdc42, respectively (Coll et al., 2007; Shin and
Exton, 2001; Tarricone et al., 2001). These findings raised the possibility that SNX1 or
SNX2 could interact with Rho GTPases. For this purpose, recombinant, His¢-tagged
SNX2 was used to pull down myc-tagged RhoA, Racl, Cdc42 or RhoG from CHO cell
extracts. Initially, the extracts were loaded with equal amounts the non-hydrolyzable
guanine nucleotide analogs GDPBS and GTPyS to eliminate any potential bias toward
inactive or active GTPase states. Under these conditions, RhoG specifically co-
precipitated with SNX2, although a weak RhoG band could occasionally be seen in the
absence of SNX2 (Figure 23A). Importantly, RhoA, Racl and Cdc42 did not associate
with SNX2, and none of these Rho GTPases associated non-specifically with Ni-NTA
beads, suggesting that this interaction is highly specific.

It is possible that the activation status of RhoG could influence its interaction with
SNX2. For this purpose, identical myc-tagged RhoG cell extracts were loaded with either
200 pM GDPBS or 200 pM GTPyS to maintain the pool of RhoG in its inactive and
active states, respectively. As determined by Ni-NTA pulldown, interaction of Hisg-
tagged SNX2 with RhoG strongly favored the inactive, GDP-bound state (Figure 23B).
The preference for inactive RhoG was 8-fold greater than for activated RhoG, with 4.1 +
1.0% of GDPBS-loaded RhoG and 0.5 + 0.1% of GTPyS-loaded RhoG associated with
SNX2 (Figure 23C).

To rule out a contribution of other cellular factors in the interaction of SNX2 with

RhoG, direct interaction of recombinant SNX and Rho GTPases was tested using
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Figure 23: Interaction of SNX1 and SNX2 with inactive, GDP-bound RhoG. (A),
Detergent-solubilized extracts from CHO cells expressing myc-tagged Rho GTPases
were loaded with 200 uM GDPS and 200uM GTPyS. Lysates were then co-precipitated
in the presence or absence of His-HA-Flag-SNX2 using Ni-NTA beads. (B), Extracts
from CHO expressing myc-RhoG were subjected to co-precipitation with SNX2 as in
panel 4, but were loaded with either 200 pM GDPBS or 200uM GTPyS to determine the
nucleotide preference of SNX2-RhoG interaction. Input lane (INP) corresponds to 10%
of cell lysate used for pulldown. (C), Quantification of the preference of SNX2 for
interaction with GDPBS-loaded RhoG. Band intensities were determined by
densitometry, and the relative association with SNX2 was calculated as a percentage of
input (mean + SEM; n=3, * p<0.05). (D), Direct interaction of Hiss-HA-Flag-SNX1 and
SNX2 with TAP-myc-Rho GTPases was assayed using purified recombinant proteins.
GDPpS-loaded Rho GTPases were immobilized on IgG-Sepharose beads for pulldown of
SNX1 or SNX2, with empty IgG beads used as control. Input lane (INP) corresponds to
20% of total SNX used.
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bacterially purified Hiss-tagged SNX1 or SNX2 and prenylated, N-terminally TAP-
tagged Rho GTPases isolated from yeast. The TAP tag consists of an IgG-binding protein
A domain followed by a calmodulin-binding peptide, allowing for multiple steps of
purification. When Hisg-SNX1 or SNX2 were incubated with equimolar amounts of
GDPBS-loaded RhoA, Racl, Cdc42 or RhoG immobilized on IgG-Sepharose beads, both
SNXI1 and SNX2 were found to interact preferentially with RhoG compared to control
IgG beads or other Rho GTPases (Figure 23D). Thus, both SNX1 and SNX2 can interact
directly and specifically with inactive RhoG, and this interaction might occur in vivo as

seen with pulldowns from cell extracts.

SNX2, but not SNX1, promotes Kal7-mediated neurite outgrowth in NGF-differentiated

PCI2 cells

Recent studies have reported a role for the Racl- and RhoG-specific GEF domain
of Kalirin and the closely related protein Trio in neurite outgrowth downstream of NGF
and its receptor TrkA in PC12 cells (Chakrabarti et al., 2005; Estrach et al., 2002).
Furthermore, overexpression of RhoG is known to bypass TrkA, and can promote neurite
initiation in the absence of NGF (Katoh et al., 2000). Thus, interaction with Kal7
suggested a potential role for SNX1 and SNX2 in neurite initiation and outgrowth. To
test this possibility, Kal7, SNX1 and SNX2 were overexpressed either alone or in
combination in PC12 cells, and cells were differentiated for 72 hours in the presence of
10 ng/ml NGF-B, which is the biologically active subunit of NGF. Alternatively,
undifferentiated cells were grown under the same conditions in the absence of NGF-p.

Consistent with previous studies using Kalirin-5, a splice variant that generates an N-

terminally truncated form of Kal7 (Chakrabarti et al., 2005; Johnson et al., 2000),
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overexpression of wild-type Kal7 could not stimulate extension of neurites greater than
one cell body in length in the absence of NGF. Furthermore, expression of either the
GEF-inactive Kal7 ND/AA mutant, SNX1 or SNX2 was unable to stimulate extension of
long neurites in the absence of NGF. The ability of transfected PC12 cells to form short
cytoplasmic protrusions (less than one cell body in length) in the absence of NGF was
assessed as a potential indicator of neurite initiation (Figure 24). In contrast to recently
published findings (Xin et al., 2008), transfection of wild-type Kal7 did not enhance
formation of cytoplasmic protrusions (33.0 + 2.3% of cells) compared to monomeric red-
fluorescent protein (mRFP)-transfected control cells (30.5 + 0.5% of cells, Figure 25A),
although short, filopodia-like extensions could occasionally be observed (Figure 24).
Overexpression of SNX1 or SNX2 alone significantly increased the proportion of
undifferentiated cells with cytoplasmic protrusions to 42.0 = 2.0% and 43.9 + 1.2%,
respectively. Similarly, co-transfection of wild-type Kal7 with SNX1 and SNX2 resulted
in an increase in the number of cells with short neurites (to 39.7 £ 1.4% and 42.2 + 0.5%,
respectively), which was significant compared to cells expressing Kal7 alone.
Interestingly, expression of inactive Kal7 ND/AA alone did not affect spontaneous
neurite formation (34.0 £ 1.8% of cells), while co-expression with SNX1 or SNX2 still
gave an increase in cells with neurites, even though these values did not reach
significance (39.5 £ 3.1% and 39.1 + 2.6%, respectively, p>0.1 compared to Kal7
ND/AA alone). Overall, the incidence of spontaneous protrusions in SNX1- or SNX2-
expressing cells was comparable when these cells were co-transfected with empty vector,

wild-type or GEF-inactive Kal7. Given that exogenous Kal7 could not alter the effect of
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Figure 24: Formation of cytoplasmic protrusions in SNX-overexpressing PC12 cells.
PC12 cells were transfected with empty vector (control), myc-Kal7 wild-type (WT) or
ND/AA, or Flag-SNX1 or SNX2. Additionally, cells were co-transfected with mRFP for
visualization. Small, filopodia-like structures are indicated by asterisks, while
cytoplasmic protrusions are indicated with arrows. Scale bar = 10 pm.
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Figure 25: Effect of Kal7 and SNX overexpression on neurite initiation and
outgrowth. PC12 cells expressing mRFP in the absence (control) or presence of Kal7
WT or Kal7 ND/AA were co-transfected with empty vector (black bars), SNX1 (grey
bars) or SNX2 (white bars). Cells were differentiated for 3 days in the absence (panel 4)
or presence (panel B) of 10 ng/ml NGF-B. (A), At least 300 cells per condition were
scored for the presence of neurites of any length as an indication of NGF-independent
neurite initiation. (B), NGF-differentiated cells were scored for the presence of primary
neurites greater than one cell body in length. For each trial, at least 100 cells were
measured per condition from blinded samples (mean + SEM; n=3, * p<0.05, ** p<0.01).
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SNX overexpression, these results suggest that the observed SNX effect in
undifferentiated cells is independent of Kal7.

Next, the contribution of SNX1 and SNX2 to Kal7-mediated neurite extension in
response to a low dose of NGF-p was examined. While 18.4 + 1.7% of cells transfected
with empty vector developed primary neurites greater than one cell body in length,
transfection with Kal7 resulted in 23.2 + 0.8% of cells with long neurites (Figure 25B).
Although a previous study showed that overexpression of a truncated Kal7 fragment
significantly increased the incidence of long neurites compared to control cells
(Chakrabarti et al., 2005), the observed values in the present study were not statistically
significant under the conditions used (p>0.05). Overexpression of SNX1 or SNX2
resulted in 20.0 + 1.0% and 18.8 + 1.8% of cells with long neurites, respectively, which
was similar to values seen for empty vector cells. Notably, co-expression of wild-type
Kal7 with SNX2 promoted extension of long neurites in 27.5 + 0.8% of cells, which was
significantly greater than values seen for cells transfected with empty vector, Kal7 or
SNX2 alone. In contrast, co-expression of Kal7 with SNX1 resulted in 17.5 + 1.1% of
cells with long neurites. Although this value was similar to those seen for expression of
empty vector or SNX1 alone, it corresponds to a significant decrease compared to
expression of Kal7 alone. When cells were transfected with Kal7 ND/AA either alone or
in combination with SNX1 or SNX2, the incidence of long neurites was similar to empty
vector in all cases (20.1 = 1.0%, 17.5 £ 1.1% and 15.9 + 1.1% of cells, respectively).
Taken together, these results suggest that overexpression of SNX1 or SNX2 can stimulate
spontaneous formation of cytoplasmic protrusions, and that SNX2 enhances Kal7 GEF-

dependent neurite extension in response to NGF.
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Chapter II: VAPs and FFAT regulate lateral diffusion and anterograde transport of
ER cargo

Results

FFAT rescues VAPB P56S-mediated ER aggregation

Because VAPA and VAPB are known to reside in the ER (Skehel et al., 2000;
Soussan et al., 1999), co-localization analysis was performed to determine the effect of
the P56S mutation on subcellular distribution of VAPs. Wild-type VAPA and VAPB
both showed extensive co-localization with the ER marker calreticulin in CHO cells,
consistent with the established distribution of these proteins (Figure 26). When P56S
mutant VAPA and VAPB were expressed in CHO cells, both proteins retained ER
localization. Expression of VAPB P56S resulted in formation of large intracellular
aggregates, consistent with other studies (Kanekura et al., 2006; Nishimura et al., 2004;
Teuling et al., 2007; Tsuda et al., 2008). However, in contrast to these studies, the VAP-
containing aggregates were also immunoreactive for calreticulin, suggesting that these
structures are part of the ER. Furthermore, VAPB P56S-expressing cells displayed a
nearly complete collapse of calreticulin-containing reticular ER structures. Interestingly,
the analogous P56S mutation in VAPA did not result in collapse of the ER or formation
of aggregates, even though the MSP domains of VAPA and VAPB are highly similar.

To determine whether a FFAT sequence could alter the ER distribution VAPs,
amino acid residues 347-468 of rabbit OSBP, which contains the MSP domain-
interacting FFAT motif but lacks other functional domains, were co-expressed with Flag-
tagged VAPs. Although myc-tagged FFAT did not noticeably affect ER structure or co-

localization of calreticulin with VAPA WT, VAPA P56S or VAPB WT, its co-expression
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Figure 26: ER localization of WT and P56S VAPA and VAPB. CHO cells were
transfected with either Flag-tagged WT or P56S mutant VAPA or VAPB in the absence
of FFAT (top row) or along with FFAT (bottom row). Proteins were detected with anti-
Flag (magenta) and anti-Calreticulin (Calr, green) antibodies, and visualized by confocal
microscopy. Scale bar, 10 pm.
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with VAPB P56S caused a pronounced improvement in the ER aggregate phenotype
(Figure 26, lower panel). While VAPB P56S retained co-localization with calreticulin
when co-expressed with myc-FFAT, ER structures displayed a characteristic reticular
pattern that was indistinguishable from untransfected cells. Thus, co-expression of FFAT
appears to disperse VAPB P56S aggregates, or might prevent aggregation of mutant
proteins.

In order to further characterize the ER localization of VAP isoforms, CHO cells
expressing Flag-VAPA and VAPB were also stained with Sarl, a small GTPase required
for COPII coat assembly and vesicle budding from ER exit sites (d'Enfert et al., 1991).
As shown in Figure 27, Sarl failed to co-localize with wild-type or mutant VAPA or
VAPB, suggesting that VAPs are not enriched at ER exit sites. Interestingly, Sarl was
excluded from VAPB P56S-containing aggregates, suggesting that these structures might
be deficient in ER-to-Golgi transport. When myc-FFAT was co-expressed, VAP failed to
co-localize with Sarl, indicating that FFAT does not affect localization to ER exit sites.

A previous study showed that motor neurons expressing VAPB P56S developed a
dispersed Golgi morphology, although epithelial cells retained an intact Golgi complex
(Teuling et al., 2007). The above results (Figure 26) demonstrate that calreticulin-
containing ER aggregates are often found in the perinuclear region. To rule out the
possibility that these structures also contained Golgi markers or that Golgi morphology
was altered, co-localization with the Golgi marker Mannosidase II (ManlI) was assessed.
Overexpression of wild-type or mutant VAPA or VAPB did not significantly alter Golgi

morphology in CHO cells, cither in the presence or absence of myc-FFAT (Figure 28).
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Figure 27: Subcellular localization of WT and P56S VAPA and VAPB. CHO cells
were transfected with either WT or P56S mutant Flag-VAP in the absence (top row) or
presence (bottom row) of FFAT. Cells were stained with anti-Flag (magenta) to detect
VAPs and anti-Sarl (green) antibodies to detect ER exit sites, and were visualized by
confocal microscopy. Scale bar, 10 pm.
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Figure 28: Subcellular localization of WT and P56S VAPA and VAPB. CHO cells
were transfected with either WT or P56S mutant Flag-VAP in the absence (top row) or
presence (bottom row) of FFAT. Cells were then stained with anti-Flag (magenta) to
detect VAPs and anti-Mannosidase II (Manll, green) to detect the Golgi complex, and
were visualized by confocal microscopy. Scale bar, 10 um.
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Also, Manll failed to co-localize with wild-type and mutant VAPs, confirming that

VAPB P56S-containing aggregates are distinct from the Golgi complex.

VAP overexpression does not affect microtubule organization or Golgi morphology

Overexpression of proteins involved in ER structure, such as the reticulon family,
or in ER-microtubule interaction, such as CLIMP-63 and p180, often results in bundling
and rearrangement of both ER and microtubule networks (Klopfenstein et al., 1998;
Ogawa-Goto et al., 2007; Voeltz et al., 2006). Additionally, dVAP-33, the Drosophila
orthologue of VAPA, has been shown to alter microtubule organization when
overexpressed in neurons (Pennetta et al., 2002). To determine whether overexpression of
VAPA or VAPB could alter the structure of the microtubule network in epithelial cells,
CHO cells were transfected with Flag-VAP and co-stained with anti-tubulin antibodies.
As shown in Figure 29, the microtubule network remained intact and showed no obvious
signs of bundling or reorganization in cells expressing wild-type or P56S mutant VAPA
or VAPB. Furthermore, co-expression of myc-FFAT had no effect on microtubule
organization. VAP isoforms showed only partial co-localization with microtubules, as
reported previously (Kaiser et al., 2005), although VAP-containing ER tubules could

occasionally be seen in close proximity to microtubule structures.

Overexpression of VAPA, but not VAPB, delays ER-to-Golgi transport of 4 Caltd

Transport of a temperature-sensitive mutant of the G glycoprotein of vesicular
stomatitis virus (VSVG"™) was monitored to determine the effect of VAP

overexpression on anterograde transport of membrane proteins from ER to Golgi. At
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Figure 29: Subcellular localization of WT and P56S VAPA and VAPB. CHO cells
were transfected with either WT or P56S mutant Flag-VAP in the absence (top row) or
presence (bottom row) of FFAT. Cells were then stained with anti-Flag (magenta) to
detect VAPs and anti-alpha tubulin (Tub, green) to detect microtubules, and were
visualized by confocal microscopy. Scale bar, 10 um.
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temperatures of 37°C or lower, VSVG"™ is synthesized at the ER, and is transported
through the Golgi complex to the plasma membrane. However, when cells are incubated
at 42°C, VSVG®*™ misfolds and remains in the ER, but can fold correctly and exit the
ER upon shifting to the permissive temperature (Bergmann et al., 1981; Gallione and
Rose, 1985). It is thus possible to accumulate VSVG™™ in the ER and chase it through
the secretory pathway. Furthermore, nascent VSVG acquires N-linked glycosylation in
the ER, where high-mannose moieties are added to asparagine residues (Gabel and
Bergmann, 1985). Once the protein reaches the Golgi complex, mannosidase enzymes
trim mannose residues prior to addition of complex oligosaccharide chains. Once the
mannose residues have been trimmed, the protein becomes resistant to cleavage with
Endo H, which cleaves high-mannose but not complex oligosaccharide chains. Resistance
to Endo H can be used to biochemically detect glycoproteins that have reached the Golgi
complex, since proteins that are sensitive or resistant to Endo H digestion can be resolved
by SDS-PAGE.

To examine the effect of VAP overexpression on ER-to-Golgi trafficking, CHO

cells were co-transfected with myc-tagged VSVG™*¥

and either wild-type or mutant
VAPA or VAPB. VSVG was then accumulated in the ER at 42°C for 6 h, which was
sufficient to allow clearance of previously synthesized protein (Gougeon et al., 2002).
Cells were then rapidly shifted to 37°C and harvested at various times before digestion of
solubilized proteins with Endo H. In control cells, VSVG rapidly acquired Endo H
resistance within 30 min of shifting cells back to 37°C, indicating its transport to the

Golgi (Figure 30). In sharp contrast, ER-to-Golgi transport was severely delayed in cells

overexpressing wild-type or mutant VAPA, where VSVG remained Endo H-sensitive
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Figure 30: Effect of VAP overexpression on transport of VSVG*™ from ER to
Golgi. CHO cells co-expressing VSVG*™_myc3 and either empty vector or wild-type,
AN, or P56S VAPA or VAPB were incubated at 42°C to trap VSVG in the ER.
Cycloheximide was added to cells, and the temperature was then shifted to 37°C for the
indicated time (in minutes) before harvesting cells. Membranes were then solubilized,
and samples were treated overnight in the absence (C) or presence of Endo H. Proteins
were then resolved by SDS-PAGE and detected by Western immunoblot with anti-myc
antibodies. The lower band corresponds to ER-localized, Endo H-sensitive VSVG (open
arrowheads), while the upper band represents Golgi and/or post-Golgi, Endo H-resistant
VSVG (closed arrowheads).
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over the 90 min time course. Deletion of the N-terminal MSP domain of VAPA (VAPA
AN) was able to partially rescue ER-to-Golgi transport, suggesting that the MSP domain
may play a role in regulating trafficking. Overexpression of wild-type or AN VAPB did
not seem to have an effect on VSVG transport (Amarilio et al., 2005) (Figure 30, lower
panel). Although a population of VSVG in VAPB WT experiments remained resistant to
Endo H digestion immediately after shifting cells back to 37°C, the Endo H-sensitive
fraction steadily decreased over the time course, indicating that the trapped protein could
exit the ER. It is possible that the loss of Endo H-sensitive VSVG in VAPB-
overexpressing cells was due to protein degradation. However, the persistence of
detectable GFP- or YFP-tagged VSVG in post-ER structures at 90 min suggests that
VSVG does indeed transit out of the ER (Amarilio et al., 2005; Prosser et al., 2008).
When VAPB P56S was overexpressed, VSVG remained sensitive to EndoH, suggesting
that protein transport out of aggregates is impaired. Taken together, these results suggest
that VAPA and VAPB have differential effects on transport of membrane proteins from

ER to Golgi, or that they might regulate transport of different cargoes.

Overexpression of VAPA inhibits lateral diffusion of membrane-associated ER cargo

Based on the known interaction of VAPs with microtubules and the presence of a
transmembrane domain, VAPA could block VSVG transport by creating immobile

obstacles within the ER membrane. Overexpression of VAPA would increase the level of

microtubule-associated ER transmembrane protein, which might block lateral diffusion of
cargo into ER exit sites and prevent their subsequent incorporation into COPII-coated

vesicles. To test this possibility, fluorescence recovery after photobleaching (FRAP) of
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cells expressing VSVG®*-GFP was used to monitor membrane cargo dynamics. After
accumulation of VSVG in the ER at 42°C, a region of the ER in the cell periphery was
photobleached, and recovery was monitored over a 10 minute time period. In control
cells, VSVG®*.GFP recovered rapidly into the bleached area, approaching a plateau at
approximately 70% of the pre-bleach intensity within 5-6 minutes (Figure 31, panels A
and B). After 10 minutes at 32°C, VSVG fluorescence in the ER decreased rapidly,
consistent with exit from the ER and accumulation within the Golgi complex by 15 min
(Gougeon et al., 2002). Overexpression of wild-type or P56S mutant VAPA strongly
inhibited recovery of VSVG into the bleached area compared to control cells by
approximately 2- and 4-fold, respectively. Thus, these data are consistent with an
inhibitory effect for VAPA overexpression on lateral diffusion of membrane cargo.
Importantly, the block in VSVG transport due to VAPA overexpression was not a result
of defective protein folding, since staining with a conformation-specific antibody showed
that properly folded VSVG remained in the ER (Prosser et al., 2008). In agreement with
previous studies showing that VAPB did not affect anterograde transport of VSVG
(Amarilio et al., 2005), VSVG***-GFP showed rapid recovery after photobleaching in
cells overexpressing VAPB. The recovery curve of VSVG in VAPB-expressing cells was
indistinguishable from recovery in control cells, with the total recovery reaching a
plateau at ~70% of the pre-bleach signal within 5-6 minutes. Interestingly, these values
are consistent with the total recovery reported for FRAP of VAPB-GFP (Teuling et al.,
2007), suggesting that VAPB does not create immobile obstacles in the ER membrane.
When VAPB P56S was expressed, it was not possible to perform FRAP of VSVG in

reticular ER structures, since VSVG®®® accumulated in perinuclear ER aggregates
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Figure 31: Effect of VAP overexpression on FRAP of VSVG*™S_-GFP. Cells co-
expressing VSVG"*-GFP and either empty vector, wild type or P56S mutant VAPA or
VAPB were incubated at 42°C to trap VSVG in the ER. Cells were treated with
cycloheximide before shifting to 32°C, and a portion of the peripheral ER was
photobleached. Recovery was monitored every 20 s for 10 min. (A), Confocal images
showing VSVG recovery over the first 5 min after photobleaching. Yellow boxes
correspond to the bleached region. (B), FRAP recovery curves for cells transfected with
control empty vector (blue o), VAPA-WT (red v), VAPA-P56S (green m), VAPB-WT
(orange A) or VAPB-P56S (purple ¢). Values are presented as means + SEM from at
least three representative experiments (* p<0,05, ** p<0.01, *** p<0.001 for all time
points compared to control).
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(Figure 31A). Instead, a portion of these aggregates was photobleached to determine
whether VSVG could diffuse across aggregates. Within aggregates, lateral diffusion of
VSVG*™.GFP was almost completely blocked, with less than 15% recovery relative to
pre-bleach values (Figure 31B). Thus, the impaired VSVG transport observed in the Endo
H assay is likely to arise from differential effects of VAPA and VAPB on lateral

diffusion through the ER membrane.

FFAT rescues VAPA-mediated lateral diffusion defects

To determine whether co-expression of a FFAT motif could rescue the observed
block in lateral diffusion resulting from VAPA overexpression, FRAP experiments were
also conducted in which myc-FFAT was co-transfected. Under empty vector control
conditions, VSVG***-GFP recovery approached a plateau at approximately 60-65% of
pre-bleach intensity, indicating that exogenous FFAT expression did not significantly
alter the kinetics of VSVG lateral diffusion compared to experiments in the absence of
FFAT (Figure 32, panels A and B). Co-expression of FFAT completely restored lateral
diffusion of VSVG in cells overexpressing wild-type or P56S mutant VAPA, and
recovery of VSVG was similar to control cells expressing myc-FFAT. Thus, FFAT might
be able to relieve the formation of immobile obstacles. Given that wild-type VAPB did
not adversely affect VSVG lateral diffusion in the absence of FFAT, co-expression of
myc-FFAT was not expected to alter the ability of VSVG to diffuse through the ER
membrane. Indeed, co-expression of FFAT with VAPB WT had no effect on recovery of
VSVG, which was indistinguishable from empty vector in the presence of FFAT or from

VAPB in the absence of FFAT. When FFAT was co-expressed with
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Figure 32: Effect of VAP overexpression on FRAP of VSVG*™S.GFP in the
presence of FFAT. Cells co-expressing VSVG™**-GFP, myc-FFAT and either empty
vector, wild type or P56S mutant VAPA or VAPB were incubated at 42°C to trap VSVG
in the ER. Cells were treated with cycloheximide before shifting to 32°C, and a portion of
the peripheral ER was photobleached. Recovery was monitored every 20 s for 10 min.
(A), Confocal images showing VSVG recovery over the first 5 min after photobleaching.
Yellow boxes correspond to the bleached region. (B), FRAP recovery curves for cells
transfected with control vector (blue @), VAPA-WT (red v), VAPA-P56S (green m),
VAPB-WT (orange A) or VAPB-P56S (purple ¢). Values are presented as mean + SEM
from at least three representative experiments.
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VAPB P56S, VSVG no longer accumulated in perinuclear aggregates, but was found in
reticular ER structures throughout the cytoplasm (Figure 32A), consistent with the effect
of FFAT on relieving VAPB P56S aggregates (Figure 26). Consequently, it was possible
to assess VSVG lateral diffusion in reticular ER structures in VAPB P56S co-expressing
FFAT. Under these conditions, VSVG recovery was similar to control cells, indicating
that restoration of ER morphology could rescue VSVG trafficking.

To quantify the kinetics of FRAP recovery, the diffusion coefficient of the
observed molecule is often used as a measure of distance diffused per unit of time (Reits
and Neefjes, 2001). In order to accurately estimate the diffusion coefficient, maximal
recovery of the photobleached protein, where the recovery curve reaches a plateau, must
be obtained. However, for overexpression of wild-type or mutant VAPA, VSVG recovery
did not reach a maximum over the course of the observation period (Figure 31B), which
would make any estimation of diffusion coefficient inaccurate. Furthermore, it was not
possible to extend the observation time past the 10 min period used because of overall‘
signal loss due to photobleaching, and because of ER exit in control and VAPB
conditions. Instead, the recovery rate of VSVG in the first 2 min following
photobleaching was calculated. The initial 2 min period was selected because
fluorescence recovery during this time was roughly linear, thus the slope of a linear
regression could be used to estimate a rate constant. As shown in Figure 33 and Table II,
the recovery rate of VSVG in CHO cells expressing wild-type or P56S mutant VAPA
was 2- and 4-fold lower than for control cells, respectively. In contrast, the recovery rate
for VAPB WT-expressing cells was similar to control. When FFAT was co-expressed

with VAPA WT or P56S, the initial recovery rate was rescued to near control levels,
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Figure 33: Initial recovery rate of VSVG*"-GFP from FRAP experiments in the
presence or absence of FFAT. For all trials from Figures 31 (absence of FFAT, white
bars) and 32 (presence of FFAT, black bars), fluorescence intensity values from all
images taken in the first 2 min following VSVG photobleaching were subjected to linear
regression. The slope of the regression curve was used to estimate an initial recovery rate
constant in min™. Values are presented as mean + SEM from at least three representative
experiments. (** p<0.01 compared to control in the absence of FFAT; + p<0.05 compared
to the respective condition in the absence of FFAT).

101



Recovery rate (min’)

0.28.

0.20.

0.15.

0.10.

0.05.

0.00

t

Control VAPAWT VAPA P86S V.

WT VAPB P56S

- FFAT
B+ FFAT



Table II: Effect of FFAT expression on fluorescence recovery rate. The recovery
rate was calculated by linear regression from fluorescence values within the first

two min of recovery (n>3).

Recovery Rate (min™)

Control

Control + FFAT
VAPA WT

VAPA WT + FFAT
VAPA P56S

VAPA P56S + FFAT
VAPB WT

VAPB WT + FFAT
VAPB P56S

VAPB P56S + FFAT

0.181+0.012
0.185 + 0.024
0.091 + 0.013 **
0.198+ 00117
0.046 + 0.008 **
0.133 + 0.035
0.210 + 0.005
0.156 + 0.014
0.014 + 0.011 **
0.186+0.017 1

T p<0.05 compared to values in the absence of FFAT

* p <0.01 compared to control
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confirming that FFAT could relieve defects in lateral diffusion. Although the increased
recovery rate was significant for VAPA WT compared to experiments in the absence of
FFAT, the rescue in recovery rate seen for VAPA P56S failed to reach significance
(p>0.09). For VAPB P56S, initial recovery was almost completely inhibited, while FFAT
significantly rescued recovery to control levels. Overall, these data provide evidence that
FFAT can relieve defects in lateral diffusion and protein aggregation caused by VAP

overexpression, leading to a restoration of anterograde trafficking of membrane proteins.

Disruption of microtubules impairs lateral diffusion in the ER

If overexpression of VAPA creates immobile obstacles in the ER membrane
through tethering to the microtubule network, one prediction of the model would be that
disruption of microtubules would be sufficient to restore lateral mobility of cargo. To
address this prediction, FRAP experiments were performed as described in previous
sections, but cells were treated with Nocodazole during the 42°C incubation to disrupt the
microtubule network. When cells were imaged, there was a noticeable change in ER
morphology, such that tubular structures were often disrupted, and large, VSVG***-
containing punctae were often observed (Figure 34A). The appearance of these structures
is consistent with the observed ‘enlargement of ER exit sites in Nocodazole-treated cells
(Dukhovny et al., 2008). When FRAP was performed on control cells treated with
Nocodazole, total VSVG recovery was reduced by approximately 20%, indicating that
disruption of the microtubule network inhibited lateral diffusion (compare control curves
for Figures 31B and 34B). The reduced mobility of VSVG upon Nocodazole treatment in

control cells is consistent with delayed recovery of an ER luminal dye in Nocodazole-
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Figure 34: Effect of microtubule depolymerization on lateral diffusion of VSVG™**-
GFP. Cells co-expressing VSVG***-GFP and either empty vector or VAPA WT were
incubated at 42°C in the presence of 33 uM Nocodazole (Noc) to trap VSVG in the ER
and simultaneously depolymerize microtubules. FRAP was performed as described
previously. (A), Confocal images showing VSVG recovery over the first 5 min after
photobleaching. Yellow boxes correspond to the bleached region. (B), FRAP recovery
curves for cells transfected with control vector (blue m) or VAPA-WT (red ®). Values are
presented as mean = SD from two experiments.
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treated lacrimal acinar cells (Harmer et al., 2002). Overexpression of VAPA WT resulted
in VSVG recovery that was similar to, but slightly less than, control cells treated with
Nocodazole, and the total recovery was slightly less than in VAPA WT cells with an
intact microtubule network. However, the general inhibitory effect of microtubule
depolymerization on diffusion in the ER prevented an accurate assessment of whether

Nocodazole could relieve VAPA-mediated immobile obstacles.

VAP overexpression does not affect transport of the luminal cargo chromogranin B

If VAPA creates immobile obstacles that impede lateral diffusion of
transmembrane cargo, it is possible that soluble cargo could still diffuse freely through
the ER lumen and reach exit sites for anterograde transport. As such, ER-to-Golgi
transport of the soluble cargo protein chromogranin B (CgB) was assessed. For this
purpose, CgB was fused to the temperature-sensitive GFP®T mutant, which is poorly
fluorescent when synthesized at 37°C but fluoresces brightly when synthesized at
temperatures below 25°C (Wacker et al., 1997). Cells were then incubated at 15°C to
enhance GFP’®T fluorescence and to simultaneously accumulate CgB in the ER-Golgi
intermediate compartment (ERGIC), from which cargo cannot exit at this temperature
(Saraste and Kuismanen, 1984). Subsequently, cells were rapidly shifted back to 37°C for
30 min to allow CgB transport to resume. Although this temperature block is at a post-ER
stage, it was expected that if budding of soluble cargo from the ER were blocked, the
CgB cargo would not be able to reach the ERGIC, and would remain trapped in the ER
following temperature release. Conversely, if CgB exit from the ER is not impaired, the

temperature block would not be sufficient to prevent trafficking to the ERGIC, and upon
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release to the permissive temperature, CgB would transit to the Golgi complex. When
cells co-expressing CgB-GFP**" and wild-type or P56S mutant VAPA or VAPB were
incubated at 15°C, fluorescent cargo accumulated in the ER and/or ERGIC, as indicated
by co-localization with calreticulin (Figure 35). Upon shifting the temperature to 37°C,
CgB rapidly accumulated in the perinuclear Golgi compartment in all conditions, as well
as in control cells transfected with an empty vector. Remarkably, CgB accumulated in ER
aggregates in VAPB P56S-expressing cells, but was still able to transit to the Golgi,
suggesting that soluble cargo is still able to exit from these structures. When transport of
ER-trapped VSVG"**-GFP was monitored under identical treatment conditions, it
remained in the ER in cells overexpressing wild-type VAPA, mutant VAPA or mutant
VAPB, indicating that the 15°C temperature block did not allow exit of membrane
proteins from the ER (D. Tran, unpublished results). Overall, these data suggest that
defects in lateral diffusion are restricted to membrane-associated cargo, while soluble
cargo is not affected by VAP overexpression. Furthermore, the ability of soluble cargo to

exit the ER indicates that COPII-mediated budding from ER exit sites is not attenuated.

FFAT disrupts association of VAP isoforms with microtubules

VAPA and VAPB have both been shown to interact with microtubules, although
this interaction is believed to be indirect (Kaiser et al., 2005; Mitne-Neto et al., 2007;
Skehel et al., 2000). In order to characterize the interaction of VAP with microtubules,
full-length VAPA and VAPB, as well as N-terminally truncated AN proteins lacking the
MSP domain, were subjected to pulldown with pre-polymerized tubulin. When detergent-

solubilized extracts from CHO cells expressing Flag-tagged VAPs were incubated with
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Figure 35: Effect of VAP overexpression on transport of Chromogranin B, CHO
cells were co-transfected with CgB-GFP**” and control or VAP vectors. The cells were
incubated at 15°C for 2 h and rapidly shifted to 37°C for 30 min before fixation and
staining with anti-calreticulin (Calr, magenta). Scale bar, 10 um.
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microtubules and spun through a sucrose cushion, full-length VAPA and VAPB readily
co-sedimented with microtubules, although AN truncated proteins did not (Figure 36A).
Furthermore, Flag-VAP could not sediment through the sucrose cushion in the absence of
polymerized microtubules. Thus, these data suggest that the interaction of VAP with
microtubules is mediated by the MSP domain. When extracts from cells expressing
VAPA P56S were subjected to pulldown with microtubules, the mutant VAPA could still
be co-purified with microtubules, suggesting that the P56 residue is not critical for this
interaction. However, it was not possible to test VAPB P56S interaction with
microtubules under these conditions, since the mutant VAPB formed detergent-insoluble
aggregates that were sedimented during the purification of cell extracts (Figure 36B)
(Kanekura et al., 2006).

The ability of exogenous FFAT expression to restore defects in lateral diffusion
raises the possibility that FFAT interaction with the MSP domain of VAP is able to
disrupt interaction with microtubules, thereby relieving the ER of immobile obstacles.
Consequently, pulldown experiments were also performed in which increasing
concentrations of a synthetic FFAT peptide were applied to cell extracts prior to
incubation with microtubules. The same concentrations of a peptide in which the two
phenylalanine residues critical for binding to the MSP domain were replaced with alanine
residues (AAAT) were used as a control. The relative amount of VAP associated with

microtubules under these conditions was normalized to control levels in the absence of

peptide, where an equivalent volume of vehicle (DMSO) was added to extracts. When
applied to cell extracts, the control AAAT peptide had no effect on microtubule

association of P56S mutant VAPA or wild-type VAPB, and only a minor inhibitory effect
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Figure 36: Association of VAPs with polymerized microtubules. (A), Detergent-
solubilized extracts of transfected cells were pulled down with polymerized microtubules.
The lower panel shows 25% of the input signal from cell extracts. (B), Formation of
Triton-insoluble aggregates was determined by comparison of the relative amounts of
VAPB WT or P56S in crude lysate fraction (INP) and in the high-speed, Triton-insoluble
pellet (HSP). Although VAPB P56S expressed at lower levels than WT in the crude
lysate, equivalent amounts of each were recovered in the high-speed pellet, indicating
that proportionally more VAPB P56S forms insoluble aggregates.
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on wild-type VAPA association (Figure 37, panels A and B). As shown in Figure 36B,
VAPB P56S formed insoluble aggregates, and FFAT or AAAT effects could not be
assessed. Consistent with the proposed role of FFAT in disrupting microtubule
association, application of this peptide effectively reduced the amount of wild-type
VAPA and VAPB or P56S mutant VAPA that co-purified with microtubules at all
peptide concentrations tested by 50-75%. Thus, the ability of FFAT to disrupt VAP
association with microtubules could provide an explanation for the relief of immobile

obstacles and restoration of lateral diffusion defects due to protein overexpression.
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Figure 37: Effect of FFAT on association of VAPs with microtubules. Microtubule
pulldown was performed as described previously, but in the presence of synthetic AAAT
or FFAT peptides. (A), Western immunoblot of VAP recovered with microtubules in the
presence of AAAT or FFAT peptide at the indicated concentrations in pM. (B),
Quantitative analysis of the effect of AAAT or FFAT on VAP-microtubule association.
Values were normalized to the amount of VAP recovered in the absence of either peptide.
Solid figures represent microtubule association of VAPA-WT (red m), VAPA-P56S (blue
o) and VAPB-WT (green A) in the presence of AAAT peptide while clear figures
represent association of VAPA-WT (red o), VAPA-P56S (blue 0©) and VAPB-WT (green
A) in the presence of FFAT peptide (mean + SEM; n=3, * p<0.05, paired t-test).
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Chapter III: Novel functions for sorting nexins in modulating actin dynamics

Discussion

SNXI and SNX2 are novel regulators of RhoG

This study has characterized the interaction of the sorting nexins SNX1 and SNX2
with the actin-modulating Racl and RhoG GEF Kalirin-7, and has demonstrated that this
interaction can promote membrane remodeling in vivo. Although RhoG function is not as
well understood as the prototypical GTPases RhoA, Racl and Cdc42, emerging evidence
supports a role for RhoG in specialized forms of endocytosis. In endothelial cells,
activation of RhoG by the SH3-containing guanine nucleotide exchange factor (SGEF)
has recently been implicated in macropinocytosis and trans-endothelial migration
(Ellerbroek et al., 2004; van Buul et al., 2007). Furthermore, RhoG is known to promote
phagocytic uptake of apoptotic cells in mammalian macrophages, as is its orthologue
MIG-2 in C. elegans (deBakker et al., 2004; Nakaya et al., 2006). Interestingly, MIG-2-
dependent clearance of apoptotic cells is mediated by Unc-73, the C. elegans orthologue
of Kalirin and the closely related GEF Trio (deBakker et al., 2004). Whether SNX1 or
SNX2 is involved in this process remains unresolved.

Remarkably, both RhoG and SNX1 have recently been shown to regulate
Salmonella entry (Bujny et al., 2008; Patel and Galan, 2006), which is a
macropinocytosis- or phagocytosis-like process (Alpuche-Aranda et al., 1994). Prior to
internalization, the bacterial PI phosphatase SigD is delivered to the host cytosol, and
recruits both SGEF and SNXI to sites of entry. Since SNX1 was shown to interact with
inactive RhoG and its GEF Kal7 (this study), it would be interesting to determine

whether a similar process might occur whereby SNX1 generates a membrane domain
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enriched in RhoG that can subsequently be activated by SGEF. Overall, these endocytic
processes require extensive membrane remodeling, and Rho GTPase-dependent actin
dynamics must be tightly regulated both spatially and temporally to effectively co-
ordinate these activities.

In addition to phagocytosis and macropinocytosis, RhoG is believed to contribute
to cell spreading and motility (Katoh et al., 2005; Meller et al., 2008). While the
interaction of RhoG with the Dock180/ELMO complex appears to contribute to Racl-
dependent motility, RhoG is also able to stimulate movement in the absence of Racl.
Thus, although some of the effects of RhoG are likely to require Racl, others appear to
be Racl-independent, as seen by others (Prieto-Sanchez and Bustelo, 2003; Wennerberg
et al., 2002). In the present study, Kal7- and SNX-induced lamellipodia were dependent
on RhoG, but not RhoA, Racl or Cdc42. These data argue against a downstream effect of
Racl or Cdc42, and instead support parallel signaling of RhoG with these GTPases
(Wennerberg et al., 2002).

The observed interaction of SNX1 and SNX2 with inactive, GDP-bound RhoG
could provide a potential mechanism for regulation of RhoG. Among the main classes of
regulatory proteins binding to inactive GTPases are GDIs, which maintain the pool of
inactive GTPases in the cytoplasm. In addition, GEFs rapidly promote GDP release and
stabilize the nucleotide-free conformation to allow GTP binding and activation. Since
overexpression of SNX1 or SNX2 in singly transfected cells did not promote actin
rearrangement, and since neither protein possesses a known GEF motif, these proteins are
unlikely to have nucleotide exchange activity. SNX1 and SNX2 are also unlikely to act as

classical RhoGDIs, which can inhibit Rho-mediated actin rearrangements when
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overexpressed (Dransart et al., 2005), since co-expression with Kal7 promoted RhoG-
dependent lamellipodia. Instead, it is possible that SNX1 and SNX2 act as scaffolds that
bring inactive RhoG and its GEF Kal7 into close proximity, thereby facilitating

nucleotide exchange and activation of RhoG.

BAR domain function is closely linked to actin dynamics

There is a growing body of evidence to suggest that BAR family proteins play a
prominent role in multiple endocytic events through their curvature-sensing and
membrane tubulating activities, and that actin dynamics are closely coupled to this
process (Dawson et al., 2006; Shin et al., 2008; Yarar et al., 2007). For example, actin
depolymerizing drugs have been reported to promote membrane tubulation by the BAR
proteins amphiphysin 1 and endophilin 1 as well as F-BAR proteins such as syndapin,
even though these proteins did not promote tubulation when overexpressed under steady-
state conditions (Itoh et al., 2005). The same study reported that actin depolymerization
enhanced tubulation induced by the membrane-deforming BAR proteins amphiphysin 2
and endophilin 3, as well as the F-BAR proteins FBP17, CIP4 and Toca-1, suggesting
that the requirement of actin dynamics for BAR function is highly conserved. In addition
to regulating tubulation of membranes, BAR proteins may be directly involved in other
actin-dependent membrane remodeling events. For example, the BAR domain of
Arfaptin-2 and the I-BAR domain of IRSp53 can interact with Racl to promote

membrane ruffling (Miki et al., 2000; Van Aelst et al., 1996). Furthermore, several BAR
family proteins, such as Tuba and SNX9, are known to recruit dynamin and actin-

nucleating proteins to sites of clathrin-mediated endocytosis (Badour et al., 2007;
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Lundmark and Carlsson, 2004; Salazar et al., 2003; Soulet et al., 2005). Thus, the BAR
domain of SNX may provide spatial information for localized Rho-dependent actin

reorganization.

Implications of co-incidence detection in SNXI and SNX2 function

Studies of the sorting nexin family have strongly emphasized their established
role in sorting of internalized receptors for recycling and degradation; however, cellular
mechanisms for this activity remain unclear. The ability of PX domains to recognize
specific subsets of PI species is likely to play a key role in SNX function, where the PX
domain is critically important for targeting of the protein to the appropriate compartment.
In the PX-BAR subfamily of SNXs, these two tandem domains are likely to act as one
functional unit. For both SNX1 and SNX9, mutation of either the PX or BAR domain is
sufficient to attenuate liposome binding and/or tubulation in vitro, suggesting a co-
operative effect of the two domains for membrane association (Carlton et al., 2004;
Pylypenko et al., 2007; Yarar et al., 2008). Since the PX and BAR domains are both
required for interaction of SNX2 with Kal7, and mutation of either domain is sufficient to
partially inhibit lamellipodia formation without affecting Kal7 interaction, co-incidence
detection might be an important feature in PX-BAR function of SNX1 and SNX2.

Although lamellipodia formation was impaired in cells co-expressing Kal7 with
truncated forms of SNX2 that no longer interact (N+PX or BAR) or mutants that show
loss of SNX2 function (RRF or KR/AA), the proportion of cells that formed lamellipodia
under these conditions was notably greater than that seen for cells expressing Kal7 or

SNX2 alone. However, the residual effect seen for truncated or mutant SNX2 was clearly
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less effective than that of full-length SNX2. Previous studies have shown that both the N-
terminus and BAR domain of SNX1 and SNX2 might be involved in dimerization
(Zhong et al, 2002). Consequently, the residual phenotype may result from
overexpression of these fragments and clustering with endogenous SNXs. Importantly,
endogenous levels of SNX1 or SNX2 are sufficient to promote lamellipodia, since
depletion of either SNX was able to inhibit Kal7-dependent lamellipodia. Taken together,
these results suggest that SNX1 and SNX2 might act as modulators of Kal7 activity,

either through recruitment or activation of Kal7.

A novel role for SNXI and SNX2 in neurite outgrowth

Analysis of Kal7 tissue distribution has revealed that its expression is largely
restricted to the brain, where it plays an important role in formation and maintenance of
actin-rich dendritic spines (Alam et al., 1997; Penzes et al., 2001). It has recently become
clear that Kalirin is involved in signaling downstream of multiple receptors to regulate
numerous morphological responses. At the postsynaptic density, Kal7 acts downstream of
the EphB2 receptor, and promotes formation of dendritic spines in response to clustered
Ephrin-B1 ligands (Penzes et al., 2003). Co-culture of fibroblasts expressing Ephrin-B
ligands or EphB receptors results in trans-endocytosis of the full-length ligand or receptor
in contacting cells to promote repulsion (Marston et al., 2003; Zimmer et al., 2003).
Uptake of a transmembrane receptor from an apposing cell is likely an engulfment
response, since a portion of the membrane itself must also be internalized. Given that
both RhoG and SNX1 are implicated in engulfment events, it will be interesting to

determine if they are necessary for EphB function downstream of Kal7.
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The analysis of Kal7 and SNX2 function was initially performed in epithelial cells
that do not normally express Kal7. Although these results may reflect functional
similarities between Kal7 and the highly similar, broadly-expressed GEF Trio (Colomer
et al., 1997; Debant et al., 1996), interaction of SNXs with Trio was not examined in this
study. Thus, these findings were applied to a Kal7- and RhoG-dependent process.
Stimulation of the TrkA receptor by NGF is a well-established model for neurite
outgrowth in PC12 cells, and has recently been shown to require Kalirin (Chakrabarti et
al., 2005). The finding that overexpression of SNX1 or SNX2 could induce formation of
short neurites in undifferentiated cells, and that overexpression of Kal7 did not enhance
this function, raises several interesting points. First, expression of constitutively active
RhoG in PC12 cells is sufficient to promote formation of short neurites in the absence of
NGF (Katoh et al., 2000). However, overexpression of wild-type RhoG promotes
extension of long neurites, both in the presence and absence of NGF. Given that SNX1
and SNX2 can interact directly with inactive RhoG, it is thus possible that SNX
overexpression could promote RhoG activation and neurite initiation by presenting it to
an appropriate GEF, although sustained NGF signaling may be necessary for neurite
extension. Secondly, the observation that co-expression of wild-type or GEF-inactive
Kal7 could not potentiate initiation of short neurites suggests that neurite initiation may
not be Kal7-dependent. Alternatively, another RhoG GEF could be involved, or SNX
overexpression might saturate the ability of cells to form neurites such that co-expression

of Kal7 does not further amplify the effect.
Surprisingly, when this model was used to determine if SNX can enhance NGF-

dependent Kalirin function, overexpression of SNX2 potentiated Kal7-dependent neurite

117



extension, while SNX1 had an inhibitory effect. Considering their high degree of
similarity, SNX1 and SNX2 are believed to share largely redundant functions; however,
several pieces of information suggest that they have some distinct roles as well. First,
although transgenic mice lacking either SNX1 or SNX2 are viable, homozygous deletion
of both genes causes embryonic lethality (Schwarz et al., 2002). In these mice, a single
copy of the SNX2 gene is sufficient to restore viability, while a single copy of SNX1
cannot fully rescue lethality and developmental defects. Secondly, the subcellular
distribution of SNX1 and SNX2 is not identical, suggesting that they may function at
different stages of the endocytic pathway (Gullapalli et al., 2004). Finally, while SNX1 is
required for lysosomal delivery of PARI, overexpression of SNX2 blocks receptor
degradation, presumably by sequestering endogenous SNX1 (Gullapalli et al., 2006).
This last finding could provide a potential explanation for the differential effects of
SNX1 and SNX2 on Kal7-dependent neurite outgrowth. Although potential roles for
SNX1 or SNX2 in TrkA internalization, sorting and degradation have not yet been
established, overexpression of SNX1 could sequester or mistarget endogenous SNX2,

thereby preventing appropriate Kal7 signaling downstream of TrkA.

Retromer-independent functions of SNXI and SNX2

There is currently little evidence for retromer-independent functions of SNX1 or
SNX2. The studies of SNX1-dependent sorting and degradation of PAR1 provided the
first evidence of retromer-independent activities, since depletion of Vps26 had no effect
on delivery of PARI1 to lysosomes for degradation (Gullapalli et al., 2006). In the present

study, depletion of Vps35, the cargo-recognition subunit of retromer, was not able to
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block lamellipodia formation via Kal7, even though depletion of SNXI1 or SNX2
effectively inhibited this phenotype. Although recruitment and function of retromer
downstream of lamellipodia induction cannot be ruled out at this time, the membrane
remodeling event itself is clearly independent of retromer activity.

In the PC12 model of Kal7-dependent neurite outgrowth, it is not yet known if the
actin-dependent processes are independent of retromer, and this issue warrants further
study. One pertinent topic is the mode of internalization for TrkA. Although internalized
TrkA partially co-localizes with clathrin-positive structures (Grimes et al., 1996), the
principal method of TrkA internalization appears to be macropinocytosis mediated by the
pinocytic chaperone Pincher (Shao et al., 2002; Valdez et al.,, 2005). Importantly,
inhibition of Pincher function inhibits TrkA internalization and NGF signaling, and
macropinosome-localized TrkA is resistant to lysosomal degradation. It is thus possible
that SNXs and RhoG might regulate TrkA macropinocytosis, with SNX2 preventing
lysosomal delivery. Conversely, SNX1 overexpression could promote TrkA degradation
in a manner similar to PAR1 (Gullapalli et al., 2006). TrkA has also been reported to
undergo rapid recycling to the plasma membrane following internalization (Chen et al.,
2005; Rong et al., 2006). However, the role of SNXs in the above processes is not yet
clear. The ability of SNX to promote membrane remodeling in epithelial cells depleted of
Vps35 suggests that actin responses in PC12 cells might also be retromer-independent.
However, modulation of TrkA internalization or recycling is likely important for
prolonged NGF signaling, and it remains possible that retromer contributes to this

Pprocess.
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Interaction with small GTPases may be a general function for BAR domains

Both Arfaptin 2 and Hob3p are BAR-containing proteins that have been shown to
interact with Racl and Cdc42, respectively (Coll et al., 2007; Shin and Exton, 2001;
Tarricone et al., 2001). Unlike the preference of SNX2 for inactive RhoG, Arfaptin 2 and
Hob3p may bind promiscuously to active and inactive GTPases. In both cases, GTPase
interaction occurs with the BAR domain, suggesting that this might also be the case for
SNX and RhoG. Furthermore, the BAR domain of Arfaptin 2 shows structural
similarities to the DH domain of the GEF Tiam, which also interacts directly with Racl
(Cherfils, 2001). DH and BAR domain similarities are thought to have converged during
evolution, and interaction with Rho GTPases could be a common function of both
domains. It is interesting to note that in the fission yeast S. pombe, Hob3p also interacts
genetically, and possibly directly, with the Cdc42 exchange factor Geflp (Coll et al.,
2007). This potential interaction is important for recruitment and activation of Cdc42 at
the site of cell fission. Another example can be found in interaction of the I-BAR protein
IRSp53 with both GTP-bound Racl and its GEF Tiaml to promote lamellipodia
formation via WAVE (Connolly et al., 2005; Lee et al., 2007; Miki et al., 2000). Thus,
interaction of BAR family proteins with small GTPases and GEFs could be a common

theme, and it will be interesting to see if other BAR proteins show similar interactions.

Possible roles for Kal7 and sorting nexins in neurodegenerative diseases

Dysfunction of Kal7, SNX1 or SNX2 has not yet been definitively linked to any
known pathological conditions. However, Kal7 was identified as a HAP1-interacting

protein (Colomer et al., 1997), suggesting a possible role in Huntington’s disease (HD).
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HD is an autosomal dominant disorder resulting from an expanded polyglutamine
(polyQ) stretch in the Huntingtin (Htt) protein, which causes degeneration of striatal
neurons and cortical atrophy (The Huntington’s Disease Collaborative Research Group,
1993). Symptoms of HD include uncoordinated movement, personality changes,
dementia and cognitive decline, and the disease is typically fatal within 20 years of onset,
which generally occurs at 40-50 years of age. Although the precise mechanisms of
neurodegeneration in HD are not fully understood, a number of Htt-interacting proteins
have been identified, and mutant Htt might alter the function of these proteins. The
affinity of HAP1 for Htt appears to be proportional to polyQ length, and it has been
suggested that mutant Htt segregates HAP1 into aggregates, leading to impaired
endocytic trafficking (Gauthier et al., 2004; Li et al.,, 1995; Rong et al., 2006). The
regions of HAP1 that interact with Kal7 and Htt do not overlap, suggesting that these
proteins might form sequential or ternary complexes (Colomer et al., 1997). Although the
physiological significance of Kal7-HAP1 interaction is unclear, it is possible that mutant
Htt might also sequester Kal7, or that it could disrupt Kal7-HAP1 complexes. Either case
could result in loss of Kal7 localization or function at dendritic spines. Studies have
shown that Kal7 is important in dendritic spine maintenance (Ma et al., 2003; Penzes et
al., 2003; Penzes et al., 2001), thus a reduction in Kal7 activity could promote spine loss,
which is a pathological feature of HD (Ferrante et al., 1991; Klapstein et al., 2001; Spires
et al., 2004). It is also possible that Kal7 is not involved in HD; however, this topic
clearly warrants further study.

In addition to a possible role in HD, Kal7 downregulation has recently been

reported in postmortem hippocampal tissue from patients with Alzheimer’s disease
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(Youn et al., 2007a; Youn et al., 2007b). Kalirin isoforms interact with and inhibit the
inducible nitric-oxide synthase (iNOS), thereby preventing NO production (Ratovitski et
al., 1999). While NO can act as a neurotransmitter, elevated levels are neurotoxic and
promote inflammatory responses. Reduced levels of Kalirin appear to coincide with
increased iNOS activity in the brain, suggesting that Kal-mediated dysregulation of iNOS
could contribute to cell inflammatory responses to -amyloid plaque deposition (Youn et
al., 2007b). Notably, Kal7 is the main isoform expressed in adult brain, while other
isoforms appear to be expressed at higher levels during development, and decreased
Kalirin activity may specifically reflect loss of Kal7 (McPherson et al., 2002). However,
it is not clear whether this process is a causative factor for neurodegeneration, or if
reduced Kalirin levels are merely indicative of cell death in affected regions of the brain.
Interestingly, HAP1 localizes to an electron-dense cytoplasmic structure known as
the stigmoid body, which also contains the sorting receptors sortilin and SorLA
(Gutekunst et al., 2003). SorLA is involved in endosome-to-TGN recycling of amyloid
precursor protein, and prevents its processing into pathogenic f-amyloid (Nielsen et al.,
2007; Rogaeva et al., 2007). Notably, sortilin and SorLLA are recycled in a retromer- and
SNXl-dependent fashion (Nielsen et al., 2007; Rogaeva et al., 2007; Seaman, 2004). This
interaction is mediated by a VpslOp-like domain in sortilin and SorLLA, which bears
similarity to the yeast Vps10p receptor that is sorted by retromer. Thus, retromer or SNX
deficiency could contribute to pathogenesis in multiple neurological disorders, and it is
possible that Kalirin dysfunction might also directly or indirectly affect sortilin or SorLA

function.
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A model for SNX-mediated recruitment of RhoG to its GEF Kal7

Overall, the results of this study support a model where SNXs 1 and 2 interact
directly with inactive RhoG to present it to its GEF Kal7 for activation (Figure 38).
Through co-incidence detection of membrane composition and curvature, SNX might be
able to recruit Kal7 and RhoG to an appropriate compartment for activation.
Alternatively, both Kalirin and SNXs have been shown to interact with cell surface
receptors such as TrkA and EGFR (Chakrabarti et al., 2005; Kurten et al., 1996), which
could mediate recruitment to sites of receptor activation. Although the order of SNX and
Kal7 recruitment is not yet known, either scenario would result in the formation of a
membrane domain that is enriched in both an inactive Rho GTPase and its activating
GEF. Subsequent activation of RhoG promotes formation of lamellipodia or
membraneruffles through a pathway that does not appear to require subsequent activation
of Racl or other Rho GTPases, and could facilitate specialized forms of endocytosis.
While retromer does not appear to play a role in SNX enhancement of Kal7-dependent
actin remodeling, these findings do not preclude a downstream function of retromer in
this model.

A similar phenomenon has already been described for the early endosomal
GTPase Rab5, where the effector Rabaptin-5 interacts with and is required for
recruitment of its exchange factor Rabex-5 (Horiuchi et al., 1997; Lippé et al., 2001). The
complex formed between a Rab, its effector and its exchange factor is thus essential for
signal amplification by generating domains that contain both Rab5 and its GEF Rabex-5.
In this model, SNX1 or SNX2 could serve as a direct link between RhoG and Kal7 to

create a localized enrichment and functional amplification of the Rho GTPase.
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Figure 38: Model of Kalirin- and SNX-dependent membrane remodeling. SNX
proteins are known to interact with a variety of activated receptors, and may also be
recruited to specific compartments within the endocytic pathway via the PI-sensing PX
domain or to regions of membrane curvature through the BAR domain. This may in turn
serve to recruit Kal7 to an appropriate signaling complex or compartment. Alternatively,
Kal7 may be recruited to an activated receptor, and subsequent interaction with SNX1 or
SNX2 would bring these two proteins to the same region. SNX1 and SNX2 interact
directly with inactive, GDP-bound RhoG, and could thereby present GDP-RhoG to Kal7
for subsequent activation. In this system, activated RhoG stimulates formation of
lamellipodia independently of Racl. However, it remains possible that RhoG could still
activate Racl via interaction with the ELMO-Dock180 complex, which could contribute
to other actin-dependent processes such as macropinocytosis or phagocytosis. Finally,
although retromer is not required for lamellipodia formation, this model does not
preclude retromer-dependent functions downstream of Kal7 and SNX. Note that broken
arrows correspond to interactions that are not required for actin remodeling as observed
in this study, but may contribute to downstream signals or alternative interactions.
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Chapter IV: VAPs and FFAT regulate lateral diffusion and anterograde transport
of ER cargo

Discussion

Differential regulation of anterograde transport by VAPA and VAPB

In the present study, overexpression of VAPA severely impeded anterograde
transport of the transmembrane cargo protein VSVG. In contrast, VAPB overexpression
had no effect on VSVG trafficking. Although VAPA and VAPB have a high degree of
sequence similarity and are both ER-localized proteins, these data suggest that the two
VAP isoforms have distinct functions. It is possible that VAPA and VAPB regulate
transport of different sets of cargo proteins, or alternatively that they exert their effects on
different ER subcompartments or transport pathways. Although selectivity for different
cargo proteins has not been established for VAPA and VAPB, there is evidence to
support regulation of different transport steps. For example, while overexpression of
VAPA appears to block incorporation of VSVG into ER-derived COPII vesicles in vitro
(Prosser et al., 2008), antibody-mediated inhibition of VAPB function appears to affect
COPI-mediated transport, either from the ERGIC or within the Golgi complex (Soussan
et al., 1999). The ability of VSVG to efficiently transit from ER to plasma membrane in
VAPB-overexpressing cells indicates that VAPB is unlikely to affect anterograde
transport through the secretory pathway (Amarilio et al., 2005; Prosser et al., 2008), and
these data are consistent with a potential role for VAPB in regulating retrograde Golgi-to-
ER retrieval (Soussan et al., 1999). Additionally, VAPA and VAPB distributions within
the ER do not overlap completely, suggesting that they regulate processes in discrete ER

subdomains (Gkogkas et al., 2008). Importantly, the observed differences in anterograde
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transport are not likely due to differences in expression levels of Flag-VAPA and VAPB,
since both proteins appeared to express at similar levels (for example, compare wild-type
input immunoblots from Figure 36A). While it is not yet clear whether similar effects
will be seen for other membrane-associated cargo proteins, these data support differential

regulation of protein sorting and/or transport by VAPA and VAPB.

VAPA immobile obstacles as regulators of lateral diffusion

When expressed at endogenous levels, VAPA and VAPB do not appear to impede
lateral diffusion or anterograde trafficking of membrane cargo. However, elevated levels
of VAPA inhibited lateral diffusion of VSVG within the ER membrane, leading to a
consequent reduction in transport to the Golgi complex. Although a number of factors are
likely to contribute to the regulation of lateral diffusion, membrane viscosity and the
presence of immobile obstacles have been proposed as key regulators of this process
(Saxton, 1987). Since VAPs have a microtubule-associated MSP domain as well as a
transmembrane domain, they could serve as immobile obstacles in the ER membrane. If
overexpression of VAPA forms immobile obstacles by linking the ER to the microtubule
network, expression of a truncated VAP lacking either the MSP or the transmembrane
domain would be predicted to have no effect on lateral diffusion. Consistent with this
idea, deletion of the transmembrane of VAPA resulted in a protein that was unable to
block ER-to-Golgi transport of VSVG, while deletion of the central coiled-coil region
could still effectively block trafficking (P. Gougeon, unpublished results). When the
VAPA AN mutant lacking the MSP domain was tested for its ability to block transport,

cells showed only a partial rescue in ER-to-Golgi transport as assessed by Endo H
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resistance of VSVG. VAPA AN-expressing cells also showed a slight increase in the
initial recovery rate of VSVG-GFP lateral diffusion in FRAP experiments; however, the
overall recovery was similar to wild-type VAPA. Overall, the results obtained for VAPA
AN are difficult to interpret, since dimerization occurs at least in part through the
transmembrane domain, and VAPA AN could still create immobile obstacles by
clustering endogenous VAPs.

Whether endogenous VAPs can form immobile obstacles is currently unclear. The
ability of VSVG to diffuse freely in empty vector-transfected cells suggests that
immobile obstacles are not present at sufficient concentrations to prevent incorporation of
cargo into ER exit sites. However, it is possible that endogenous VAP might be able to
form clusters or islands of immobile obstacles. Such structures could in theory play a role
in regulating diffusion during protein folding or complex assembly, either under normal
conditions or during periods of ER stress. In the case of VAPB, it appears unlikely that
immobile obstacles regulate anterograde trafficking, but may instead play a role in
incorporation of cargo into retrograde transport vesicles (Soussan et al., 1999). However,
P56S mutant VAPB forms insoluble aggregates that might block anterograde transport at
endogenous levels, and this is likely to contribute to pathogenesis in ALS8 patients
(Nishimura et al., 2004; Teuling et al., 2007).

Other ER-localized transmembrane proteins such as CLIMP-63 and p180 can also
interact with microtubules (Klopfenstein et al., 1998; Ogawa-Goto et al., 2007), and may
regulate protein diffusion. For example, depletion of endogenous CLIMP-63 increases
mobility of the translocon complex involved in membrane insertion or translocation of

proteins into the ER lumen (Nikonov et al., 2007). Since the translocon is a very large
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complex (~950 kDa), it diffuses much more slowly than smaller proteins, thus its
mobility is likely restricted at endogenous protein levels (Nikonov et al., 2002). Although
CLIMP-63 and VAPA are likely to create immobile obstacles in the ER, they might do so
through different mechanisms. While CLIMP-63 interacts directly with microtubules
(Klopfenstein et al., 1998), recombinant VAPA does not co-purify with microtubules,
suggesting that their interaction is indirect (Kaiser et al., 2005) (P. Gougeon, unpublished
results). Furthermore, overexpression of CLIMP-63 promotes bundling and
rearrangement of the microtubule network, and appears to play a critical role in
maintaining ER structure (Vedrenne et al., 2005). In contrast, VAP overexpression does
not alter microtubule organization in vivo. Thus, VAPs might be able to reversibly
associate with or dissociate from microtubules without affecting their morphology, and

could thus form temporary immobile obstacles.

VAP-mediated transport defects are restricted to membrane-associated cargo

Based on their predicted topology, very little of the VAPA or VAPB protein is
expected to span into the ER lumen (Figure 9). Consequently, overexpression of VAP
isoforms is unlikely to alter the viscosity of the ER lumen, and luminal proteins are
expected to diffuse freely. Consistent with this prediction, the secreted protein CgB was
rapidly transported from the ER to the Golgi complex in cells overexpressing VAPA or
VAPB, even though transport of transmembrane cargo was severely inhibited.
Surprisingly, the ability of CgB to transport out of VAPB P56S-containing ER aggregates
within the same time frame as control cells indicates that the collapsed ER observed in

these cells retains at least some residual function. Importantly, the ability of CgB to exit
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from the ER suggests that VAPA overexpression results in a protein sorting defect rather
than an inability to form ER-derived transport vesicles. This idea is supported by the
observation that overexpression of wild-type or mutant VAPA inhibits incorporation of
membrane-associated VSVG into ER-derived COPII vesicles in vitro, indicating

impaired sorting of VSVG into ER exit sites (Prosser et al., 2008).

FFAT motif-containing proteins modulate VAP function

Since FFAT motif-containing proteins are known to interact with the MSP
domain of VAPs, it is likely that there is a functional interrelation between these two
families of proteins. For example, the FFAT motif is necessary and sufficient for ER
recruitment of Nir/RdgB proteins, ORP3, ORP9 and CERT (Amarilio et al., 2005;
Kawano et al., 2006; Teuling et al., 2007; Wyles and Ridgway, 2004), and mutation of
the two phenylalanines abolishes interaction with VAP and results in protein
mistargeting. Similarly, overexpression of FFAT motif-containing proteins causes
variable alterations in ER morphology, including formation of ER membrane stacks,
vacuoles or varicosities, and can also induce microtubule bundling (Amarilio et al., 2005;
Wyles and Ridgway, 2004). The present study establishes for the first time that a FFAT
motif can interfere with the ability of VAP MSP domains to interact with microtubules in
vitro. This finding further supports the ability of VAPA to form immobile obstacles in the
ER membrane, since co-expression of FFAT and VAPA relieved defects in lateral
diffusion compared to overexpression of VAPA alone. By interfering with VAPA-
microtubule associations in vivo, FFAT could reduce the proportion of immobile

obstacles in the ER membrane, allowing increased mobility of cargo proteins. It is
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important to note that the effects observed in this study are likely exerted by the FFAT
motif itself, since the synthetic peptides and mammalian expression constructs used did
not contain any other functional domains. However, in the context of a full-length
protein, other effects might be observed such as interaction with or synthesis of lipids. In
addition, it is possible that exogenous expression of the FFAT motif could interfere with
the association of endogenous FFAT-containing proteins with VAPs. Mislocalization of
FFAT-containing proteins could affect ER membrane viscosity by altering normal lipid
synthesis or shuttling; however, this possibility remains to be addressed in future studies.
In addition to restoring lateral diffusion in VAPA-overexpressing cells, co-
expression of FFAT corrected VAPB P56S mutant ER aggregates. Although the
mechanism for this phenomenon is not yet clear, it is possible that FFAT could disrupt
aggregates or, alternatively, that it interacts with free VAP to prevent aggregation. In
contrast to the present study, Teuling ef al. reported that co-expression of GFP-tagged
FFAT could not rescue VAPB P56S aggregates, and that GFP-FFAT did not interact with
VAPB P56S (Teuling et al., 2007). While these findings are apparently contradictory, it
is possible that differences in FFAT constructs could account for the observed
discrepancies. The present study made use of a myc-tagged FFAT motif from OSBP,
while Teuling ef al. generated a GFP-tagged FFAT motif from Nir2. Although both
FFAT motifs can interact directly with VAPs (Amarilio et al., 2005; Loewen et al.,
2003), it is possible that they do so with different affinities. It is also possible that the
large, N-terminal GFP tag reduces the ability of FFAT to associate with the MSP domain
by steric hindrance. While GFP-FFAT could interact efficiently with wild-type VAPB,

the P56S mutation could alter the conformation of the MSP domain. The Pro56 residue is
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not located directly within the FFAT-binding pocket, but it could indirectly alter the
accessibility of this region to FFAT containing a large GFP tag (Teuling et al., 2007).
Overall, the ability of myc-FFAT to resolve VAPB-P56S aggregates in the
present study indicates that FFAT might still interact with mutant VAPB. Attempts to co-
immunoprecipitate VAPs with the myc-FFAT motif were unsuccessful, since co-
expression of myc-FFAT resulted in downregulation of VAPA and VAPB, and this effect
might also contribute to the ability of FFAT to restore anterograde cargo transport (data
not shown). Notably, a K§7D/M87D double mutant in the FFAT-binding pocket within
the MSP domain of VAPA fails to interact with FFAT, but does not form aggregates
(Kaiser et al., 2005). Although this mutant formed abnormal ER structures, they do not
reflect the morphology of VAPB P56S aggregates, and could arise from deficient
interaction with FFAT-containing proteins. Thus, the K87D/M89D mutant is likely to
reflect a loss of function, while P56S promotes aggregation and ER collapse, which could

constitute a toxic gain of function.

Implications of VAPB dysfunction in ALS8

Since P56S mutant VAPB has been linked to motor neuron degeneration in
ALSS, it is likely that the observed ER aggregates contribute to pathogenesis and cell
death. Given that ER aggregates showed a delay in lateral diffusion and exit of membrane
cargo proteins (Prosser et al., 2008; Teuling et al., 2007), a reduction in transport through
the secretory pathway might have adverse effects on cell function. In addition, while
overexpression of wild-type VAPB elevated the steady-state expression levels of the

UPR marker XBP1, depletion of VAPB by siRNA attenuated expression of mature XBP1
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(Kanekura et al., 2006). In contrast, overxpression of VAPB P56S failed to induce UPR
at steady-state levels, and also inhibited UPR activation in response to ER stress, possibly
by sequestering endogenous VAPB into ER aggregates. Similarly, both VAPA and
VAPB have been found to interact with the UPR-activated transcription factor ATF6
(Gkogkas et al., 2008). While overexpression of wild-type VAPB inhibited ATF6 activity
during ER stress, VAPB P56S had a more potent inhibitory effect, and ATF6 inhibition
might be attributed to its retention in the ER by VAPB. These findings suggest that VAP
P56S could inhibit UPR-mediated responses to ER stress, which might render motor
neurons susceptible to degeneration over extended periods of time.

A recent study has demonstrated that the MSP domain of Drosophila VAPB can
be cleaved and secreted into the extracellular space, where it acts as a ligand for the A
class of Eph receptors (Tsuda et al., 2008). This finding is consistent with the established
role of C. elegans MSP as a secreted ligand for variable-abnormal (VAB)/Eph receptors
(Govindan et al., 2006; Miller et al., 2003b). Since worm MSP and the MSP domain of
VAPs are localized to the cytoplasm, they cannot enter the classical secretory pathway,
and must instead be secreted through unconventional mechanisms (Kosinski et al., 2005).
Interestingly, while wild-type VAPB can be readily detected in the extracellular space,
the Drosophila P58S mutant VAPB, which is equivalent to mammalian P56S, fails to be
cleaved and secreted and may also prevent processing of wild-type VAPB (Tsuda et al.,

2008). Since Eph receptors play a key role in neuronal morphology, axon guidance and
dendritic spine regulation, a loss of secreted VAPB MSP domains in ALS8 patients might

also contribute to dysfunction and neurodegeneration (Klein, 2004).
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A third possible mechanism for VAPB P56S-mediated neurodegeneration was
recently reported, where mutant VAPB sequestered wild-type VAPA and VAPB into
aggregates (Teuling et al., 2007). In this study, the authors found that depletion of VAPA,
but not VAPB, in motor neurons reduced cell viability, suggesting that VAPA function
plays a role in cell survival. Furthermore, overexpression of VAPB P56S reduced motor
neuron viability, which could be explained by sequestration of VAPA in mutant VAPB-
containing aggregates. Interestingly, mutant SOD1 G93A transgenic mice, which are an
established model for SOD1-dependent ALS, also showed reduced levels of VAPA and
VAPB in spinal cord lysates (Teuling et al., 2007). Although this finding might reflect
motor neuron loss rather than VAP downregulation, it is possible that loss of VAPA
could contribute to cell death resulting from mutant SOD1. The inability of VAPA P56S
to form large ER aggregates (Figure 26) suggests that the equivalent mutation in VAPA
might not sequester wild-type VAPs into insoluble aggregates. Additionally, although
mutant VAPB has been reported to associate with microtubules less efficiently than wild-
type VAPB (Mitne-Neto et al., 2007), the present study demonstrates that wild-type and
mutant VAPA associate with microtubules at similar efficiencies. Although trafficking
defects in VAPA P56S-expressing cells were more severe than those of wild-type VAPA

(Prosser et al., 2008), mutant VAPA and VAPB clearly have different cellular effects.

FFAT peptides could have therapeutic applications for ALS

The present study demonstrates that exogenous expression of FFAT-containing
peptides resolves ER aggregates in VAPB P56S-expressing epithelial cells, and restores

the transport defects associated with mutant VAPB. As such, it is interesting to speculate
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that application of FFAT might exert similar effects in motor neurons to protect against
neurodegeneration in ALS8. While FFAT may exert its effects by preventing aggregation
of newly synthesized VAPB P56S, dissociating pre-existing aggregates or enhancing
downregulation of mutant VAPB, any of these mechanisms could restore function of
wild-type VAPA. In an animal model, delivery of the peptide across the blood-brain
barrier could prove difficult; however, this might be resolved by viral transduction of the
FFAT peptide in affected areas. Regulation of FFAT expression levels will also be
critical, since overexpression could affect wild-type proteins to promote their dissociation
from microtubules, or could compete with endogenous FFAT-containing proteins for
interaction with VAPs. Whether FFAT could be used in a therapeutic program for
treatment of ALS8, or other forms of ALS in which VAP function might be reduced,

merits further study.

A model for VAP function in regulation of diffusion through the ER membrane

Overall, the above results are in agreement with a model where VAPA
overexpression forms immobile obstacles by anchoring the ER membrane to the
microtubule network (Figure 39). At endogenous levels, VAP does not impede lateral
diffusion of cargo through the ER, but may instead play a role in maintenance of ER
structure through its interaction with microtubules. Recruitment of FFAT-containing
proteins could also regulate ER structure or function through synthesis, metabolism or
shuttling of lipids. Clustering of VAP immobile obstacles could inhibit diffusion within
the ER membrane, thereby preventing incorporation of membrane-associated cargo into

ER exit sites for subsequent transport. Whether this is a normal function for VAPs is not
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Figure 39: Model of VAP function. (A), VAPs are dimeric proteins that embed into the
ER via a transmembrane domain and interact with the microtubule network through the
N-terminal MSP domain to form immobile obstacles. At endogenous VAP
concentrations, membrane and luminal cargo proteins diffuse freely through the ER
membrane and are efficiently incorporated into ER exit sites for transport to the ERGIC
and Golgi complex. (B), Under conditions of VAPA overexpression or VAPB P56S
aggregation, the increased concentration of immobile obstacles in the ER impedes lateral
diffusion of membrane-associated cargoes, preventing their incorporation into ER exit
sites. However, soluble proteins can still diffuse freely and are rapidly transported to
post-ER structures. (C), Co-expression of FFAT peptides or FFAT-containing proteins
interferes with VAP-microtubule interactions, or prevents aggregation of mutant VAPB.
Release of VAPs from microtubules and/or resolution of aggregates relieves one anchor
point from the immobile obstacles, and loss of immobile obstacles restores lateral
mobility of membrane-associated cargo.
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yet clear, but immobile obstacles might be enhanced during ER stress or by VAPB P56S
aggregation or VAPA overexpression. Under conditions of increased VAP immobile
obstacles (either through overexpression or aggregation), exogenous expression of FFAT
restores lateral diffusion of membrane-associated proteins, which could indicate a
reduction in the level of immobile obstacles. Consistent with this possibility, application
of FFAT prevents association of VAP with microtubules and reduces the incidence of
mutant VAPB aggregates. Thus, VAPs are likely to interact reversibly with microtubules
in vivo, and FFAT-containing proteins could provide a means to modulate VAP-

microtubule interactions.
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