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Abstract

Oxysterol binding protein (OSBP) and eleven OSBP-related proteins (ORPs)
constitute a highly conserved protein family characterized by N-terminal pleckstrin
homology (PH) and C-terminal OSBP homology domains (OHD)s. OSBP and ORPs are
implicated in the regulation of vesicle trafficking, cell signalling and lipid metabolism,
but their precise roles are poorly understood. To gain insight into the function of this gene
family, yeast two-hybrid analysis was used to clone the OSBP-interacting protein vesicle-
associated membrane protein (VAMP)-associated protein (VAP)-A, an ER-localized
protein implicated in vesicle transport. Further yeast two-hybrid analysis determined that
VAP-A interacted with both ORP9 variants, ORP9S and ORPIL. Furthermore, GST-
VAP-A pulldown assays showed that ORP1L, ORP3(1d) and ORP4L also interacted with
VAP-A, defining it as a central and functional regulator of the ORP family. The role of
VAP-A/OSBP and VAP-A/ORP9 complex(es) in ER structure and export was
characterized by inducible overexpression in CHO cells. Overexpressed OSBP was
localized in a Golgi/vesicular compartment similar to endogenous OSBP. Overexpressed
OSBP W174A, in which the conserved PH domain tryptophan was mutated, displayed
enhanced interaction with VAP-A and caused the formation of irregular ER-derived
vesicular structures to which VAP and OSBP W174A localized. We demonstrated that
these ER-derived structures are involved at an early stage of ceramide and protein export
from the ER. Similar to OSBP W174A, overexpression of both ORP9 variants caused
dramatic changes in the structure of the ER, ERGIC (ER/Golgi intermediate
compartment) and nucleus. This was accompanied by reduced cell growth, and in the
case of ORP9S, cell death by a non-apoptotic mechanism. In summary, we have
identified protein-protein interactions between VAP-A, OSBP and several ORPs, and
implicated this network in an early stage of protein and ceramide export from the ER, as

well as the regulation of ER membrane structure.
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1. Introduction

The proliferation of genomic and expressed sequence tag (EST) databases has
enabled the identification of the oxysterol binding protein (OSBP) related protein (ORP)
family of proteins based on sequence identity to OSBP, the founding member. The
human ORP family, which consists of OSBP plus eleven related proteins (ORP1-11), is
identified by two conserved protein motifs: an N-terminal pleckstrin homology (PH)
domain and an OSBP homology domain (OHD) (Fig. 1). The 350 amino acid OHD is
exclusive to members of the ORP family and contains the absolutely conserved sequence
‘EQVSHHPP’, which has been designated the OSBP fingerprint. All but one of the ORPs
contain both an OHD and a PH domain, although alternate promoters and splicing
produce variants that lack PH domains [1-5]. The ORP family can be divided into five or
six subfamilies based on sequence identity in the OHD (Fig. 1) [2,4,6,7]. Members of the
human ORP family exhibit complex mRNA expression patterns: some display ubiquitous
and invariant expression, while others are expressed in a tissue-specific manner. Splice
variants for several members of the ORP family have been identified that have tissue
distribution patterns distinct from the corresponding full-length mRNA [1-5].

Orthologues of human ORPs have been identified in a wide range of species
from several phyla, including Saccharomyces cerevisiae, Schizosaccharomyces pombe,
Candida albicans, Dictyostelium discoidium, Caenorhabditis elegans, Arabidopsis
thaliana, Drosophila melanogaster, Mus musculus, Mesocricetus auratus (hamster),
Oryctolagus cuniculus and Macaca mulatta (rhesus monkey), [8-18] implying an

evolutionarily conserved function.



Figure 1. Structural organization of human ORP family. Sequences are aligned by the
conserved EQVSHHPP motif, and proteins are subdivided into families by the grouping
suggested by Lehto et al [6]. Short variants for ORP1, ORP4 and ORP9 are shown.
Where there are known to be splice variants that truncate an ORP, full-length forms are

designated Long (L) and truncated forms are designated Short (S).
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OSBP was first identified based on 25-hydroxycholesterol (250H) binding
activity [19,20]. OSBP and the ORP family have been implicated in fundamental cellular
functions such as lipid and sterol metabolism, cell signalling and vesicle trafficking, but
their precise roles are not well defined. The existence of such a large gene family implies
that their functions are overlapping but in different cellular compartments or tissues.
Alternatively, they could have similar functions, but respond to different stimuli, such as
oxysterol ligands. The concept of overlapping redundant functions among the ORPs
appears to be true for the seven ORP orthologues in S. cerevisiae, designated Osh1-7p
[8]. None of the OSH genes are essential, but deletion of all seven leads to dramatic
increases in ergosterol content and death.

OSBP and ORP4 are the only members of the family that have been shown to
bind oxysterols, while ligands for other members of the family are unknown [1,19],
indicating that oxysterol binding may not be a universal property. The ability of OSBP to
bind oxysterols, potent inhibitors of cholesterol synthesis, has led to the assumption that
OSBP and, by extension, the ORP family, plays a pivotal role in cholesterol regulation.
While overexpression of OSBP, ORPI, ORi’2 or ORP4 causes changes in sterol
homeostasis [1,3,21-23], it is unclear if other ORPs share this property. Similar to the
ORP family, deletion of OSH genes has revealed roles in sterol synthesis or trafficking,
as well as in vesicle biogenesis from the Golgi apparatus [8,9].

Cellular localization of several Osh proteins and OSBP is regulated by PH
domain binding to phosphorylated phosphatidylinositols (PIs) [21,24-26], while OSBP
localization is also regulated by sterol flux and oxysterol binding [22,27,28]. Cellular

localization of these proteins is critical for their biological activity. By extrapolation,



other ORP family members could be dynamic receptors that translocate between cellular

compartments in response to different signals or ligands.

Available evidence indicates that OSBP and ORPs are lipid sensors that
transduce signals or regulate trafficking between cellular compartments. The goal
of this project was to further define the role of OSBP and the ORP family in these
processes by identifying their protein binding partners by yeast two-hybrid
screening of human cDNA libraries. The characterization of these binding partners,
both alone and in conjunction with OSBP or the appropriate ORP, will elucidate the

role(s) of OSBP and the ORP family in the aforementioned processes.

1.1 OSBP

In 1977, Kandutsch and co-workers first identified and characterized OSBP in
mouse fibroblast L-cells as a specific and reversible high affinity receptor for 250H and
other oxysterols [19]. Since 250H showed the greatest affinity for OSBP and is one of
the most potent inhibitors of cholesterol synthesis and uptake [19,29], it was widely
assumed that OSBP was involved in sterol regulation. OSBP was purified to
homogeneity from hamster liver [20] and mouse L cells [30]. The cDNAs were later

cloned from rabbits and humans [17,31].

1.1.1  OSBP structural and functional domains
OSBP contains distinct protein domains with both defined and unknown

functions (Fig. 2). The function of the N-terminal glycine/alanine (G/A) rich region has



Figure 2. Structural features of OSBP. Schematic representation of OSBP showing
structural domains and interaction motifs. Abbreviations: PH, PH domain; G/A,

glycine/alanine rich region; LZ, leucine zipper.
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not been defined, but it is similar in amino acid composition to the amino terminus of a
Ras (p21) guanosine triphosphate (GTP)ase activating protein (GAP) [32,33].
Immediately C-terminal of the G/A rich region is a PH domain, which binds
phosphorylated PIs and mediates the interaction of OSBP with the Golgi apparatus
(Section 1.1.2.2) [25,33]. C-terminal to the PH domain are two potential leucine zippers,
the first of which may be involved in the binding of OSBP to the By subunit of
heterotrimeric G-proteins (Section 1.1.2.4). The C-terminal half of the protein contains
both the OHD and the oxysterol-binding region. The oxysterol-binding region of OSBP
has been broadly defined by deletion mapping and its exact boundaries have not been
determined [33]. Thus it is possible that the OSBP homology domain and the oxysterol-
binding region do not entirely overlap. Indeed, comparison of 250H binding activity and
sequence data of OSBP, ORP4L, and its truncated splice variant, ORP4S, indicates that
the ligand-binding domain may be situated nearer the N-terminus of OSBP than is shown

in Figure 2 [1].

1.1.2  Role of the PH domain in OSBP localization

OSBP translocates between a cytosolic/vesicular compartment and the Golgi
apparatus in response to alterations in sterol trafficking or ligand binding (Section
1.1.2.3). Unlike most PH domains that regulate localization primarily to the plasma
membrane (PM) [34] (reviewed in [35]), the PH domain of OSBP mediates localization
to the Golgi apparatus [21,24]. Since PH domains are found in almost all ORPs, as well
as three Osh proteins, one of which is also targeted to the Golgi apparatus via its PH

domain, membrane targeting by this domain is central to the function(s) of this family.



The PH domain of OSBP is both necessary and sufficient for localization to the Golgi
apparatus (Section 1.1.2.2), where it has been shown to bind phosphatidylinositol-4,5-
bisphosphate (PI-4,5-P,), most likely in conjunction with a second Golgi-specific protein

target that has not been clearly defined.

1.1.2.1 PH domain structure and function

PI can be phosphorylated on three of its five hydroxyl groups, giving rise to
seven distinct phosphorylated PIs. Although these phospholipids are found in low
abundance, they play key roles in the recruitment of proteins to membranes, thus
contributing to the regulation of signalling processes, cytoskeletal organization and
membrane trafficking. The regulation of PI phosphorylation can control the subcellular
localization of proteins via binding to PH, PX, ENTH or FYVE domains (reviewed in
[36]). PH domains are small modular domains of 100 to 120 amino acids that share
limited primary sequence identity, but have highly conserved secondary and tertiary
structure [37,38]. X-ray crystallographic and nuclear magnetic resonance (NMR) analysis
of numerous PH domains has revealed a common structure consisting of seven f3-strands
that form a sandwich composed of two orthogonal -sheets with a hydrophobic core.
These sheets are capped at one end with a C-terminal a-helix [35,39-44], which stabilizes
the (3-sheets through a hydrophobic interaction between a conserved tryptophan at the C-
terminus of the helix and the hydrophobic core of two 3-sheets [45]. PH domains are
electrostatically polarized, with three of the loops connecting the p-strands coinciding

with the positively charged face, forming the phosphorylated PI-binding site [35,40,43].
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The loops are variable with respect to length and sequence, allowing distinct binding
specificities [35,37,46-48].

PH domains have a wide range of specificities and affinities for phosphorylated
PIs, and have been extensively reviewed elsewhere [35,37-40,45,48-55]. The interaction
of PH domains with PI-4,5-P, and phosphatidylinositol-4-phosphate (PI-4-P) have been
the most widely investigated, but it was recently recognized that some PH domains also
bind phosphatidylinositol-3,4-bisphosphate (PI-3,4-P,) and phosphatidylinositol-3,4,5-
trisphosphate (PI-3,4,5-P,) [56-61]. While PI-4,5-P, and PI-4-P are constitutively present
in cellular membranes, PI-3,4-P, and PI-3,4,5-P, are barely detectable under basal
conditions and are induced by a number of stimuli, including insulin and growth factors
[62-64]. This indicates that PI-4,5-P, and PI-4-P may be involved in constitutive
membrane localization of PH domain containing proteins, while PI-3,4-P, and PI-3,4,5-P,
regulate localization in response to transient stimuli.

However, only ~10% of PH domains have been shown to bind phosphorylated
PIs with sufficient affinity and specificity to regulate membrane localization on their own
[54]. In some instances, oligomerization of PH domains at membranes enhances their
affinity for a specific phosphorylated PI or low affinity PH domains may dictate
membrane localization in conjunction with other protein domains [25,54,55,65]. In a few
cases, PH domains have been shown to bind to acidic residues in proteins rather than, or
in conjunction with, phosphorylated PIs [55,66-69] (Section 1.1.2.4). Finally, studies
involving Tiaml, a guanine nucleotide exchange factor (GEF), showed that initial

membrane localization is PH domain-independent, but subsequent interaction of the
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Tiam1-PH domain with phosphatidylinositol-3-phosphate (PI-3-P) regulates protein

conformation and function [70].

1.1.2.2 Role of phosphorylated PIs in OSBP PH domain localization to the Golgi

apparatus

The PH domain of OSBP, expressed as a green fluorescent protein (GFP) fusion
(GFP-OSBP-PH), localized specifically to the Golgi apparatus in vivo and bound to PI-
4,5-P, and PI-4-P in vitro [25]. Localization of GFP-OSBP-PH to the Golgi apparatus in
vivo was studied using yeast strains carrying temperature-sensitive mutations in genes for
the PI-4-P,5-P, kinase MSS4, the Golgi-localized PI-4-P kinase PIKI or the PM-localized
PI-4-P kinase STT1 [71]. GFP-OSBP-PH dissociated from the Golgi apparatus in
response to inactivation of Pik1p, but not in response to inactivation of Sttlp or Mss4p,
indicating that PI-4-P production in the Golgi apparatus is required for localization to that
organelle.

However, both PI-4,5-P, and PI-4-P are found in membranes other than the
Golgi apparatus, indicating that there could be a second Golgi-specific determinant of
OSBP-PH localization. In support of this concept, dissociation of GFP-OSBP-PH from
the Golgi apparatus in the pikl™ yeast strain at the non-permissive temperature was not
complete. As well, a mutant GFP-OSBP-PH that did not bind PI-4-P in vitro was still
weakly localized to the Golgi apparatus in vivo, an effect that was enhanced by
dimerization, and did not dissociate from the Golgi apparatus at the Pik1p® non-
permissive temperature. The localization of both the wildtype and PI-4-P binding mutant

OSBP PH domains was also shown to be dependent on Arflp, a member of the ADP-
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ribosylation factor (ARF) family of small GTPases involved in the recruitment of coat
proteins to the Golgi apparatus for vesicle formation [71-73]. Thus the second Golgi-
specific determinant responsible for OSBP-PH localization could be regulated by Arflp

activity [71].

1.1.2.3 Sterol- and oxysterol-mediated localization of OSBP to the Golgi apparatus

Although Golgi apparatus localization of OSBP is mediated via the PH domain,
the signals that regulate this localization are sterol-derived [21,27,28,33]. OSBP is
generally found in a cytoplasmic/vesicular compartment and translocates to the Golgi
apparatus in response to 250H binding [33]. This can be explained by a model in which
the absence of an oxysterol ligand causes the ligand-binding region to obscure the PH
domain, thereby preventing PH domain-mediated localization to the Golgi apparatus [21].
Ligand binding would induce a conformational change, expose the PH domain, and
enable binding to lipid and/or protein targets on the Golgi apparatus. This model is
supported by data from OSBP mutants that either (i) lacked a PH domain (OSBP APH)
and did not localize to the Golgi apparatus in response to 250H treatment or (ii) lacked a
complete ligand-binding domain or consisted solely of the PH domain and were
constitutively localized to the Golgi apparatus [21,25,33]. Translocation of OSBP to the
Golgi apparatus was necessary for effects on cholesterol synthesis and esterification.
Cells overexpressing wildtype OSBP had increased cholesterol synthesis and reduced
cholesterol esterification, while synthesis of cholesterol and cholesterol ester in cells
overexpressing OSBP APH was similar to that of mock-transfected controls (further

discussed in Section 1.1.3) [21].
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In addition to oxysterol-mediated translocation, OSBP localized to the Golgi
apparatus in response to conditions that depleted cellular cholesterol or prevented
cholesterol efflux from the lysosomal/endosomal system. An overview of the sterol-
regulated translocation of OSBP between the Golgi apparatus and cytosolic/vesicular
compartments is shown in Figure 3. In Chinese hamster ovary (CHO) cells cultured in
low density lipoprotein (LDL) containing media, OSBP was found primarily in a
cytosolic/vesicular compartment (Fig. 3, panel 1), while growth in delipidated serum
caused localization to the Golgi apparatus [27], indicating that cholesterol efflux from the
lysosomal/endosomal pathway was required for OSBP dissociation from the Golgi
apparatus. This is supported by the localization of OSBP to the Golgi apparatus in
Niemann-Pick C (NPC) cells [28], in which cholesterol efflux from the
lysosomes/endosomes is blocked by a mutation in the NPC-1 protein [74-76] (Fig. 3,
panel 2). OSBP also localized to the Golgi apparatus in response to other conditions that
reduce the efflux of cholesterol from the lysosomal/endosomal pathway, such as
depletion of cellular cholesterol by treatment with cyclodextrin, increased cholesterol
influx from the PM in response to bacterial sphingomyelinase (SMase) or treatment with
3-B-(2-diethylaminoethoxy)androst-5-en-17-one (U18666A), a drug that reproduces the
NPC cholesterol transport defect (Fig. 3, panel 2) [22,28]. As well, the addition of LDL
to NPC or U18666A-treated cells failed to cause OSBP to dissociate from the Golgi
apparatus, again implying that OSBP release from the Golgi apparatus is dependent on
cholesterol trafficking out of the endosomal pathway [28]. Finally, OSBP localized to the
Golgi apparatus in response to sterol starvation as indicated by enhanced localization in

response to inhibition of cholesterol synthesis by lovastatin treatment (in the absence of
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Figure 3. Regulation of OSBP localization by sterol transport and oxysterols. Panels
display the localization of OSBP under conditions that alter cholesterol synthesis or
transport. Panel 1 represents untreated (control) cells grown in the presence of LDL.
Panel 2 represents cells that are defective in cholesterol synthesis, cholesterol transport or
were treated to reduce cholesterol efflux from the lysosomal/endosomal pathway. Panel 3
represents the potential indirect effects of 250H via suppression of cholesterol transport

and synthesis. Panel 4 represents the response of OSBP to 250H binding.
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LDL) or in cholesterol-starved sterol regulatory defective (SRD)6 cells, a CHO cell
mutant unable to synthesize cholesterol or internalize LDL (Fig. 3, panel 2). When SRD6
cells were supplemented with cholesterol/cyclodextrin complexes, OSBP returned to a
cytoplasmic/vesicular compartment [27]. Since treatment with LDL caused OSBP to
dissociate from the Golgi apparatus except in NPC cells or UI8666A treated cells, it
seems that OSBP localization to the Golgi apparatus is primarily a response to reduced
cholesterol transport from the lysosomes/endosomes.

Paradoxically, treatment of cells with 250H (assumed to be a signal of
cholesterol excess) also resulted in OSBP localization to the Golgi apparatus even in the
presence of LDL (Fig. 3, panel 3) [33]. Since 250H suppresses cholesterol synthesis, it is
possible that 250H regulates OSBP translocation to the Golgi apparatus on two levels:
direct binding to OSBP (Fig. 3, panel 4) or creation of an OSBP binding site in the Golgi
apparatus in response to reduced cholesterol levels or inhibition of lysosomal/endosomal
transport. In support of the latter, 250H treatment caused partial localization to the Golgi
apparatus of a truncation mutant of OSBP expressing only amino residues 1-261. Since
this mutant is truncated prior to the ligand-binding domain, its translocation is likely a
result of 250H-mediated changes in cholesterol homoeostasis rather than 250H binding
[33]. As well, this mutant lacks the dimerization domain, which may decrease its ability
to interact with binding partners at the Golgi apparatus. An OSBP-PH domain that lacks
phosphorylated PI binding activity localized more efficiently to the Golgi apparatus when
expressed as a dimer (Section 1.1.2.2) [71]. As such, the weak Golgi apparatus
localization of OSBP 1-261 in response to 250H treatment could be due to its monomeric

structure. Finally, we cannot discount the possibility that OSBP translocation in response
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to 250H is mediated by another ORP that interacts directly or indirectly with OSBP. The
current data suggest that OSBP localization responds primarily to alterations in transport
of cholesterol through the Golgi apparatus from the lysosomes/endosomes and to

oxysterol binding.

1.1.2.4 Protein binding partners of the OSBP PH domain

The existence of a second Golgi-specific OSBP binding partner is also
supported by in vitro results that have identified protein-protein interactions for the PH
domain of OSBP. Several PH domains, including that of OSBP, bound the By subunit of
heterotrimeric G proteins in vitro, an interaction that was inhibited by the addition of Gya
[68]. The PH domains tested in this study all had significant C-terminal extensions. In the
case of OSBP, the construct contained an additional 40 amino acids that included a
potential leucine zipper (Fig. 2). Since the C-terminal extension of one of the PH domains
investigated in this study, guanine nucleotide releasing factor (GNRF)-PH, was shown to
be required for the interaction of the PH domain with Gfy, the PH domain was not the
sole determinant of GBy binding [68]. It was subsequently shown that in addition to
interaction with Gfy, PI-4,5-P, was required for membrane localization of (3-adrenergic
receptor kinase ($-ARK), another protein investigated in this study [77].

The PH domain of OSBP has also been shown to bind to the receptor for
activated C kinase (RACK)1 [78]. RACK1 anchors activated protein kinase C (PKC) to
the membrane through its WD-40 motifs and could regulate the cellular localization of
PKC in a lipid-independent manner. Interestingly, G also contains WD-40 motifs.

RACKI1 can concomitantly bind PKC and a variety of PH domain containing proteins,
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implying that it may enhance phosphorylation of PH domain containing proteins by
bringing them into close proximity with PKC. Interestingly, the PKC activators TPA (12-
O-tetradecanoylphorbol-13-acetate) and diacylglycerol (DAG) (produced by
phospholipase C treatment) both caused localization of OSBP to the Golgi apparatus, but
did not affect its phosphorylation [22]. It is unknown if this localization is mediated via
the RACK1/PKC complex. Finally, the PH domain of OSBP has also been shown to bind

to F-actin in vitro [79], although the significance of this finding is unclear.

1.1.3  Regulation of cholesterol and SM homeostasis by OSBP and oxysterols

The high-affinity binding of OSBP to 250H, a potent inhibitor of cholesterol
synthesis, led to the initial assumption that OSBP plays a pivotal role in cholesterol
homeostasis. Indeed, overexpression of OSBP results in alterations in cholesterol
synthesis and enhanced 250H-mediated stimulation of SM synthesis [21,80]. Cholesterol
and SM, essential components of eukaryotic membranes, are co-variant in a number of
diseases and experimental models, interact physically in membranes and are
metabolically co-regulated. These interactions play a role in the regulation of membrane
structure, signal transduction, protein and lipid trafficking and cholesterol homeostasis
(reviewed in [81]). The ratio of cholesterol, SM and phospholipids must be tightly
regulated, as alterations could affect membrane fluidity, thereby affecting the activity of
membrane-associated proteins and membrane permeability. Both cholesterol and SM are
involved in the formation and maintenance of microdomains in the PM termed lipid rafts

(also called detergent-insoluble, glycosphingolipid-rich domains (DIGs), detergent-
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resistant membranes (DRMs) or caveolae) involved in signalling, transport and uptake
(reviewed in [82-85].

OSBP and oxysterols could regulate cholesterol and SM synthesis by affecting
lipid trafficking or by altering the activity of biosynthetic pathways in the endoplasmic
reticulum (ER). Cholesterol and SM are synthesized in the ER and cis-medial elements of
the Golgi apparatus, respectively, but the PM contains 60-90% of the total cellular
content of both lipids [86-90]. Thus, the bulk of these lipids are physically separated from
their sites of synthesis and regulation. Transport of newly synthesized cholesterol from
the ER by caveolin, as well as transport of LDL-derived cholesterol from the
lysosomal/endosomal pathway, has been shown to pass through the Golgi apparatus en
route to the PM [91-94]. When the capacity of the PM to absorb cholesterol is reached,
cholesterol is transported back to the ER where it is converted to cholesterol ester by
acyl-CoA:cholesterol acyltransferase (ACAT). Elevated cholesterol content in the ER
also inhibits the processing of sterol regulatory element binding protein (SREBP) [95], a
membrane-bound transcription factor that is retained in the ER in cholesterol-replete
conditions and is transported to the Golgi apparatus in response to cholesterol depletion
[96]. Once in the Golgi apparatus, SREBP undergoes two proteolytic events, releasing a
mature transcription factor that enters the nucleus and activates the transcription of
numerous genes involved in cholesterol and fatty acid synthesis by binding to sterol
response elements (SREs) in their promoters [95]. In this way, the cholesterol content of
the ER regulates cholesterol synthesis.

Cholesterol homeostasis is also regulated by SM content, which determines the

capacity of a membrane to absorb cholesterol [97] and regulates the transport of LDL-
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derived cholesterol to the ER (reviewed in [81]). Elevation of cellular SM content by
treatment with SM-containing liposomes increased cholesterol synthesis [98,99], while
depletion of SM in the PM by bacterial SMase caused an influx of cholesterol to the ER,
resulting in enhanced cholesterol esterification and down-regulation of cholesterol
synthesis and uptake [88,97,100,101].

Synthesis of cholesterol and SM is also regulated by oxysterols, which have a
number of protein targets in the cell, including OSBP and ORP4L, steroidogenic factor 1
and liver X receptor (LXR)a and LXRp, all of which are involved in the regulation of
lipid metabolism [102]. Oxysterols reduce cholesterol levels by enhancing influx of
cholesterol from the PM to the ER, thereby inhibiting cholesterol synthesis and uptake, as
well as suppressing the activity of 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase
activity [103] and stimulating bile acid synthesis [104,105].

In addition to regulating cholesterol metabolism, 250H also increased SM
synthesis in CHO-K1 cells, an effect that was enhanced in CHO-K1 cells stably
overexpressing OSBP (CHO-OSBP) [106]. SM is synthesized in the Golgi apparatus
from ceramide and phosphatidylcholine (PC) by SM synthase [107,108]. However,
ceramide is synthesized in the ER and must be transported to the Golgi apparatus prior to
conversion to SM. Since in vitro SM synthase activity was not increased by oxysterols, it
appeared that SM synthesis was enhanced by transport of ceramide from the ER to the
Golgi apparatus [106]. This implies that OSBP regulates a trafficking pathway rather than
a biosynthetic reaction.

Cholesterol synthesis was also altered at the transcriptional and post-

transcriptional levels in CHO-OSBP cells. In these cells, mRNA levels for three genes
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involved in cholesterol synthesis (LDL receptor, HMG-CoA reductase and HMG-CoA
synthase) increased by 50%, while ACAT mRNA decreased by 50%. As a result
cholesterol synthesis increased by 80%, while cholesterol ester formation decreased by
50% compared to controls [21]. CHO-OSBP cells down-regulated cholesterol synthesis
in response to 250H treatment, but decreased cholesterol esterification rates in these cells
could not be increased to control levels by 250H or LDL treatment. The effects on
cholesterol regulation are mediated by localization of OSBP to the Golgi apparatus
(Section 1.1.2), as indicated by the lack of effect of OSBP APH on cholesterol synthesis
or esterification even though it bound 250H with the same affinity as wildtype OSBP
[21]. Since CHO-OSBP cells appear as if they were cholesterol depleted, but respond
normally to 250H, the unliganded form of OSBP is probably the primary mediator of

enhanced cholesterol synthesis [21].

1.14  OSBP phosphorylation

OSBP is phosphorylated on five to six serine residues. Phosphorylation of
serine 381 causes a size shift on SDS-polyacrylamide gel electrophoresis (PAGE), a
property that was used to monitor the phosphorylation state of OSBP. OSBP
phosphorylation is regulated by SM and cholesterol levels in the PM, as well as by
alterations in cholesterol trafficking [27,28]. Cholesterol starvation as a result of
inhibition of de novo cholesterol synthesis or inhibition of cholesterol transport from the
lysosomal/endosomal system results in Golgi apparatus localization of OSBP and
subsequent dephosphorylation of serines 381, 384 and 387 [28]. OSBP phosphorylation

was not affected by oxysterol treatment, nor did the phosphorylation state alter ligand
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binding or translocation to the Golgi apparatus in response to oxysterol treatment [109].
Depletion of SM in the PM by bacterial SMase also caused rapid dephosphorylation of
OSBP and translocation to the Golgi apparatus. Following bacterial SMase treatment,
OSBP was rephosphorylated coincident with SM resynthesis and down-regulation of
cholesterol esterification, indicating that the phosphorylation state of OSBP plays an as
yet undefined role in cholesterol and SM homeostasis [22]. Since inhibiting cholesterol
transport out of the lysosomes or removing PM cholesterol with cyclodextrin did not
inhibit bacterial SMase-induced dephosphorylation, OSBP dephosphorylation occurred as
a result of SM hydrolysis rather than alterations in cholesterol trafficking [22]. However,
translocation of OSBP to the Golgi apparatus in response to bacterial SMase was the
result of alterations in sterol trafficking (Section 1.1.2.3). This data suggest that
localization of OSBP to the Golgi apparatus and dephosphorylation of OSBP are two
separate, albeit related, events. Inhibition of cholesterol trafficking or cholesterol
starvation results in the localization of OSBP to the Golgi apparatus, where it becomes
progressively dephosphorylated over several hours. Acute depletion of SM also results in
rapid dephosphorylation, while the associated alterations in cholesterol trafficking cause
the localization of OSBP to the Golgi apparatus.

OSBP was dephosphorylated in response to treatment of cells with brefeldin A
(BFA), a fungal metabolite that causes the absorption of the cis, medial and trans
elements of the Golgi apparatus into the ER by inhibiting anterograde transport to the
Golgi apparatus, but not retrograde transport to the ER [110-112]. This indicates that an
OSBP kinase(s) is localized to the Golgi apparatus or another BFA-sensitive

compartment and is sequestered away from OSBP by relocalization to the ER. While it is
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possible that the kinase(s) is directly inhibited by BFA, this is unlikely as BFA did not
inhibit in vitro phosphorylation of OSBP by purified Golgi membranes [109].

Experiments using kinase inhibitors and activators, both in whole cells and in
vitro, served to eliminate a number of potential OSBP kinases, such as protein kinase A
(PKA), PKC and casein kinase (CK) II [109]. The phosphorylation of serine 381 is
required for the subsequent phosphorylation on serines 384 and 387. Serines 384 and 387
become classical CKI substrates when serines 381 or 384 are phosphorylated three
restdues N-terminal of the target serine [113].

Since SM hydrolysis caused OSBP dephosphorylation, a ceramide-activated
phosphatase such as protein phosphatase 2A (PP2A) could be involved [114-117].
Indeed, treatment with okadaic acid, an inhibitor of PP2A, enhanced OSBP
phosphorylation [109]. However, since short-chain ceramides did not promote OSBP
dephosphorylation, either a metabolite of SM other than ceramide is responsible for
activating the phosphatase or short chain ceramides are not able to activate PP2A in CHO
cells [22]. Although the role of OSBP phosphorylation has not yet been determined,
identification of the kinase(s) and phosphatase(s) involved may give further clues as to

the function of OSBP.

1.2 ORP1 (Subfamily II)

Two variants of ORP1, ORP1L and ORPIS, arise from alternate promoters and
differential splicing [3,4] (Fig. 1). ORPIL contains an OHD, a PH domain and three
ankyrin repeats. ORP1S lacks the PH domain and ankyrin repeats and consists almost

exclusively of the OHD [2-4,6,118]. ORP1S was expressed primarily in skeletal muscle
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and heart, while ORP1L was more abundant in macrophages, brain and lung tissue [3].
Both ORP1S and ORPI1L were upregulated during the differentiation of monocytes to
macrophages. However, ORP1S was only upregulated 2-4 fold compared to a 100-fold
induction of ORP1L. ORPIL is the only member of the human ORP family with ankyrin
repeats, which are found in a number of cytoskeletal proteins and transcription factors
and are implicated in protein/protein interactions [119]. The ankyrin repeats, in
conjunction with the PH domain, mediate the localization of ORP1L to late endosomal
compartments. ORP1S was found in both the cytosol and the nucleus [3].

ORP1S was studied with respect to its ability to complement the function of
Osh4/Kes1p, an S. cerevisiae orthologue of the ORP family that is a negative regulator of
the SEC14 pathway [120]. Secl4p is an essential PI/PC transfer protein involved in
vesicle transport from the Golgi apparatus. Disruption of OSH4/KES1 allowed a sec14”
strain to grow at the non-permissive temperature, indicating that Osh4/Keslp and Sec14p
have opposing functions [120]. Expression of ORP1S in secl4“/osh4/kes] yeast inhibited
carboxypeptidase Y (CPY) processing at the non-permissive temperature, indicating that
ORPIS complemented Osh4/Keslp function with respect to vesicle transport from the
Golgi apparatus [118]. ORP1S did not bind oxysterols, but exhibited strong binding to
phosphatidic acid and weak binding to PI-3-P when these lipids were immobilized on
nitrocellulose [118].

A recent study investigated the role of ORP1L with respect to cholesterol
synthesis and esterification in mammalian cells [3]. A fragment of ORP1L containing
only the ankyrin repeats and the PH domain showed enhanced localization to late

endosomes relative to the entire protein [3]. This indicates that the C-terminal ligand-
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binding region (or OHD) could inhibit endosome localization, analogous to inhibition of
localization to the Golgi apparatus by the ligand-binding domain of OSBP [33]. The
ORPIL ankyrin repeat/PH domain fragment also caused the late endosome compartment
to aggregate and form unusual membranous structures [3]. One of the many functions of
the lysosomal/endosomal pathway is the sorting and transport of LDL-derived
cholesterol. The localization of ORPIL to the endosomes potentially implicates it in
cholesterol and lipid uptake and transport, perhaps as a sensor of lipid or sterol content in
this compartment. This is supported by the capacity of ORPIL, but not ORP1S, to
increase the transcriptional activity of LXRs [3], oxysterol-binding nuclear hormone
receptors that control expression of numerous genes involved in sterol and bile acid
regulation [121]. The dramatic induction of ORP1L expression in macrophages, cells that
are dependent on LXRs for regulation of lipid efflux pathways, also suggests that ORP1L
and LXR regulation are connected via an unknown mechanism. As very little ORP1L
was seen in the nucleus [3], its role in LXR activation is likely to be indirect, perhaps
through the regulation of the production of LXR agonists such as polyunsaturated fatty
acids [122], oxidized cholesterol 3-sulfate derivatives [123] or oxysterols. These data
suggest that ORP1L may respond to increased sterol or lipid content of the endosomes by
activating LXR and cholesterol efflux, potentially via the ATP-binding cassette

transporter Al (ABCA1) [124].

1.3 ORP2 (Subfamily IT)
ORP2 is the only family member that consists solely of an OHD and, together

with ORP1, constitutes Subfamily II. ORP2 mRNA is widely expressed in human tissues,
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with the highest levels in the central nervous system (CNS), leucocytes, placenta and
pancreas [23]. Two splice variants have been identified in mouse tissues, while a third
was found only in CHO cells [23]. Another splice variant was identified in which exon 3
was omitted, leading to the in-frame deletion of 12 amino acids prior to the OHD [4]. The
functional significance of these splice variants is unknown.

The ability of ORP2 to act as a suppressor of Sec14“p bypass mutant osh4/kes1
was investigated in the same study as ORP1S [118] (Section 1.2). Although ORP1S and
ORP?2 are closely related, ORP2 was unable to complement the loss of Osh4/Kes1p [118]
and was localized to the Golgi apparatus [23,118]. However, overexpression of ORP2
was toxic in S. cerevisiae, which made it difficult to draw conclusions about its function
in this system.

Like OSBP and ORPI1L, ORP2 has been shown to be involved in cellular
cholesterol homeostasis. Cholesterol levels and ACAT activity were reduced in cells
overexpressing ORP2 [23]. Cholesterol efflux to extracellular acceptors such as human
serum, human apoA1l and palmitoyl-oleyl PC (POPC) vesicles was increased in ORP2
overexpressing cells, apparently due to an increase in the relative proportion of
cholesterol caused by reduced ACAT activity.

Transport of vesicular stomatitis viral protein G fused to green fluorescent
protein (VSVG-GFP) from the ER through the Golgi apparatus to the PM was examined
using cells that were transiently transfected with both VSVG-GFP and ORP2 [23]. Cells
expressing levels of ORP2 similar to the cell lines used for the cholesterol efflux
experiments had normal VSVG-GFP transport. However, in cells expressing very high

levels of ORP2, transport of VSVG-GFP to the Golgi apparatus was normal but
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subsequent transport from the Golgi apparatus to the PM was inhibited. This suggests that
ORP2 is involved in a late stage of the secretory pathway, possibly in the biogenesis of
vesicles from the Golgi apparatus [23]. A role in the late secretory pathway is supported
by the observation that transport of CPY to the vacuole was perturbed by expression of

ORP2 in S. cerevisiae [118].

1.4 ORP3 (Subfamily III)

ORP3 was initially identified in an EST search for OSBP homologues [6,7] and
was later cloned from hematopoietic cells using differential display PCR [125]. Less
differentiated CD34+38- hematopoietic cells expressed up to twice as much ORP3
mRNA in relation to CD34+ cells, which in turn expressed 3-4 times more ORP3 mRNA
compared to CD34- cells. Oxysterols inhibited proliferation of hematopoietic cells but
since ORP3 did not bind 250H (Wang and Ridgway, unpublished data), it is unlikely to
be directly involved in this effect [125]. As many as 9 splice variants of ORP3 have been
identified [4,125]. One study identified splice variants in which exons 9 and/or 12 were
spliced out and/or exon 15 was extended. The extension of exon 15 caused a shift in the
reading frame, resulting in premature truncation of the OHD [5]. This splicing pattern
could lead to two distinct groups of ORP3 proteins: four that contain a complete OHD
and four that are truncated in the OHD. mRNA for the truncated forms was expressed
primarily in human brain, kidney, spleen, thymus and thyroid, while mRNA for complete
OHD forms were found at variable levels in most other tissues. Another ORP3 splice

variant in which exon 4 was deleted, removing a portion of the PH domain, was
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identified in an earlier study [4]. The functional significance of these splice variants has

not been defined.

1.5 ORP4 (Subfamily I)

An mRNA encoding a truncated form of ORP4, termed ORP4S, was identified
by differential display as an upregulated transcript in metastatic tumours [126]. ORPA4S is
produced from an alternate promoter start site and differential splicing [1]. mRNA for
both forms was expressed primarily in brain, although ORPAL mRNA was also expressed
at lower levels in heart, skeletal muscle, kidney and spleen [1,6]. Additional splice
variants missing exon 12 [4] and 14 (Ridgway, unpublished results) have been detected,
but their functional significance is unknown.

ORP4 and OSBP have the greatest degree of similarity and constitute Subfamily
I [1,6]. Although ORP4L possesses oxysterol-binding activity, its specificity is
controversial. One report indicated that ORP4L from retinal tissue bound 7-
ketocholesterol [15], while another report indicated high affinity (K,=5-10 nM) 250H
binding but no 7-ketocholesterol binding activity [1]. The discrepancy is probably due to
assay differences, as the ORP4L binding assay for 7-ketocholesterol used extracts from
monkey retina [15], while 250H binding was determined using extracts of COS cells
transiently overexpressing ORP4L [1]. 250H or 7-ketocholesterol treatment did not
affect the localization of either form of ORP4 [1]. This study also showed that ORP4S
did not bind 250H and that oxysterol specificity of OSBP and ORP4L was similar.

Indirect immunofluorescence in CHO cells revealed that ORP4AL was widely

dispersed throughout the cell rather than localized to a specific organelle [1]. However,
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subcellular fractionation of monkey retina cells indicated ORP4L was primarily
membrane associated [15]. In contrast, ORP4S co-localized with vimentin filaments by
indirect co-immunofluorescence [1]. Vimentin is a member of the intermediate filament
family of proteins. These proteins form extensive networks that provide structural
integrity to the cell and form a scaffold for binding of a number of proteins involved in
metabolism, vesicle trafficking and signaling (reviewed in [127]). Overexpression of
ORP4S in CHO cells re-organized vimentin from an extensive filamentous network to
disorganized bundles surrounding the nucleus. The same phenotype was observed in
control cells treated with nocodazole, a microtubule-disrupting agent. Thus, ORP4S may
interfere with microtubule contacts, leading to disruption of the vimentin network. While
ORP41. did not co-localize with vimentin, it altered the effect of nocodazole on vimentin
localization. In control cells, nocodazole treatment caused vimentin to aggregate in
bundles around the nucleus, while in cells expressing ORP4L, vimentin localization was
diffuse [1]. Vimentin networks have been implicated in cholesterol transport to the ER
[128-130]. Consistent with this, cells overexpressing ORP4S had reduced cholesterol
esterification, possibly because of a reduction in cholesterol trafficking to the ER due to
disruption of the vimentin network [1]. Overexpression of OSBP also reduced cholesterol
esterification [21], indicating that ORP4S, ORP4L and OSBP participate in a similar
pathway to affect ACAT activity [1].

Since ORP4L did not co-localize with vimentin, a domain in ORP4L, but not
ORP4S, may sequester ORP4L by inhibiting vimentin binding or by promoting stronger
interaction with another compartment [1]. The PH domain is the most likely candidate for

this role, either by interacting inter- or intramolecularly to block the vimentin-binding
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domain or by enhancing localization of ORP4L to a specific compartment through its

presumed interaction with phosphorylated PIs.

1.6 ORP5-11 (Subfamilies IIL, IV, V, VI)

While ORPs 5-11 have been identified and complete cDNA and genomic
sequences are available in humans and mouse, the functions of these proteins have not
been characterized. These ORPs are predicted to contain PH domains, although splice
variants that lack the PH domain have been reported for ORP6, ORP7 and ORP9 [2,4].
ORPS5 and ORPS also have putative transmembrane domains (Fig. 1). mRNAs for ORPs
5-11 are expressed in a number of tissues but most highly in brain, kidney and liver [6].
Loading cells with acetylated-LDL increased mRNA expression of ORP6 by 2-fold, but
did not affect expression of other ORPs [6]. However a detailed analysis of the role of

ORP6 in lipid regulation has not been undertaken.

1.7 OSBP-related proteins in Saccharomyces cerevisiae

Seven OSBP homologues (designated OSBP homology (OSH) I-7) have been
identified in S. cerevisiae [8]. Like mammalian ORPs, the sequence similarity in the yeast
OSH genes is confined to the OSBP homology and PH domains. OSHI, OSH2 and OSH3
encode PH domain containing proteins with the greatest similarity in the OHD to the
human ORPs of Subfamilies I, II and III (Table 1). The other four OSH genes encode
truncated proteins lacking PH domains that have the best similarity to subfamilies V and
VI, which are themselves closely related. The OSH genes have the least similarity to

ORPS5 or ORP8 (subfamily IV). Similar to human ORPIL, Oshlp and Osh2p also have
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Table 1. Protein sequence similarity and identity between yeast and human OSBP
homology domains (OHDs). Human ORP OHDs were defined according to Jawaorski et
al and Moreira et al [4,15]. OHDs of Osh proteins were defined by alignment with the
OSBP OHD. Sequences were aligned using MacVector (version 6.5.3) and a Blosum 30
algorithm with an open gap penalty of 10 and an extend gap penalty of 0.1. The upper
number in each box represents the total percent similarity (identical plus similar), while
the two bracketed numbers represent the percentage of identical and similar residues,
respectively. The best identities for each Osh protein are shown in bold and are used to

assign the Osh proteins to the ORP subfamilies (Fig. 1).
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OSH1 |OSH2 |OSH3 |[OSH4 |OSH5 |OSH6 |OSH7
OSBP | 51% 51% 41% 21% 22% 28% 30%
(I) (3714) (36/15) (26/15) (13/8) (12/10) (15/13) (16/14)
ORP1 | 43% 42% 40% 28% 31% 32% 34%
(I (29/14) (28/14) (28/12) (17/11) (18/13) (18/14) (20/14)
ORP2 42% 42% 41% 28% 30% 32% 33%
(1D (28/14) (29/13) (28/13) (18/10) (17/13) (18/14) (18/15)
ORP3 45% 49% 45 % 25% 25% 36% 35%
(II1) (29/16) (33/16) (30/15) (16/9) (14/11) (20/16) (20/15)
ORP4 | 48 % 50% 42% 22% 24% 30% 32%
(@D (33/15) (33/17) (26/16) (12/10) (12/12) (16/14) (17/15)
ORP5 22% 23% 24% 27% 26% 29% 30%
(IV) (12/10) (13/10) (14/10) (16/11) (15/11) (19/10) (20/10)
ORP6 47% 48% 43% 25% 27% 34% 35%
(TIT) (29/18) (32/16) (29/14) (15/10) (14/13) (18/16) (18/17)
ORP7 45% 47% 44 % 23% 24% 34% 35%
(1) (29/16) (30/17) (29/15) (13/10) (13/11) (18/16) (17/18)
ORPS8 19% 20% 23% 24% 23% 28% 28%
(IV) (13/6) (14/6) (14/9) (15/9) (13/10) (17/11) (17/11)
ORP9 | 31% 30% 31% | 36% | 36% | 45% | 45%
V) (19112) (18/12) (16/15) (22/14) (20/16) (30/15) (32/13)
ORP10 | 30% | 31% | 30% | 33% | 34% | 42% | 43%
VD (17113) (19112) (16/14) (19/14) (19/15) (28/14) (29/14)
ORP11 | 31% 31% 29% 31% 33% 40% 42%
(VD) (18/13) (18/13) (15/14) (18/13) (18/15) (26/14) (29/13)
Sub- I I I1I V/VI V/VI V/VI | V/VI
family

Table 1
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ankyrin repeats [8].

An extensive study in S. cerevisiae examined the effects of deleting each of the
OSH genes independently and in combination with each other [8]. While none of the
genes were found to have an essential role, and any one of them could compensate for the
loss of the other six, deletion of all seven was lethal, indicating that they constitute an
essential gene family [8]. Using an OSH-null yeast strain that expressed Osh2p under the
control of a methionine-regulated promoter, Beh and co-workers showed that the
complete absence of OSH expression resulted in a 3- to 13-fold increase in the level of
ergosterol and other yeast sterols [8]. Gene expression profiles of strains with individual
deletions in each OSH gene showed distinct changes in the expression levels of 96 genes,
indicating that even though Osh proteins may share a common overall function, they are
not involved in common pathways. The majority of the genes whose expression was
altered by deletion of the OSH genes were involved in membrane permeability and lipid
homeostasis.

Both Oshlp and Osh2p showed the highest similarity to OSBP and ORP4,
although they were also quite similar to ORPs 1, 2, 3, 6 and 7 (Table 1). This suggests a
similar role to OSBP, ORP1L and ORP4L in cholesterol/ergosterol and lipid homeostasis
(Sections 1.1.3, 1.2 and 1.5). An Osh1p-GFP fusion protein was localized to two distinct
structures in the cell; the Golgi apparatus [25] and a sub-compartment of the ER termed
the nucleus-vacuole (NV) junction [24,26]. The NV junction is a yeast-specific structure
that is implicated in regulation of lipid metabolism [24,131], although its precise function
is poorly defined. The ankyrin repeats regulated localization to the NV junction, while

Golgi apparatus localization was regulated by the PH domain. Although Oshlp and
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Osh2p contain N-terminal PH domains and ankyrin repeats, they have different
localization patterns, supporting the concept that family members have similar roles in
separate compartments of the cell. An Osh2p-GFP fusion protein was localized mainly to
the PM and the site of yeast bud formation [24], indicating that it could be involved in
ergosterol trafficking to the PM. In support of this concept, OSHI and OSH2 deletion
strains had normal ergosterol levels but the oshIA strain was sensitive to lovastatin, an
inhibitor of HMG-CoA reductase, while the osh2A strain was sensitive to nystatin, which
binds cholesterol in the PM [8]. Finally, both Oshlp and Osh2p were identified as part of
a yeast protein complex that contained Fks1p, Opilp, Sttdp and Scs2p, all of which are
implicated in lipid or cell wall synthesis [132]. Scs2p is the yeast homologue of VAP-A,
identified in this study as a protein partner for OSBP by yeast two-hybrid analysis. The
yeast complex also contained Numlp, a protein involved in cytoskeletal interaction with
the nucleus during nuclear migration into the bud, and Rpn10p, a component of the 26S
proteasome. While all of these proteins may not directly interact, these data further
implicate Osh1p and Osh2p in lipid homeostasis and cell cycle control [132].

Although Osh3p also has a PH domain, a GFP-fusion of Osh3p was found
primarily in the cytosol [24]. Osh3p also has a Golgi dynamics (GOLD) domain, which is
thought to mediate protein-protein interactions in the Golgi apparatus [2]. It is not known
whether Osh3p PH and GOLD domains are required for the interaction of Osh3p with its
protein partners. Osh3p was shown to interact with Rok1p (by yeast two-hybrid analysis),
a DEAD-box RNA helicase that suppressed a nuclear fusion defect caused by the loss of
KEMI, a cytoplasmic exoribonuclease [133-135]. Purified Kemlp promoted the

polymerization of microtubules and is implicated in nuclear fusion during mating,
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chromosome transmission and nuclear migration [133,136]. High-level expression of
Osh3p enhanced the kem1 defect, thus implicating Osh3p as a negative regulator of these
processes [133]. Expression of Osh3p was also induced by the a-mating factor in a
mitogen activated protein (MAP) kinase/STEI2-dependent manner [133]. However,
Osh3p was not essential for yeast mating, implying that other members of the OSH
family may compensate for its loss [133]. Interestingly, an OSH6 like gene was found in
the mating-type (MAT) locus of Candida albicans and could represent another Osh
protein involved in this process [12]. Yeast mating requires polarized membrane growth,
redirection of vesicle transport and remodeling of the cell wall [137]. Osh3p could play a
role in these processes by regulating membrane content or lipid trafficking.

The filamentous growth pathway and the a-factor-induced mating process are
regulated by a number of the same signalling molecules, including the transcription factor
Ste12p. High-level expression of Osh3p induced filamentous growth, suggesting it could
function parallel to or downstream of STEI2 [133]. Finally, Osh3p is upregulated by
induction of the unfolded protein response (UPR) and could be involved in controlling
the membrane growth required to accommodate excess proteins in the ER during stress
[2]. Collectively, these data show that Osh3p is involved in diverse cellular functions but
mechanisms are still unclear.

Osh4/Keslp was originally identified as an OSBP homologue implicated in
ergosterol synthesis [9]. This was supported by data from the OSH gene deletion study
(8], which showed that yeast lacking OSH4/KES1 were less sensitive to nystatin, even
though ergosterol content was normal. Although Osh4/Kes1p consists almost entirely of

the OHD and displays limited sequence identity to OSBP (Table 1), its localization to the
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Golgi apparatus was dependent on PI-4-P generation by Pik1p, but not by Sttlp activity
and PI-4-P production at the PM [138]. However, unlike OSBP, regions within the OHD,
including the consensus sequence HHPP and a putative PH domain found in the C-
terminal portion of the OHD were involved in localization to the Golgi apparatus. The
putative Osh4/Keslp PH domain bound several phosphorylated PI species in vitro and
showed the greatest affinity for PI-4,5-P, [138]. This is similar to the study by Xu et al,
which demonstrated that ORP1S and ORP2, both truncated members of the ORP family
that lack PH domains, bound phosphatidic acid and PI-3-P [118].

Osh4/Keslp was characterized as a secl4” bypass mutant and a negative
regulator of vesicle biogenesis from the Golgi apparatus (Sections 1.2 and 1.3) [120]. It is
the only member of the OSH family member that supports secI14* bypass [8]. Other genes
able to bypass the secl4* mutation when deleted included SACI, which resulted in
increased conversion of PI to phosphoinositol containing sphingolipids and increased
DAG content [139], and the enzymes of the CDP-choline biosynthetic pathway, which
resulted in decreased PC synthesis and increased DAG levels [140]. These data support a
model wherein Sec14p functions to maintain a pool of DAG in the Golgi apparatus that is
required to maintain vesicle biogenesis. Presumably, loss of Secl4p results in depletion
of this pool, thereby altering the lipid composition of the Golgi apparatus and preventing
vesicle biogenesis. Compensatory changes to increase DAG levels in bypass mutants
such as osh4/kesl A, would allow vesicle biogenesis to proceed. Thus vesicle formation
from the Golgi apparatus requires a balance between the inhibitory effects of Osh4/Keslp

and stimulatory effects of Sec14p [120].
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OSH5/HESI and OSH6 were the only genes that when individually deleted
caused increased ergosterol levels. In addition, deletion of either gene resulted in similar
gene expression profiles [8]. As well, OSH5/HES] was shown to be involved in
exogenous cholesterol accumulation in a upc-2 yeast strain under aerobic conditions

[141]. How OshSp and Osh6P are in involved in ergosterol regulation in not known.

1.8 ORP expression in other species

The ORP family is structurally conserved across a variety of species. As with
the human and mouse [11] ORPs, the main similarity is in the OHD, but the absolutely
conserved mammalian sequence of EQVSHHPP (Fig. 1) is shortened to HHPP in non-
mammalian species.

D. melanogaster has four ORP genes. One of them, designated OSBP-Dm, was
originally identified in a screen for D. melanogaster cDNAs that could overcome cell
cycle arrest induced by overexpression of Weelp in S. pombe [14]. Weelp inhibits the
cell cycle control protein p34°“?, implicating OSBP-Dm in regulation of cell cycle
progression [14]. OSBP-Dm is ~50% identical to both OSBP and ORP4 and there are
several regions that are absolutely conserved between all three proteins, including the
conserved OHD sequence EQVSHHPP and the region of OSBP required for
dimerization. Insects cannot synthesize sterols, but acquire them from their diet. Thus
OSBP-Dm is unlikely to regulate sterol synthesis, but could be involved in sterol
transport. The three other ORP genes in D. melanogaster have PH domains [4,6].

Five ORPs have been identified in C. elegans [4,6,10,142], one of which was

shown to interact with bone morphogenetic protein (BMP) receptor-associated molecule
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(BRAM) as part of the transforming growth factor (TGF)-f signalling pathway regulating
body length [10]. As well, twelve OSBP homologues have been identified in A. thaliana,
a widely used model for plant genetics and development [4,18]. The genes from these
two organisms are predicted to encode proteins both with and without PH domains.
Finally, five ORP genes, all of which encode shorter non-PH domain containing proteins,
have been identified in D. discoidium [13]. One of these genes, OSBPa, was implicated in

the progression from a migrating body to culmination.



2 Project Aim

As discussed, the members of the ORP family are involved in diverse cellular
functions, the best characterized of which is the regulation of cholesterol and lipid
metabolism and transport. Although a role for OSBP in the regulation of cholesterol and
SM synthesis had been determined, it was unclear whether these effects were direct or
indirect. The aim of this project was to investigate the function of OSBP and the ORP
family by identifying its protein partner(s) by yeast two-hybrid analysis, glutathione-S-
transferase pull-down assays and co-immunoprecipitation. Functional analysis of relevant
interactions was then undertaken in inducibly overexpressing CHO cell lines.

The results of this study support past work demonstrating a role for OSBP and
oxysterols in the regulation of ceramide trafficking. The work presented here is the first
to define OSBP and VAP-A as regulators of protein and ceramide export from the ER.
Moreover, we have defined an interaction network of proteins centered around VAP-A
that includes several members of the ORP family, suggesting that VAP-A is a central
regulator of OSBP and ORP function. Investigation of the roles of these proteins and the
significance of their interactions with VAP-A is the first step in determining the precise

mechanism of action of this protein family.
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3 Materials and Methods
3.1 Materials

Tissue culture media, G418, hygromycin B, sodium dodecyl sulphate (SDS),
deoxynucleotide triphosphate (INTP)s, V5 monoclonal antibody, and Vent, Platinum Taq
and Taq polymerases were obtained from Invitrogen Life Sciences. Tet-on system
plasmids, CHO-Tet-on cells and TALON resin were obtained from Clontech. Reagents
for yeast and bacteria media, polyethylene glycol (PEG) 3400 and ethylene-diaminetetra-
acetic acid (EDTA) were from EM Science. Tris-HCI and protease inhibitor cocktail
tablets were from Roche Diagnostics. Protein A-Sepharose, glutathione-Sepharose and
enhanced chemiluminescence kits were from Amersham Pharmacia Biosciences. Gene
Editor site-directed mutagenesis kits and herring sperm DNA were purchased from
Promega. Morph site-directed mutagenesis kits were from 5°-3’ Inc. All restriction
enzymes were from New England Biolabs or Invitrogen. Gene Clean II kits used to
purify DNA for ligations were from QBio Gene. T7 sequencing kits were from USB
Corp. Sequencing, PCR and mutagenic primers were purchased from Cortec DNA
Service Laboratories Inc. Potassium acetate was from Fisher Scientific. Ethylene-glycol-
(bis)(B-aminoethyl ether)-N,N,N’,N’-tetra-acetic acid (EGTA) was from BDH. Reagents
and equipment for SDS-PAGE and secondary goat anti-mouse (GAM) and anti-rabbit
antibodies (GAR) coupled to horseradish peroxidase were from Bio-Rad. Triton X-100
(TX-100) was from Pierce. N-(4,4-difluoro-5-(2-thienyl)-4-boro-3a,4a-diaza-s-indacene-
3-pentanoyl)sphingosine (Cs;-DMB-ceramide) and Alexa-fluor conjugated secondary
antibodies were from Molecular Probes. Monoclonal antibodies to protein disulphide

isomerase (PDI) and the KDEL motif (recognizes glucose-regulated protein (78
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kDa)/immunoglobulin binding protein (GRP74/BiP) and GRP94) and a polyclonal
calnexin antibody were from Stressgen. A caveolin polyclonal antibody was from
Transduction Laboratories. Bovine serum albumin (BSA), fatty acid-free BSA, nutrient
supplements, amino acids, fluorescein isothiocyanate (FITC)-lentil lectin, propidium
iodide and a monoclonal tubulin antibody were from Sigma Aldrich. A p58 polyclonal
antibody was provided by Dr. Jaakko Saraste (University of Bergen, Norway). Giantin
polyclonal antibody was provided by Dr. Douglas Hogue (Dalhousie University). A
Sec31 polyclonal antibody was supplied by Dr. Fred Gorlick (Yale University, USA). An
ARF GTPase activating protein (ARF-GAP) antibody was supplied by Dr. Rick Singer
(Dalhousie University). Polyclonal antibodies against lamin A/C and poly(ADP ribose)
polymerase (PARP) were purchased from Santa Cruz Biotechnology Inc. Monoclonal
antibody 414 directed against a common epitope found in Nup62 and related components
of the nuclear pore complex was from Berkeley Antibody Co. A human B-cell library in
pACT was supplied by Dr. Chris Barnes (Dalhousie University). pVSVG-GFP was
supplied by Dr. Jennifer Lippincott-Schwartz (NIH, MA, USA). A plasmid encoding
ORPI1L was supplied by Dr. Vessa Olkkonen (National Public Health Institute, Helsinki,
Finland). A plasmid encoding ORP3(1d) was supplied by Dr. Mark Kirkland (Geelong

Hospital, Geelong, Australia). All other chemicals were of reagent grade.

3.2 Methods
3.2.1 Polymerase chain reaction (PCR)
PCR was performed using a Perkin Elmer 2400 GeneAmp PCR system.

Reactions contained Vent polymerase (1 U), 1 uM of each primer, 0.4 mM dNTPs and 2
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mM Mg™ in a total volume of 50 pl. Individual primers used in PCR reactions are listed
in Appendix 1. Samples were denatured at 98°C for 5 minutes (min) before performing
30 amplification cycles consisting of denaturation at 98°C for 30 seconds (s), annealing at
a temperature determined by the T,s of the primers for 45 s and extension at 76°C for 2
min. A final incubation at 76°C for 5 min was done to achieve full extension of PCR
products. In order to add 3’ adenosine nucleotides to Vent PCR products, allowing them
to be cloned into pCR2.1-TOPO, 0.4 mM dNTPs and Taq buffer were added to 25 ul of
PCR reaction (final volume of 50 ul) and incubated for 15 min at 72°C with Taq
polymerase (1 U).

PCR amplification with Platinum Taq polymerase (1 U) used a similar protocol
except that primers were used at 2 uM each and extensions were performed at 68°C.
Since 3’ adenosines are added by Platinum Taq polymerase, the additional incubation

with Taq polymerase was not necessary.

3.2.2  Plasmid preparation
3.2.2.1 Construction of OSBP plasmids

Yeast two-hybrid vectors containing full-length rabbit OSBP cDNAs were
prepared as follows. pAS1-CYH2-OSBP (pAS1-OSBP) was prepared by PCR
amplification of the rabbit OSBP cDNA from pCMV2-OSBP using Vent polymerase and
primers ON1 and ON3 to create 5’ and 3’ Ndel and BamH1 sites, respectively. pACT2-
OSBP was prepared in the same manner, except that primers ON2 and ON3 were used to
create Ncol and BamH]1 sites. PCR products were subcloned into pCR2.1-TOPO

(Invitrogen Life Sciences) before cloning into Ndel/BamH I-digested pAS1 or
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Ncol/BamH]I-digested pACT2. A Notl/BstEII fragment from pCMV2-OSBP was later
subcloned into pAS1-OSBP to reduce the chance of PCR error.

pCMV2-OSBP S381A was made by Dr. A. Mohammadi (Ridgway lab) using
the Morph site-directed mutagenesis kit and pCMV2-OSBP A432-435 was made using
primer ON29 and the Gene Editor site-directed mutagenesis kit. pAS1-OSBP S381A and
pAS1-OSBP A432-435 were made by subcloning the Notl/BstEIl fragments from
pCMV2-OSBP S381A or pCMV2-OSBP A432-435 into pAS1-OSBP digested with the
same enzymes. Other mutations in pAS1-OSBP were made using primers ON20-28 and
the Morph site-directed mutagenesis kit or the Gene Editor site-directed mutagenesis kit
and confirmed by sequencing. A pAS1 construct containing only the ligand binding
domain of OSBP (pAS1-OSBP 351-809) was prepared by PCR amplification of this
region of the cDNA from pCMV2-OSBP using Vent polymerase and primers ON4 and
ON3 to create 5’ and 3’ Ndel and BamH1 sites, respectively. The PCR product was
subcloned into pCR2.1-TOPO, digested with Ndel/BamH]] and ligated into pAS1
digested with the same enzymes.

The construction of pTRE-OSBP, pTRE-OSBP W174A, pTRE-OSBP A132-
182, pCMV2-OSBP APH and pCMV2-OSBP A92-125 has been described previously
[21,143]. pCMV2-OSBP A132-182 and pCMV2-OSBP W174A were made in the same
fashion. pCMV2-OSBP truncation mutants were prepared by Dr. A Mohammadi using
site directed mutagenesis to insert stop codons at amino acid residues 218, 268 and 443.

pGEX3X-OSBP 80-187 was prepared by Dr. A. Mohammadi by PCR
amplification of this region of the cDNA from pCMV2-OSBP using primers to create 5’

and 3° EcoR1 and BamH]1 sites, respectively. The PCR product was subcloned first into
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pCR2.1-TOPO and then into pGEX3X digested with EcoRI and BamH1. The W174A
mutation was introduced into pGEX3X-OSBP 80-187 using ON29 and the Gene Editor

site-directed mutagenesis kit.

3.2.2.2 Construction of VAP-A plasmids

pACT2-VAP-A was prepared by subcloning the Ncol fragment containing the
entire open reading frame of VAP-A from pACT-VAP-A (cDNA obtained from the yeast
two-hybrid library screen) into Ncol-digested pACT2 and sequencing to confirm the
orientation. pAS1-VAP-A was prepared by subcloning the Ndel/BamH]I fragment from
pACT2-VAP-A into pAS1 digested with the same enzymes. pACT2-VAP-A A43-49,
pACT2-VAP-A 1-160 and pACT2-VAP-A ATM (introduces a stop codon at residue 221
to delete the transmembrane domain) were prepared by site directed mutagenesis using
the Morph kit and primers ON30, ON31 and ON32. Mutations were confirmed by
sequencing.

pGEX3X-VAP-A was prepared by PCR amplification of the cDNA from
pACT-VAP-A using Vent polymerase and primers ONS and ONG6 to create 5° and 3’
EcoRI and BamH|1 sites, respectively. pTRE-VAP-A and pTRE-VAP-A ATM were
prepared in a similar manner as follows. Primer ON7 was used to create 5’ EcoR/ sites in
conjunction with primer ONS to create a 3’ BamH1 site at residue 220 (removes the
transmembrane domain) or primer ON9 to create a 3° BamH 1 site at the end of the
c¢DNA. All PCR products were first subcloned into pCR2.1-TOPO before cloning into the

appropriate vectors digested with EcoRI and BamH 1 and verified by sequencing.
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3.2.2.3 Construction of ORP4 plasmids

pAS1-ORP4S and pACT2-ORP4S were prepared by ligating the Ncol-Xhol
fragment from pcDNA3-ORP4S [1] into pAS1 digested with Ncol and Sall or pACT2
digested with Ncol and Xhol. pAS1-ORP4L was created by a two step ligation process.
First, the cDNA was PCR amplified from pcDNA3-ORP4L [1] using Vent polymerase
and primers ON11 and ON12 to create 5’ and 3’ Ndel and Sall sites, respectively, and
subcloned into pCR2.1-TOPO. An ORP4L fragment from the 5’ Ndel site to a unique
internal Ndel site was subcloned into Ndel-digested pAS1 and the orientation confirmed
by restriction mapping. This vector was then digested with Ncol and Sall and a second
ORP4L fragment produced by digesting pcDNA3-ORP4L with Ncol and Xhol was
ligated. pACT2-ORP4L was constructed using a similar protocol, except that an Ncol
site was created at the 5’ end of the cDNA by PCR using ON13 in conjunction with
primer ON12. The PCR product was subcloned into pCR2.1-TOPO and the Ncol
fragment from the 5’ end to a unique internal Ncol site was cloned into pACT2-ORP4S
digested with Ncol. Orientation was determined by restriction mapping and the cDNA

insert was sequenced.

3.2.2.4 Construction of ORP9 plasmids

The ORP9S cDNA was amplified from pME18S-FL-ORP9S (Helix Research
Institute, Chiba Japan) by Cheng Wang (Ridgway lab) using Vent polymerase and
primers to create 5’ and 3’ HindlIl and Xhol sites, respectively. The PCR product was
cloned into Hindlll/Xhol-digested pcDNA3.1V5/His, generating pcDNA3-ORP9S with

in-frame epitope tags at the C-terminus.
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The 5° end of ORPIL was amplified from a liver cDNA library using nested
PCR and a reverse primer downstream of an internal HindllI site in conjunction with a
forward primer containing a HindlIII site. PCR products were subcloned into pCR2.1-
TOPO, the inserts sequenced and a cDNA containing the entire 5’ end was identified by
comparison to the genomic sequence and cDNA databases. This cDNA was ligated into
HindIIl-digested pcDNA3-ORP9S. Orientation was determined by restriction mapping
and the cDNA insert was sequenced.

pTRE2-ORP9S and pTRE2-ORPIL constructs were also prepared by Cheng
Wang. Briefly, pTRE2-ORP9S was prepared by ligating the HindIll/Pmel fragment of
pcDNA3-ORP9S into pTRE2 digested with HindlIl and EcoRV. pTRE-ORPIOL was
prepared by simultaneously ligating the Hindlll/Hindlll and Hindlll/Pmel fragments
from pcDNA3-ORPIL into pTRE2 digested with HindlIII and EcoRV.

pAS1-ORP9S was prepared by PCR amplification of the cDNA from pcDNA3-
ORP9S using Platinum Taq polymerase and primers ON14 and ON15 to create 5’ and 3'
Ncol and Xmal sites, respectively. The PCR product was subcloned into pCR2.1-TOPO
and the Ncol/BamH1 fragment (the BamH1 site in the pCR2.1-TOPO multi-cloning site
was used) was ligated into Ncol/BamHI-digested pAS1. pACT2-ORP9S was constructed
by subcloning the Ncol-Sall fragment of pAS1-ORP9S into pACT?2 digested with Nco!
and Xhol. pAS1-ORPI9L and pACT2-ORPIL were constructed using site directed
mutagenesis (primer ON33) to introduce an Ncol site at the 5' end of pPCDNA3-ORPIL.
The resulting vector was then digested with Ncol and Xhol and ligated into Ncol/Sall-

digested pAS1 or Ncol/Xhol-digested pACT2.
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3.2.2.5 Construction of Int6/eIF3e plasmids

pAS1-Int6/elF3e was prepared by PCR amplification of the cDNA from
pcDNA3.1/GS-Int6/elF3e (Invitrogen) using Vent polymerase and primers ON16 and
ON17 to create 5’ Ncol and Ndel sites for insertion into pACT?2 and pAS1, respectively,
in conjunction with ON18 to create 3° BamH1 sites. PCR products were subcloned into
pCR2.1-TOPO and the Ndel/BamHI or Ncol/BamH1 fragments were ligated into
Ndel/BamH1-digested pAS1 or Ncol/BamHI-digested pACT?2, respectively. Due to an
internal Ncol site in Int6/eIF3e, the ligation into pACT2 was a two-step process: the
Ncol/BamH1 fragment was ligated in first, followed by the Ncol/Ncol fragment. The
orientation of the second fragment was confirmed by restriction analysis. The PCI
domain of Int6/elF3e (nucleotides 915-1338, amino acids 305-446) was amplified from
this region of the cDNA from pcDNA3-GS-Int6/elF3e by PCR using Vent polymerase
and primers ON19 and ON18 to create 5’ and 3’ Ncol and BamH]1 sites, respectively.
The PCR product was first subcloned into pCR2.1-TOPO and then into pACT2 digested

with Ncol and BamH]1.

3.23  Yeast two-hybrid analysis
3.2.3.1 Routine yeast transformation

Overnight cultures of yeast strain PJ69 (ATCC #201450) were grown in YPD
media. The culture was back-inoculated to an optical density (OD),y, of 0.25 in YPD and
allowed to grow for 4 hours (h) with shaking at 30°C. The yeast were harvested by
centrifugation at 1,000g, washed once with sterile distilled water and resuspended in 50

ul TE/LiAc (10 mM Tris-HCI (pH 7.5), 1 mM EDTA, 100 mM lithium acetate). The
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yeast was then mixed with 50 ug denatured herring sperm DNA (carrier), 1 pug each of
the plasmids of interest and 300 ul of 40% polyethylene glycol (PEG) 3500 in TE/LiAc.
The samples were incubated at 30°C for 30 min, heat shocked at 42°C for 15 min, plated
on appropriate media and incubated at 30°C for three to five days.

Plates that supported growth only if the yeast expressed two interacting proteins
(interaction-selective plates) contained yeast nitrogen base (Difco) without amino acids
(13.4 g/1), glucose (20 g/1), methionine, lysine and uracil. Plates that selected for the
transformed plasmids (transformation-control plates), but not for interaction, also
contained adenine and histidine. The pAS1 plasmid conferred growth in the absence of
tryptophan and the pACT or pACT?2 plasmids conferred growth in the absence of leucine.
All supplements were used at 0.002% (w/v) except lysine and methionine, which were

used at 0.003% (w/v).

3.2.3.2 High efficiency transformation for yeast two-hybrid library screens

Prior to initiating the yeast two-hybrid screens, yeast strain PJ69 was
transformed with pAS1 containing the cDNA of interest and expression was confirmed
by Western blotting using monoclonal antibody 11H9 to detect OSBP, pan ORP antibody
170 to detect OSBP 351-809 and the VAP polyclonal antibody to detect VAP-A. Non-
specific interactions or promoter activation by the pAS1 constructs were determined by
co-transforming with pSE1111, while non-specific interactions or promoter activation in
the presence of the pACT2 constructs were determined by co-transforming with

pSE1112. pSE1111 and pSE1112 encode pACT-Sucrose Non Fermenting (SNF)4 and
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pAS1-SNF1, respectively and are commonly used in conjunction as positive controls or
as negative controls with other cDNAs of interest.

A human B-cell yeast two-hybrid library in pACT was screened in the
following manner. Yeast harbouring pAS1-OSBP, pAS1-OSBP 351-809, pAS1-VAP-A,
pAS1-ORP9S or pAS1-ORPIL were grown at 30°C to an ODgy, of less than 0.8 in
synthetic media lacking tryptophan. The yeast culture was then back-inoculated to an
ODy,, of 0.25 in YPD and allowed to grow until the OD,, was 0.6 (~4 h). The yeast were
collected by centrifugation at 20°C for 10 min at 1,000g, washed once with sterile water,
resuspended in 8 ml TE/LiAc and mixed with 20 mg denatured herring sperm DNA and
200 wg of the human B-cell library. PEG 3500 (60 ml of 40% (w/v) in TE/LiAc) was
added and the yeast were incubated at 30°C for 30 min. Dimethyl sulfoxide (DMSO) (7
ml of 10% (v/v) solution) was added dropwise with constant swirling, yeast were
incubated at 42°C for 15 min and then on ice for 5 min. The transformation mixture was
mixed by swirling the flask every 5 min during incubations. The yeast were then
sedimented by centrifugation at 1,000g for 5 min at 20°C, washed once with sterile water,
resuspended in 5 ml TE and aliquots of 200 ul were spread on interaction-selective
plates. Diluted aliquots were also grown on transformation-control plates to determine
transformation efficiency. The interaction-selective plates were incubated at 30°C for up

to one week.

3.2.3.3 Identification and characterization of yeast two-hybrid positive clones
Overnight cultures of the colonies from interaction-selective plates were grown

in synthetic media lacking leucine as described in Section 3.2.3.1. Plasmids were isolated
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from the overnight cultures using a yeast plasmid isolation protocol (Section 3.2.3.4) or
the Y-DER Yeast DNA Extraction kit (Pierce), transformed into JF1754 by
electroporation (a DHS5a strain deficient in leucine biosynthesis) and grown on M9
leucine-deficient agar plates with 100 pwg/ml ampicillin (plates contained 4 g/l glucose,
0.0033% (w/v) histidine, 0.0033% (w/v) methionine, 0.0025% (w/v) thiamine and M9
salts (§5 mM NaH,PO,, 22 mM KH,PO,, 8.5 mM NaCl and 23 mM NH,Cl)). Colonies
from these plates were grown in Luria Bertani (LB) media containing ampicillin (100
ug/ml) and plasmids were isolated using alkaline lysis and ethanol precipitation [144].
Plasmids isolated from JF1754 colonies were co-transformed into PJ69 with pAS1-
OSBP, pAS1-OSBP 351-809, pAS1-VAP-A, pAS1-ORP9S or pAS1-ORPIL to confirm
interactions, or with pSE1112 to eliminate false positives. The identity of cDNA clones
was determined by sequencing and basic local alignment search tool (BLAST) searches

against EST and genomic databases.

3.2.3.4 Plasmid isolation from yeast

Yeast cultures (5 ml) were grown overnight at 30°C in synthetic media lacking
leucine. The cultures were harvested by centrifugation (1,000g for 5 min at 20°C) and
resuspended in 500 ul of 1 M sorbitol, 0.1 M EDTA (pH 7.5). Zymolyase 100,000 (50
ug) was added and the sample incubated at 37°C for 1 h to dissolve the cell wall. Yeast
were collected by centrifugation, resuspended in 500 ul of 50 mM Tris-HCl (pH 7.4), 20
mM EDTA and mixed with 50 ul of 10% SDS. The samples were incubated at 65°C for
30 min to lyse the cells and 200 ul of 5 M potassium acetate was added to precipitate

proteins and SDS. Samples were incubated on ice for 1 h, cellular debris was removed by
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centrifugation at 20°C for 5 min and the plasmids and DNA were precipitated from the
supernatant with an equal volume of isopropanol. DNA was isolated by brief (10 second)
centrifugation and washed once with 70% ethanol. The resulting DNA was resuspended

in 10 pl sterile water.

3.24  Mammalian cell culture
3.24.1 Routine maintenance of mammalian cells

Untransfected CHO-Tet-on cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) containing 5% antibiotic-free Tet-system fetal calf serum
(FCS) and 33 pg/ml proline (medium A) plus 300 ug/ml G418. CHO-K1 cells were
maintained in DMEM containing 33 ug/ml proline and 5% FCS (medium C). COS cells
and human embryonic kidney (HEK) cells were maintained in DMEM containing 10%

FCS (medium E).

3.2.4.2 Transient transfection of mammalian cells

CHO-K1 cells were subcultured in medium C for 24 h prior to transient
transfection of plasmids with Lipofectamine 2000. DMEM containing 33 pg/ml proline
and Lipofectamine 2000 were combined in a 25:1 ratio and then mixed with an equal
volume of DMEM (33 pg/ml proline) and 0.5 ug of plasmid DNA for every 1 ul of
Lipofectamine 2000. This mixture was incubated at 20°C for 5 minutes, diluted 5-fold
with DMEM (33 pg/ml proline). Cells were washed once with DMEM and the
Lipofectamine 2000/DNA mixture was added to the cells and allowed to incubate for 5 h

before adding an equal volume of medium C containing an additional 5% FCS. A
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complete media change was done 24 h later and the cells were harvested 48 h after
transfection.

Transient expression of ORP9S in CHO cells required a 10:1 ratio of DMEM
(33 pg/ml proline) to Lipofectamine 2000 and 0.3 pug of plasmid DNA for every 1 pl of
Lipofectamine 2000. As this concentration of Lipofectamine 2000 and DNA was very
toxic to the cells, it was important that the cells be nearly confluent at the time of
transfection.

COS cells were subcultured in medium E for 24 h prior to transient transfection
with 2.2 ng plasmid DNA per 60 mm dish using the DEAE/dextran method [145] and

harvested after 48 h. Cells were transfected in medium E.

3.2.4.3 Generation and maintenance of inducibly and stably expressing cell lines
CHO-Tet-on cells were subcultured in medium A for transfections. pTRE-VAP-
A, pTRE-VAP-A ATM, pTRE-ORP9S or pTRE-ORPIL (10 pg plasmid per 100 mm
dish, plus 1 ng/ml pTK-hyg vector to confer hygromycin B resistance) were transfected
into CHO-tet-on using the calcium phosphate transfection method [33]. Cells were
selected in medium A containing 600 wg/ml G418 and 200 ug/ml hygromycin B
(medium B) for approximately two weeks to allow colonies to form. The colonies were
isolated (see Section 3.2.4.4), cultured in medium B and screened by Western blotting
after 48 h induction with 2 uwg/ml doxycycline. V5 monoclonal antibody was used to
detect ORP9S and ORPIL and a VAP polyclonal antibody was used to detect VAP-A
and VAP-A ATM. Highly expressing clones were further purified by limiting dilution

subcloning in medium B for 10-20 days. Overexpression levels in clonal lines were
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characterized both by Western blotting and immunofluorescence. Cell lines were
maintained in medium B, but for experiments were subcultured in medium A for 24 h
before inducing with doxycycline.

CHO-K1-Tet-off cell lines expressing OSBP, OSBP AC-PH and OSBP W174A
were maintained in medium B containing 1 pg/ml doxycycline [143]. Cells were washed
twice with sterile phosphate-buffered saline (PBS) prior to subculturing in medium A (£
doxycycline) for experiments. A second medium change (fresh medium A + doxycycline)
was done the following day in order to remove residual doxycycline and induce
expression of OSBP and OSBP W174A. Unless otherwise stated, cells were induced for
72 h.

The CHO-OSBP cell line has been described elsewhere [21]. CHO-OSBP cells
were maintained in medium C containing 300 pg/ml G418 (medium D) and subcultured

in medium C for experiments.

3.2.4.4 Colony isolation for inducible cell lines

Once CHO-tet-on colonies were clearly visible after selection in G418 and
hygromycin B, their locations were marked on the underside of the culture dish. The dish
was then washed once with DMEM and 1 ml of 0.25% (w/v) trypsin was added.
Approximately 20 ul of DMEM was then added to the dish directly on top of the cell
colony. The colony was immediately removed by aspiration into a pipette tip and placed
in 2 ml of medium B in a 35 mm dish. The plate was not moved during colony selection
to prevent colony dispersion and the introduction of cells that were not part of the colony.

Once cells had grown sufficiently (~75% confluent), they were split into three 60 mm
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dishes; one for a stock culture and two for determination of relative overexpression by

Western blotting following induction for 48 h with 2 ug/ml doxycycline.

3.25 Antibodies and immunoblotting

A VAP polyclonal antibody was generated in rabbits against a GST-VAP-A
fusion protein. GST-VAP-A was prepared in the following manner. An overnight culture
of DH5a harboring pGEX3X-VAP-A was grown to an ODy,, of less than 0.8 and 5 ml
was added to 1 litre of LB broth containing ampicillin (100 pwg/ml). The culture was
grown at 37°C with constant shaking to an ODgy, of 0.4-0.5, at which time the culture
was moved to 25°C and induced with isopropyl-1-thio-B-D-galactopyranoside (IPTG) for
3 h. GST-VAP-A was extracted by lysozyme and TX-100 treatment and purified by
affinity chromatography on glutathione-Sepharose 4B [146]. Rabbits were immunized
with 150 ug GST-VAP-A in 1 ml 50% Freunds complete adjuvant and were boosted after
4 and 7 weeks with 75 pg GST-VAP-A in 1 ml 50% Freunds incomplete adjuvant. The
VAP polyclonal antibody detects both endogenous and overexpressed VAP-A as well as
endogenous VAP-B.

An ORP9-specific polyclonal antibody was raised in rabbits against amino acids
90 to 288 of ORP9 fused to GST. GST-ORP9 was purified by Cheng Wang in the same
manner as GST-VAP-A except that induction with IPTG was done at 37°C. Rabbits were
immunized with 150 ug of GST-ORP9 and boosted after 4, 7 and 10 weeks with 75 pg
GST-ORP9. The ORP9 polyclonal recognizes both transfected and endogenous ORP9

and does not cross-react with OSBP, ORP1, ORP2 or ORP4.
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The ORP4 polyclonal antibody was raised in rabbits as described previously [1].
It recognizes both endogenous and overexpressed ORP4S and ORP4L, and does not cross
react with OSBP, ORP1, ORP2, ORP3 or ORP9.

OSBP monoclonal antibody 11H9 (kindly supplied by Dr. J. Goldstein,
University of Texas, Southwestern Medical Centre, Dallas, TX) detects only
overexpressed OSBP (rabbit). Antibody 170 was raised in rabbits against the C-terminal
100 residues of ORP1 fused to GST. This antibody recognizes ORP1, ORP2, ORP4 and
OSBP, but not ORP3 or ORP9. All other antibodies were purchased from suppliers or
were gifts from other researchers (Section 3.1).

SDS-PAGE and immunoblotting was carried out using standard techniques.
Briefly, protein samples were heated to 90°C for 3 min in reducing buffer (62.5 mM Tris-
HCI, pH 6.8, 10% glycerol, 2% SDS, 5% (-mercaptoethanol) and separated by SDS-
PAGE. Proteins were transferred to nitrocellulose membranes at 100V in Tris-buffered
glycine containing 20% (v/v) methanol for 1 h at 4°C. Nitrocellulose filters were
incubated with primary antibodies for 1 h at room temperature in Tris-HCI (pH 7.4), 150
mM NaCl, (Tris-buffered saline (TBS)), 0.1% Tween-20 and 5% (w/v) skim milk powder
(Blotto), washed three times for 10 min each in Blotto and incubated for 1 h with a
secondary antibody coupled to horseradish peroxidase (HRP). Filters were then washed
three times for 10 min each in Blotto, followed by a 2 min wash in TBS prior to

development by the enhanced chemiluminescence method.
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3.2.6 Indirect immunofluorescence

Cells cultured on glass coverslips were fixed in 3% (v/v) formaldehyde for 15
min at 20°C, permeabilized with 0.05% (v/v) TX-100 for 10 min at —20°C and blocked
with 1% (w/v) BSA in PBS immunofluorescence buffer (PBS-IF, 10 mM Na,HPO, (pH
7.4), 225 mM NaCl, 2 mM MgCl,) for 15 min at 20°C [33]. Alternatively, cells were
permeabilized with 0.05% (w/v) saponin for 1 min on ice to remove cytosolic proteins
prior to formaldehyde fixation and TX-100 permeabilization. In experiments
investigating localization of lamin A/C or giantin, cells were fixed and permeabilized
with methanol/acetone (1:1, v/v) for 15 min at -20°C. Coverslips that were to be
immunostained for giantin were air dried and blocked with 1% (w/v) BSA in PBS-IF.
Coverslips that were to be immunostained for lamin A/C were placed in 1% BSA (w/v)
in PBS-IF immediately following methanol/acetone fixation. Primary antibodies were
used in conjunction with cross-adsorbed secondary GAR or GAM antibodies conjugated
to Alexa Fluor-488, -555, or —647, FITC or Texas red (TXR). Incubations with
polyclonal antibodies were done first, followed by incubation with GAR secondary
antibodies, monoclonal antibodies and GAM secondary antibodies. Primary and
secondary antibody incubations were in 1% BSA (w/v) in PBS-IF (1 ml) for 1 h and
coverslips were washed three times between antibody incubations with 1% (w/v) BSA in
PBS-IF (2 ml) for 15 min. Lentil lectin was incubated with coverslips for 2 h in 1% (w/v)
BSA in PBS-IF (1 ml) and washed as described above. Coverslips were mounted on glass
slides using 2.5% (w/v) 1,4-diazadicyclo[2.2.2]octane in S0 mM Tris-HCI and 90% (v/v)

glycerol (DABCO) and sealed with clear nail polish. Fluorescence images were obtained
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using a Zeiss Axiovert 100M Laser Scanning Confocal Microscope 510 and imported

into Adobe Photoshop for analysis.

3.2.7  Protein quantification

Protein concentration was determined by a uLowry assay [147]. Proteins from
samples that contained TX-100, which interferes with the wLowry assay, were
precipitated prior to assay. Briefly, samples were diluted to 1 ml in dH,O, mixed with
100 ul of 0.15% sodium deoxycholate for 10 min at 20°C, 100 ul 72% trichloroacetic
acid (TCA) was added and samples were subjected to centrifugation at 20°C for 15 min.
The supernatant was removed and precipitated proteins or samples that did not contain
TX-100 were diluted in 400 ul dH,0, mixed with 400 ul Solution A (equal volumes of
10% SDS, 0.8 M sodium hydroxide, dH,0 and CTC (10% sodium carbonate, 0.1%
copper sulfate, 0.2% potassium tartarate)) and incubated at 20°C for 10 min. Solution B
(5X dilution of Folin-Ciocalteu reagent in dH,0) (200 nl) was added and the samples
were incubated at 20°C for a further 30 min. The absorbance at 660 nm was determined

and used to calculate protein concentration by comparison to a BSA standard curve (2 to

20 ug).

3.2.8  GST-VAP-A pull-down assays

CHO-K1 or COS cells were transiently transfected as described in Section
3.2.4.2. Cells were rinsed once with 2 ml of cold PBS, scraped into 1 ml PBS and
collected by centrifugation for 30 seconds at 10,000g. Cell pellets were solubilized on ice

for 15 min in 100 pl/dish (60 mm) of lysis buffer (10 mM phosphate pH 7.4, 150 mM
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NaCl, 5 mM KCl, 2 mM EDTA, 2 mM EGTA, 0.5% TX-100 and 1X protease inhibitor)
and subjected to centrifugation at 16,000g for 15 min at 4°C. Aliquots of the supernatant
(20 ul) were incubated with GST-VAP-A or GST for 45 min at 20°C with constant gentle
shaking, and a 1:1 slurry of glutathione-Sepharose (30 wl) was added for an additional 30
min at 20°C. Sepharose beads were collected by centrifugation and washed three times
with PBS containing 0.1% TX-100. Samples were resuspended in 10 pl 5X SDS sample
buffer, heated to 90°C for 3 min, resolved on SDS-PAGE and analyzed by

immunoblotting.

3.2.9  Co-immunoprecipitation

CHO cell lines constitutively overexpressing OSBP or inducibly overexpressing
OSBP, OSBP W174A, ORP9S or ORPIL were used to confirm the interactions identified
by yeast two-hybrid analysis in vivo. CHO-tet-ORP9S and CHO-tet-ORPIL cells were
cultured in medium A * 2 pg/ml doxycycline for 48 h and CHO-tet-OSBP and CHO-tet-
OSBP W174A cells were cultured in medium A + 1 pg/ml doxycycline for 72 h. CHO-
OSBP cells were cultured in medium C for 48 h. Cells were rinsed once with 2 ml of cold
PBS, scraped into 1 ml PBS and collected by centrifugation for 30 seconds at 10,000g.
Cell pellets were solubilized on ice for 15 min in 20 pl/dish (60 mm) of lysis buffer
(described in Section 3.2.8) and subjected to centrifugation at 16,000g for 15 min at 4°C.
Supernatants (20 ul) were incubated with antibodies for 4 h at 4°C with constant gentle
shaking. Protein A-Sepharose (30 ul of a 1:1 slurry in PBS with 0.1% TX-100) was
added and the samples were mixed by constant gentle shaking for 30 min at 20°C.

Sepharose beads were collected by centrifugation and washed three times with 1 ml PBS
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containing 0.1% TX-100. The samples were heated to 90°C in SDS sample buffer under

reducing conditions, separated by SDS-PAGE and analyzed by immunoblotting.

3.2.10 Ceramide trafficking

Trafficking of ceramide from the ER to the Golgi apparatus was examined using
a fluorescent ceramide analogue that mimics trafficking of endogenous ceramide [148].
Cells were cultured on glass coverslips and protein expression in CHO-tet-VAP-A or
VAP-A ATM cells was induced for 48 h with the addition of 2 pg/ml doxycycline, or in
CHO-tet-OSBP-WT or CHO-tet-OSBP-W174A cells, by the removal of doxycycline for
72 h. C,-DMB-ceramide/BSA (fatty acid-free) (1:1 mol) complex was prepared by
dissolving 50 nmol of Cs-DMB-ceramide in ethanol and adding it dropwise to 10 ml
DMEM containing 3.4 mg fatty acid-free BSA while vortexing. This solution was diluted
with DMEM to a working solution of 1.25 pM Cs-DMB-ceramide/BSA for experiments.
Cells were washed three times with DMEM at 4°C and loaded with the C;-DMB-
ceramide/BSA complex for 30 min at 4°C, after which cells were washed three times with
DMEM containing 0.34 mg/ml fatty acid-free BSA and either fixed or transferred to
37°C. After incubation for various time periods at 37°C, cells were washed again with
DMEM containing 0.34 mg/ml fatty acid-free BSA and fixed with 3% formaldehyde in
PBS-IF. Coverslips were washed with PBS-IF and mounted on glass slides with DABCO.
Since C,-DMB-ceramide cannot be permanently fixed, images were taken immediately to
ensure that it did not diffuse. Images were obtained using an Axiovert 200M fluorescence
microscope equipped with a 100X objective and an Axiocam HRC image capture system

and imported into Adobe Photoshop for analysis.
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3.2.11 VSVG-GFP transport

The role of VAP-A and OSBP in protein trafficking from the ER to the Golgi
apparatus was examined using tso45-VSVG-GFP (VSVG-GFP), a temperature sensitive
mutant of VSVG that is maintained in the ER at 40°C, but is exported to the Golgi
apparatus and PM at 32°C. This construct was tagged with GFP on the cytoplasmic tail
[149]. CHO-tet-VAP-A or CHO-tet-VAP-A ATM cells were induced for 36 h with 2
ug/ml doxycycline or, in CHO-tet-OSBP-WT or OSBP-W174A cells, by the removal of
doxycycline for 60 h. Cells were transiently transfected with a plasmid encoding VSVG-
GFP (pVSVG-GFP) using Lipofectamine 2000 as described in Section 3.2.4.2 and
incubated at 40°C for 5 h, after which a complete media change was performed (medium
A containing 10 mM Hepes pH 7.4 +doxycycline). After 7 h, cells were either fixed
immediately or transferred to a water bath at 32°C for 5 to 60 min before fixation. Cells
were fixed and permeabilized using formaldehyde and TX-100 as described in Section
3.2.6 and immunostained for VAP or OSBP to confirm overexpression. Fixation of cells
for the zero time point was done at 40°C in prewarmed PBS-IF/3% formaldehyde to

prevent transport of VSVG-GFP during fixation.

3.2.12 Analysis of membrane association of VAP-A

The detergent solubility and membrane association of VAP-A was investigated
by separating light and heavy membranes into TX-100-soluble and -insoluble fractions
by centrifugation. Expression of VAP-A or VAP-A ATM was induced by the addition of
2 pg/ml doxycycline for 0, 12, 24 or 48 h. Cells were harvested in PBS, collected by

centrifugation and lysed in PBS containing 2 mM EDTA, 2 mM EGTA and 1X protease
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inhibitor cocktail by 20 passages through a 23-gauge needle. A heavy membrane fraction
was isolated by centrifugation at 10,000g for 15 min. The supernatant (light membrane
and cytosol) was then subjected to centrifugation at 400,000g for 15 min to separate the
cytosol and light membrane fractions. The heavy and light membrane pellets were
resuspended in the lysis buffer (described above) plus 1% TX-100 and subjected to
centrifugation at 400,000g for 15 min at 4°C to isolate TX-100-soluble and -insoluble
fractions. The presence of VAP-A and OSBP in the samples was determined by

immunoblotting.

3.2.13 Isolation of lipid rafts on sucrose density gradients

Lipid rafts were resolved by discontinuous sucrose density gradient
centrifugation of TX-100 cell extracts. CHO-K1 cells were first labeled to equilibrium
with 5 uCi PH]cholesterol for 24 h. Cells were grown in 100 mm dishes, harvested in
PBS and lysed on ice for 15 min in 400 pl/dish MBS buffer (25 mM Na-MES, (pH 6.5),
150 mM NaCl, 2 mM EDTA, 1X protease inhibitors) containing 1% (v/v) TX-100.
Samples were then mixed with an equal volume of MBS buffer containing 80% (w/v)
sucrose, placed in a centrifuge tube and layered with 2.5 ml of 35% (w/v) sucrose in
MBS and 2 ml of 5% (w/v) sucrose in MBS. Samples were subjected to centrifugation in
a Beckman L8 55 ultracentrifuge using an SW55 swinging bucket rotor for 16 h at
200,000g and allowed to stop without braking. Fractions (0.5 ml) were collected by
needle puncture of the centrifuge tube just above the 40%/35% sucrose interface. All

manipulations prior to fraction collection were performed on ice. Fractions were assayed
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by Western blotting for VAP, OSBP and caveolin 1, and the amount of [*H]cholesterol in

each fraction was quantified on a Beckman LS 6500 scintillation counter.

3.2.14 VAP-A/tubulin binding assay

The association of VAP-A with tubulin was investigated using the microtubule-
associated protein (MAP) spin-down assay kit (Cytoskeleton Inc.) according to
manufacturer’s protocols. CHO-K1 cells were harvested in PBS, collected by
centrifugation and lysed on ice for 15 min in 200 ul/100 mm dish of Hepes buffered-
saline ((HBS) 25 mM Hepes, pH 7.4, 100 mM NaCl) containing 1% TX-100 (v/v) and
1X protease inhibitor cocktail. A soluble fraction was isolated by centrifugation at
50,000¢ for 80 min at 4°C in a Beckman L8 55 ultracentrifuge using an SW55 swinging
bucket rotor fitted with adaptors and the protein concentration determined by the uLowry
assay (Section 3.2.7). Tubulin was prepared by resuspending lyophilized protein in G-
PEM (80 mM PIPES pH 6.9, 1 mM MgCl,, 1 mM EGTA (PEM), 1 mM GTP) at 5
mg/ml, adding additional GTP (1 mM) and snap-freezing 20 ul aliquots immediately in
liquid nitrogen. For experiments, tubulin was thawed in a 20°C water bath, immediately
transferred to ice, mixed with 2.5 pl of cushion buffer (50% glycerol in PEM) and
incubated at 35°C for 20 min. After the incubation, tubulin was diluted 10-fold with G-
PEM (35°C) containing 20 uM taxol to generate 5 — 10 um long stabilized microtubules
(10 nM). Microtubules were then mixed with cell extracts (10-50 ug), incubated at 20°C
for 30 min, layered on top of 100 ul of cushion buffer containing 20 uM Taxol in 500 ul
centrifuge tubes and subjected to centrifugation at 50,000g for 80 min in an SW55

swinging bucket rotor. Volumes equivalent to the original supernatant (50 ul) (unbound
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proteins) and the cushion buffer (100 ul) were removed, the pellets (tubulin and bound
proteins) were resuspended in SDS sample buffer (1X) and the samples analyzed by

SDS-PAGE and Coomassie staining or Western blotting.

3.2.15 PH domain binding to phospholipid vesicles

A sedimentation assay was used to measure the binding of a GST-OSBP-PH
fusion protein to phosphatidylcholine (PC) vesicles containing 5 mol% of various other
phospholipids. GST-OSBP fusion proteins (residues 80-187) encompassed the entire PH
domain and were either wildtype or had a tryptophan to alanine mutation at residue 174
(W174A). Fusion proteins were prepared as described in Section 3.2.5, except that the
induction with IPTG was done at 37°C. PC (95 mol%) was mixed with other
phospholipids (5 mol%) in CHCl;:methanol (1:1, v/v) (phosphatidylserine (PS) and PI) or
CHCl,:methanol:HCI (1:1:0.1, v/v) (PI-4,5-P,, PI-4-P). The lipids were dried under
nitrogen and resuspended in HBS at a final concentration of 25 mM phospholipid.
Vesicles were prepared by sonication for 5 min in a bath sonicator, followed by 10
freeze-thaw cycles in liquid nitrogen and room temperature water. For experiments,
vesicles were diluted with HBS to a range of concentrations from 50 uM to 5 mM
phospholipid. Vesicles (100 ul) were incubated with fusion protein for 5 min at 20°C
before being subjected to centrifugation at 400,000g for 15 min. The supernatant was
removed and the pellet washed once with HBS before being resuspended by sonication in
100 ul of the same buffer. Equal volumes of the supernatant (unbound) and pellet
(bound) were resolved by SDS-12% PAGE and proteins were detected by staining with

Coomassie Blue.



4 Results
4.1 Identification of protein-protein interactions by yeast two-hybrid analysis
4.1.1  VAP-A interacts with OSBP

In order to identify OSBP interacting proteins, yeast two-hybrid analysis was
performed using full-length OSBP as bait to screen a human B-cell library. A vector
encoding OSBP expressed as an N-terminal fusion protein with the DNA binding domain
of the GAL4 transcription factor (pAS1-OSBP) was constructed and expression in §.
cerevisiae yeast strain PJ69 was confirmed by immunoblotting (Fig. 4A). As in
mammalian cells, OSBP was expressed in yeast as a doublet on SDS-PAGE. No growth
on interaction-selective plates was detected when pAS1-OSBP was co-transformed with
pSEI1111, suggesting it was a suitable candidate for yeast two-hybrid analysis. Screening
of a human B-cell library using OSBP as bait resulted in the cloning of 18 VAP-A
cDNAs, all which encoded full-length proteins. VAP-A and OSBP interacted in yeast
regardless of which was expressed as a fusion protein with the DNA binding domain or
transcriptional activation domain, indicating that this was not a false positive interaction.
The B-cell library was also screened using N-terminally truncated OSBP (pAS1-OSBP
351-809) as bait but again only VAP-A cDNAs were cloned.

Given that VAP-A is an integral membrane protein, it is unusual that it was
cloned by yeast two-hybrid analysis, which is biased towards soluble proteins that can be
targeted to the nucleus. It may be that the transmembrane domain is removed in yeast,
allowing the soluble portion of the protein to enter the nucleus. In support of this, when
VAP-A is overexpressed in CHO-tet-on cells, a cleavage product very similar in size to

that of VAP-A ATM is observed (Fig. 15). However, this is unlikely, since removal of the
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Figure 4. Expression of wildtype and mutant forms of OSBP and VAP-A in §.
cerevisiae yeast strain PJ69. Yeast (PJ69) transformed with pAS1, pAS1-OSBP, pAS1-
OSBP mutants, pAS1-VAP, pACT2-VAP-A or pACT2-VAP-A mutants were grown
overnight in selective media to mid-log phase, collected by centrifugation for 5 min at
1000g at 20°C, washed with 5 ml sterile distilled water and resuspended in 250 pl sterile
water. 5X SDS buffer was added (100 ul), the tubes were filled to the meniscus with
glass beads and the samples were shaken on the Bead Beater for 1 min. Equal volumes of
sample (20 ul) were separated by SDS-PAGE and immunoblotted with monoclonal

OSBP antibody 11H9 or VAP polyclonal antibody.
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transmembrane domain prevents interaction with OSBP (Table 3). It is also possible that
the transmembrane domain aggregates such that exposure of hydrophobic residues is
minimized, rendering VAP-A soluble and allowing it to enter the nucleus.

Like the ORP family, orthologues of VAP-A have been identified in a wide
range of species from yeast to man [16,143,150-158]. VAP-A is a type II transmembrane
protein that localizes to the ER, Golgi apparatus and ERGIC (ER/Golgi apparatus
intermediate compartment) [159-161]. The overall structure, which is representative of all
VAP orthologues, consists of a conserved 19 amino acid cytoplasmic N-terminal region
(the VAP consensus domain), a coiled-coil region thought to be involved in
protein:protein interactions and a C-terminal transmembrane domain (Fig. 5). VAP-A is
also referred to as VAP-33 [155,162] and shares 60% amino acid sequence identity with
VAP-B or ER/Golgi apparatus 30 kDA protein (ERG30) [161].

Both VAP-A and VAP-B are ubiquitously expressed in mammalian cells and
have been implicated in vesicle trafficking and fusion in an ER/Golgi pathway
[151,153,156,159-161,163]. VAP-A interacts with a number of proteins involved in these
processes such as VAP-B, VAMP1 and VAMP?2, as well as several SNAREs (soluble N-
ethylmaleimide-sensitive factor (NSF) attachment protein (SNAP) receptor) and SNARE
adaptors including aSNAP, NSF, syntaxin 1A, rbetl and rsec22 [156,159,160]. This
group of interactions suggests that VAP-A is a component of the fusion machinery or is a
protein chaperone that blocks inappropriate interactions and increases the specificity of

vesicle targeting within the secretory pathway [160].
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Figure 5. Structural features of VAP-A. Schematic representation of VAP-A showing
conserved domains and topology in ER membrane. Numbers indicate amino acid

residues.
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412 ORPYis a VAP-A interacting protein

In an effort to further elaborate the VAP-A/OSBP interaction network, a second
yeast two-hybrid screen was performed using full-length VAP-A as bait. The expression
of pAS1-VAP-A was confirmed in yeast strain PJ69 (Fig. 4B) and growth on interaction-
selective plates was not supported when pAS1-VAP-A was co-expressed with pSE1111,
making it a suitable candidate for yeast two-hybrid analysis. Screening a human B-cell
library using VAP-A as bait resulted in the cloning of an uncharacterized member of the
ORP family, ORP9, as well as 13 full-length VAP-A cDNAs, thus confirming VAP-A
multimerization [159]. As the ORP9 ¢DNA isolated from the library was truncated and
rearranged (Fig. 6), complete cDNAs for full-length ORP9L and its truncated splice
variant ORP9S were obtained and cloned into pAS1 and pACT?2 in order to confirm their
interaction with VAP-A. Both ORP9S and ORPIL interacted with VAP-A regardless of
whether they were expressed as fusion proteins with the GAL4 DNA binding domain or
activation domain.

The partial ORP9 cDNA isolated from the screen was analyzed in an attempt to
identify the VAP-A interacting domain. The partial cDNA contained an inversion of
~250 basepairs (bp) at the 3’ end, but because of suspected secondary structure formed
by complementary sequences, we were unable to obtain complete sequence data.
However, we were able to use unique internal BamH1 and BglII sites in conjunction with
BgllI sites at the 5° and 3’ ends of the cDNA to map the site of the inversion. In order to
determine the nature of the ORP9 library clone, it was digested with Xhol to release the
entire ORP9 insert (Fig. 6A), BamH 1 or Bglll (Fig. 6B). When the partial cDNA was

digested with BglllI, three bands were visible, at ~900, 600 and 200 bp. The ~900 bp band
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Figure 6. Structure of the partial ORP9 ¢cDNA cloned from a human B-cell yeast
two-hybrid library. (A) Xhol digests of the partial ORP9 cDNA separated on a 1%
agarose gel. (B) Bglll and BamH1 digests of the partial ORP9 cDNA separated on a 2%
agarose gel. (C) Schematic representation of full-length ORP9S ¢cDNA in pACT showing
Xhol, BamH]I and Bglil sites. (D) Schematic representation of the partial ORP9 cDNA in
pACT showing Xhol, BamH]I and Bglll sites, restriction fragments, and sequence
orientation with respect to wildtype cDNA. The partial ORP9 cDNA does not contain the
initiator AUG codon and the Xhol and BgllI sites at the 3’ end are derived from the

pACT vector. Abbreviations: DL, DNA ladder; bp, base pair.
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likely represents partially digested DNA (digestion could have been incomplete due to
the formation of secondary structure), while the 600 bp band represents the fragment
from the 5’ end of the clone to the first BglII site, which corresponds to the unique BgllI
site in the wildtype ORP9S cDNA. The existence of the smaller band indicates that a
BglII site was also included in the inverted sequence (Fig. 6D). Since sequencing of the
3’ end of the cDNA showed that it started at nucleotide 482 of ORP9S the size of this
band was determined to be 186 bp. This leaves only the region between the two BglIl
sites, which could not be identified. Digestion with BamH did not produce any
fragments (Fig. 6B), indicating that this site was not present in the partial cDNA. Since
the BamH]1 site is 70 bp 3’ to the BglII site, the maximum size of the fragment is 140 bp.
Although we were unable to determine the site of the inversion, restriction analysis and
sequencing of the partial cDNA allowed us to localize the binding region of VAP-A to

amino acids 23-246 of ORP9S (residues 188 and 411 of ORPIL).

4.1.3  Identification of ORPY interacting proteins

In an effort to gain insight into the function(s) of ORP9S and ORPIL, yeast
two-hybrid screens were performed using ORP9S and ORPIL as bait to identify protein
partners. While expression of ORP9S or ORPIL from the pAS1 vectors could not be
confirmed in yeast by Western blotting due to the high background with the ORP9
polyclonal antibody, both were able to confer growth on interaction-selective plates when
co-expressed with pACT2-VAP-A, functionally confirming their expression. As well,
neither ORP9S nor ORPIL supported growth on interaction-selective plates when co-

expressed with pSE1111, making ORP9S and ORPIL suitable candidates for yeast two-
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hybrid analysis. Screening of the human B-cell library with pAS1-ORP9S resulted in the
cloning of importin-a and RED/IK cytokine (Table 2). Screening with pAS1-ORP9L
identified Int6/elF3e, zinc finger protein 207 and the (3 subunit of proteasome activator 28
(PA28). As well, more than 30 VAP-A cDNAs were isolated.

The interaction of ORP9S and ORPIL with Int6/eIF3e was further investigated. Like
ORP9, the Int6/elF3e cDNA isolated from the B-cell library was rearranged, in this case
with an inversion of 66 bp at the 5’ end of the clone (Fig. 7). As a result there are 22
nonsense amino acids between the GALA4 transcription activation domain and the start of
the Int6/elF3e coding sequence. Since no stop codons were found in this sequence, the
Int6/elF3e sequence after the inversion was expressed in frame. The Int6/eIF3e cDNA
isolated from the B-cell library encoded the C-terminal quarter of the protein (amino
acids 339 to 445), which contains the proteasome/COP9 signalosome/translation
initiation factor 3 (PCI) domain (amino acids 304-445). PCI domains are found in several
components of the proteasome, COP9 signalosome (CSN) and protein translation
complex (Int6/elF3e). In S. pombe, the orthologue of Int6/cIF3e, Yin6p, has been shown
to interact with and regulate the assembly of the proteasome [171]. The CSN has also
been implicated in the regulation of some proteasome-mediated degradation events [172].

Since the Int6/eIlF3e cDNA we cloned was incomplete, a full-length cDNA was
obtained from Invitrogen and cloned into pAS1 (pAS1-Int6/eIF3e) and pACT2 (pACT2-
Int6/elF3e) both to confirm its interaction with OPRIL and to investigate its interaction
with VAP-A, OSBP, ORP4S, ORP4L and ORP9S. A second construct expressing only
the PCI domain was also generated and cloned into pACT2 (pACT2-Int6/elF3e-PCI).

Full-length Int6/eIF3e did not interact with any of the proteins tested by yeast two-hybrid
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Table 2. Identity of cDNAs isolated in yeast two-hybrid screens with pAS1-ORP9S
and pAS1-ORPIL. Plasmids were isolated from yeast growing on interaction-selective
plates, transformed into DH5a strain JF1754 and plated on M9 plates lacking leucine and
containing ampicillin (100 wg/ml) (Section 3.2.3.3). Plasmids were isolated from
bacteria, sequenced and identified using BLAST software (NCBI). Interactions were
reconfirmed with ORP9S and ORPIL and checked against irrelevant proteins to identify

false positives. ¢ interaction; X, no interaction.
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Clone ORPIS | ORPYL | Proposed Role Reference
Importin-a v X Nuclear import Gorlich et al (1996) Cell
87,21-32 [164]
RED/IK w4 X Down regulation of Krief et al (1994)
cytokine HLA II Oncogene 9 3449-56
(antigen presentation) [165]
Assier et al (1999)
Gene 230, 145-54 [166]
Int6/elF3e v 4 Protein degradation and | Asano et al (1997) JBC
translation initiation 272,23477-80 [167]
Diella et al (1997) DNA
Cell Biol 16, 839-47
[168]
Zinc finger X w4 DNA binding protein, | Pahl et al (1998)
protein 207 transcription factor (?) | Genomics 33, 410-12
[169]
B subunit of X W4 Regulates affinity of Song et al (1997) JBC

PA28
(proteasome

activator)

PA28 for proteasome,
involved in antigen
generation and

presentation on MHC 1

272, 27994-00 [170]

Table 2
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Figure 7. Structure of partial pACT-Int6/eIF3e cDNA cloned from a human B-cell
yeast two-hybrid library. (A) Schematic view of the structure of the full-length
Int6/eIF3e cDNA showing region coding for the PCI domain. (B) Schematic view of the
structure of the partial Int6/eIF3e cDNA showing site of inversion, sequence direction

with respect to wildtype Int6/eIF3e and truncated PCI domain encoding region.



A

B

Int6/elF3e
1 912 1335
I
PCI domain 7
e 7 /
100 bp

Partial Int6/elF3e cDNA

sobp  340bp

GAL4 transcription

activation domain_~]

e
1031

Figure 7

965 995

]

1335

78



79

analysis. However, the PCI domain construct interacted with both ORP9 variants, but not

with VAP-A, OSBP, ORP4S or ORP4L.

4.1.4  Characterization of interactions between ORP family members and VAP-A

by yeast two-hybrid analysis

The regions of OSBP and VAP-A involved in homodimerization, as well as the
VAP-A domain(s) responsible for binding OSBP, ORP9S and ORPI9L were further
investigated using the yeast two-hybrid system. Mutations were made in pAS1-OSBP or
PACT-VAP-A and their expression in S. cerevisiae yeast strain PJ69 was confirmed by
Western blotting (Fig. 4A and 4B). Mutants were co-transformed into yeast strain PJ69 in
conjunction with wildtype OSBP or VAP-A, and growth on interaction-selective plates
was determined (Table 3). The mutaﬁons made in pAS1-OSBP were designed to
investigate the role of several different domains and sequence motifs in
homodimerization and VAP-A binding: OSBP A261-296, OSBP A262-278, OSBP A279-
296 and OSBP A288-296 were made in order to confirm and further define the
dimerization region [33]; OSBP L306, 313A, OSBP A299-305 and OSBP L306Q
disrupted a potential leucine zipper; OSBP A306-315 deleted a potential SNARE V2
homology region; OSBP A432-435 deleted a conserved sequence in the OHD; and OSBP
351-809 expressed only the C-terminal half of the protein (location of mutations is shown
in Fig. 9). Only OSBP 351-809, OSBP A261-296, OSBP A262-278 and OSBP A279-296
failed to homodimerize with full-length OSBP, confirming and further defining the
dimerization region to residues 261-288 (Table 3). All of the OSBP mutants interacted

with VAP-A, indicating that none of the deleted regions were essential for binding.
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Both VAP-A and VAP-B have been shown to homodimerize by non-reducing
SDS-PAGE, yeast two-hybrid analysis and GST pull-down assays [153,159,161]. In
order to further investigate the homodimerization of VAP-A and its interaction with
OSBP, three regions of VAP-A were mutated in pACT2-VAP-A; part of the VAP
consensus domain in the amino terminus was deleted (VAP-A A43-49), VAP-A was
truncated prior to the coiled-coil domain (VAP-A 1-160) and the transmembrane domain
was deleted (VAP-A ATM) (location of mutations is shown in Fig. 9). All of the mutants
interacted with wildtype VAP-A, showing that none of the deleted regions were
necessary for homodimerization (Table 3). Since previous work showed that a VAP-B
truncation mutant expressing residues 1-140 did not homodimerize [161], residues 140-
160 of VAP-A may be involved in dimerization. However, this region has very little
sequence similarity between VAP-A and VAP-B and may be involved in isoform-
specific functions rather than dimerization.

The interaction of VAP-A and the VAP-A mutants with OSBP, ORP4S,
ORP4L, ORPIS and ORPIL was also investigated by yeast two-hybrid analysis (Table
3). All of the VAP-A mutations prevented interaction with OSBP. As the interaction of
each VAP-A mutant with itself was not tested, it is possible that the individual mutants
failed to form homodimers and that this lack of dimerization prevented interaction with
OSBP. This is unlikely, as all three mutants dimerized with wild type VAP-A (Table 3).
Only VAP-A A43-49 failed to interact with ORP9S and ORP9IL, evidence that the VAP
consensus sequence may be involved in the interaction of VAP-A with the ORP family
(Table 3). Wild-type VAP-A did not interact with ORP4S or ORP4L by yeast two-hybrid

analysis. However, ORP4L and VAP-A were shown to interact via GST pull-down
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assays (Section 4.2.2) thus the yeast two-hybrid data may not fully reflect the situation in
mammalian cells.

Finally, the yeast two-hybrid system was used to further define interactions
among OSBP and ORP family members (Table 3). The ORP4 polyclonal antibody could
not be used to confirm expression of pAS1-ORP4S or pAS1-ORP4L in yeast due to a
high background on immunoblots. However, ORPAL interacted with OSBP and thus can
be assumed to be expressed. On the other hand, ORP4S did not interact with any of the
proteins tested and there is no direct evidence of its expression in yeast. ORP4L had the
same OSBP mutant binding profile as OSBP, showing that OSBP dimerizes or interacts
with ORP4 via the conserved dimerization domain. Interestingly, ORP4L did not
homodimerize, indicating that it may not be folded correctly in yeast, an explanation
supported by its lack of interaction with VAP-A in this system (ORP4L and VAP-A
interact by GST pull-down analysis). OSBP did not interact with ORP4S or either form
of ORP9, and ORP4S and the ORP9 variants did not homodimerize or interact with each

other.

4.2 In vitro interaction of GST-VAP-A with members of the ORP family.

The VAP-A/OSBP and VAP-A/ORP9 interactions seen by yeast two-hybrid
analysis were confirmed in vitro by GST pull-down analysis. As well, GST pull-down
assays were used to further characterize the region of OSBP involved in VAP-A binding
and to investigate the interaction of several other ORP family members with VAP-A.

In order to confirm and characterize the interaction of OSBP with VAP-A, TX-

100 extracts of COS cells that had been transiently transfected with wildtype or mutant
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Table 3. Interactions of ORP family members and VAP-A detected by yeast two-
hybrid analysis. The interaction of ORP4S, ORP4L, ORP9S, ORP9L, OSBP and VAP-
A with themselves and each other, as well as with mutants of VAP-A and OSBP was
investigated using the yeast two-hybrid system. All plasmids were co-transfected into
yeast strain PJ69 and yeast were grown at 30°C (Section 3.2.3.1). VAP-A mutations were
made in pACT2-VAP-A and OSBP mutations were made in pAS1-OSBP. All other
interactions were confirmed by expressing the cDNAs as fusion proteins with both the
GAL4 DNA-binding domain (pAS1) and activation domain (pACT2), except Int6/elF3e-
PCI, which was investigated only as a fusion with the transcription activation domain in
pACT2. Multiple transformants that grew on transformation-control plates were
restreaked on interaction-selective plates to confirm or disprove the interactions. ¢

interaction, X no interaction, - no data.
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OSBP ¢DNAs were prepared and incubated with GST or GST-VAP-A. Wild-type OSBP
was recovered from TX-100 extracts by binding to increasing amounts of GST-VAP-A (0
- 10 uM) but not to GST (1 uM) or glutathione beads alone (Fig. 8A). Since binding of
OSBP was optimal at 1 uM GST-VAP-A, this concentration was used in all subsequent
experiments. OSBP with partial or complete deletions of the PH domain, or mutation of
the conserved tryptophan 174 to alanine, also bound quantitatively, demonstrating that
the PH domain was not required for binding to VAP-A (Fig. 8B). The phosphorylation
state of OSBP was also not involved in VAP-A interaction since pretreatment of cells
with okadaic acid or staurosporin to hyperphosphorylate or dephosphorylate OSBP,
respectively, did not affect binding (Fig. 8B). Several deletion and truncation mutants of
OSBP were also investigated. OSBP truncated at amino acid 443 bound GST-VAP-A but
truncations closer to the N-terminus (OSBP 1-217 and OSBP 1-267) did not (Fig. 8C). As
well, partial deletion of a conserved sequence at the N-terminus of the OHD (A432-435)
did not affect binding of OSBP to GST-VAP-A (Fig. 8D). This, combined with the yeast
two-hybrid data showing that VAP-A interacted with OSBP 351-809, allowed us to
narrow the VAP-A binding domain of OSBP to residues 351 to 431 (Fig. 9). This region
overlaps with the ligand-binding region of OSBP and the OHD [2,4,6,7].

GST pull-down assays were also used to confirm the interaction of VAP-A with
ORP9S and ORPIL. CHO-K1 cells were transiently transfected with pcDNA3-ORP9S
and pcDNA3-ORP9IL, as well as empty vector and pCMV2-OSBP. TX-100 extracts of
cells were prepared and incubated with GST or GST-VAP-A (Fig. 10). OSBP, ORP9S
and ORPIL bound GST-VAP-A but not GST. Based on the assay input, the binding

efficiency was approximately 25%. These and subsequent experiments used a GST-VAP-
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Figure 8. Identification of the VAP-A-binding domain in OSBP by GST pull-down
assays. Samples in all panels were treated in the following manner. OSBP cDNAs were
transiently overexpressed in COS cells for 48 h and TX-100 cell lysates were prepared
(Section 3.2.8). Lysates (20 ul) were incubated with 1 uM GST-VAP-A (+) or GST (-) in
PBS (pH 7.4) for 45 min at 20°C, glutathione-Sepharose (30 pl of a 1:1 slurry) was added
for 30 min, beads were collected by brief centrifugation and washed 3 times with 0.5 ml
PBS and 0.1% TX-100. Samples were separated by SDS 8%-PAGE (panels A, B and D)
or SDS 10%-PAGE (panel C and E) and immunoblotted with monoclonal OSBP
antibody 11H9. (A) TX-100 extract of cells expressing wildtype OSBP was incubated
with GST-VAP-A (0, 0.5, 1, 2.5, 5 or 10 uM), 1 uM GST or glutathione beads. (B) TX-
100 extracts of cells expressing OSBP, OSBP PH domain mutants or OSBP-transfected
cells pretreated with 1 WM okadaic acid (increase phosphorylation) or 1 uM staurosporin
(decrease phosphorylation) for 60 min. (C) TX-100 extracts of cells expressing C-
terminally truncated forms of OSBP. (D) TX-100 extracts of cells expressing OSBP or
OSBP A 432-435. (E) Input for panels A, B and D, representing 25% of extract in the
binding assay. Abbreviations: +, GST-VAP-A; -, GST; OKA, okadaic acid; STS,

staurosporin.
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Figure 9. Summary of interactions between OSBP and VAP-A by yeast two-hybrid
and GST pull-down analysis. For yeast two-hybrid analysis, wildtype and mutant forms
of OSBP and VAP-A were co-transformed into S. cerevisiae yeast strain PJ69 and grown
on synthetic media as described for Table 3. Results of the GST binding assays are
described in Figure 8. Abbreviations: G/A, glycine/alanine rich region; Dim, dimerization

domain; VCD, VAP consensus domain; CCD, coiled coil domain.
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Figure 10. Interaction of ORPI9S and ORPIL with GST-VAP-A. TX-100 cell extracts
were prepared from transiently transfected CHO-K1 cells expressing ORP9S, ORPIL,
OSBP or a vector control (Section 3.2.8). Lysates were incubated with 1 uM GST or
GST-VAP-A as described in the legend to Figure 8, separated by SDS 8%-PAGE and
immunoblotted for ORP9S and ORPIL with V5 monoclonal antibody or OSBP with
monoclonal antibody 11H9. The samples from cells transfected with empty vector were
probed with the V5 monoclonal antibody. Input represents 25% of the extract used in the

binding assay. Abbreviations: +, GST-VAP-A; -, GST.



90

OoSBP

ORPSL

ORP9S

Vector

Figure 10



91

A preparation that did not bind OSBP as efficiently as the original preparation used in the
experiments described in Figure 8.

Finally, binding of ORPIL, ORP3(1d) and ORP4L to GST-VAP-A was
investigated. TX-100 extracts of CHO-K1 or COS cells transiently transfected with
appropriate cDNAs were prepared, incubated with GST or GST-VAP-A and binding was
analyzed by Western blotting (Fig. 11). ORPIL, along with endogenous OSBP was
pulled down with VAP-A (Fig. 11A). If ORP1L bound GST-VAP-A as part of an OSBP-
containing complex, the amount of ORPIL in the bound fraction would probably be
reduced relative to OSBP. Since their ratio in the bound sample was the same as the
input, ORP1L probably bound GST-VAP-A independently of OSBP. Approximately
10% of ORPIL bound GST-VAP-A, indicating a weak or transient interaction. The
interaction of GST-VAP-A and ORP3(1d), a splice variant in which exons 9 and 12 are
absent [5] (Section 1.4), was also very weak (Fig. 11B). Although ORP4L and VAP-A
did not interact directly by yeast two-hybrid assay, they interact weakly via a GST pull-
down assay (Fig 11C). The presence of endogenous OSBP in the ORP3(1d) and ORP4L
samples was not determined because of antibody specificities, but is assumed to be
present (ORP3(1d) was detected with a V5 monoclonal tag antibody and ORP4L was
detected with an ORP4-specific polyclonal antibody, while pan ORP polyclonal antibody
170 was used to detect ORP1IL). Although these interactions all appeared weak, no
interactions were detected in the GST controls, showing that the interactions were
specific. It is possible that the endogenous ligand of some of the ORPs is VAP-B rather
than VAP-A, and that the interaction detected in GST pull-down assays is indirect and

due to the interaction of the ORP with endogenous VAP-B, which is able to
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Figure 11. Interaction of ORP1L, ORP3(1d) and ORP4L with GST-VAP-A. CHO-
K1 and COS cells were transiently transfected and TX-100 extracts were prepared
(Section 3.2.8). Lysates were incubated with 1 uM GST or GST-VAP-A as described in
the legend to Figure 8, separated by SDS 8%-PAGE and immunoblotted for ORP1L
(ORP antibody 170), ORP3(1d) (V5 monoclonal antibody) or ORPAL (ORP4 polyclonal
antibody). Input represents 25% of extract used in the binding assay except for ORP4L,
which represents 100%. (A) TX-100 extract of CHO K1 cells transiently expressing
ORPI1L. (B) TX-100 extract of COS cells transiently expressing ORP3(1d). (C) TX-100

extract of CHO-K1 cells transiently expressing ORP4L.
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heterodimerize with GST-VAP-A. It is also possible that the interaction of the
overexpressed ORP with GST-VAP-A is through an endogenous VAP-A-interacting

ORP found in the cell extract.

4.3 Co-immunoprecipitation of VAP-A with OSBP and ORP9
4.3.1 Co-immunoprecipitation of VAP-A and OSBP

To confirm the interaction of VAP-A and OSBP seen by yeast two-hybrid and
GST pull-down analysis, co-immunoprecipitation studies were carried out. To facilitate
this, a polyclonal antibody against full-length VAP-A was prepared. By immunoblotting
the VAP polyclonal antibody recognized proteins at 30, 33 and 65 kDa in CHO-K1 cell
TX-100 soluble cell extracts (Fig. 12A). Overexpressed VAP-A in CHO-K1 cells co-
migrated with the 30 kDa protein, confirming its identity as VAP-A (see Fig. 15). Pre-
incubation of the antibody with GST-VAP-A blocked detection of both the 30 and the 33
kDa proteins, but not the 65 kDa protein (Fig. 12A), confirming that the 30 kDa protein
was VAP-A and indicating that the 33 kDa protein could be either a modified form of
VAP-A or VAP-B [161]. Since overexpressed VAP-A was not observed to undergo a
size shift due to phosphorylation or palmitoylation (data not shown), it is assumed that
the 33 kDa protein is VAP-B. The 65 kDa protein could be an incompletely dissociated
VAP dimer [159], but this is unlikely as it was present under reducing and denaturing
conditions and was still detected in the presence of GST-VAP-A.

The VAP-A/OSBP complex was immunoprecipitated from CHO-OSBP cells
using the VAP polyclonal antibody and OSBP monoclonal antibody 11H9 (Fig. 12B).

The VAP polyclonal antibody precipitated OSBP very weakly compared with direct
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Figure 12. Co-immunoprecipitation of VAP and OSBP. (A) CHO-K1 cells were
subcultured in medium C for 48 h and TX-100 lysates were prepared (Section 3.2.8).
Lysates were heated for 5 min in the presence or absence of B-mercaptoethanol, separated
by SDS-PAGE and immunoblotted with the VAP polyclonal antibody in the presence or
absence of GST-VAP-A (5 ng/ml). (B) CHO-OSBP cells were subcultured in medium C
for 2 days before harvesting and preparing TX-100 extracts. Lysates (25 ul) were
immunoprecipitated with 2 ul of VAP polyclonal or VAP pre-immune serum, or 3 ul of
OSBP monoclonal antibody 11H9 or SREBP monoclonal antibody 7B4 (irrelevant
monoclonal antibody, negative control) (Section 3.2.9). Samples were separated by SDS
10%-PAGE and immunoblotted with OSBP monoclonal antibody 11H9 or VAP
polyclonal antibody. (C) CHO-tet-OSBP and CHO-tet-OSBP W174A cells were induced
for 72 h in medium A by the removal of doxycycline. Cells cultured in medium A
containing 1 pug/ml doxycycline served as negative controls. Co-immunoprecipitation
was performed as described in Panel B. Abbreviations: BME, 3-mercaptoethanol, PI, pre-
immune serum; /A, irrelevant antibody; /P, antibody used for immunoprecipitation; /B,

antibody used for immunoblotting; NA; no addition; DOX, doxycycline.
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immunoprecipitation by 11H9, but as the pre-immune serum did not precipitate OSBP,
the interaction was specific. Repeated attempts to co-immunoprecipitate endogenous or
overexpressed VAP using monoclonal and polyclonal OSBP antibodies were
unsuccessful.

Mutation of the conserved PH domain tryptophan to alanine (W174A) or the
deletion of the C-terminal 50 residues of the PH domain (OSBP A132-182) resulted in
constitutive membrane association of OSBP [143]. Since VAP-A is also membrane
localized, its interaction with these mutants was investigated to determine if there was
enhanced interaction with VAP-A (Fig. 12C). CHO-tet-off cell lines that express OSBP,
OSBP W174A or OSBP A132-182 by removal of doxycycline for 3 days were induced
approximately 6- to 8-fold in comparison to endogenous OSBP 3 days after removal of
doxycycline [143]. No interactions were detected in uninduced cells when
immunoprecipitated with the VAP polyclonal or the OSBP monoclonal antibody 11H9.
In induced CHO-tet-OSBP cells, co-immunoprecipitation of OSBP by the VAP
polyclonal antibody or co-immunoprecipitation of VAP-A by the OSBP monoclonal
antibody was very weak and could only be detected with long exposure times (data not
shown). In contrast, the VAP polyclonal antibody co-immunoprecipitated OSBP from
induced CHO-tet OSBP W174A cells almost as efficiently as the OSBP monoclonal
antibody, and the OSBP monoclonal antibody co-immunoprecipitated VAP-A almost as
efficiently as the VAP polyclonal antibody. Thus the W174A mutation appears to
significantly stabilize the interaction of OSBP and VAP-A. The co-immunoprecipitation
of VAP-A and OSBP A132-182 from induced CHO-tet OSBP A132-182 was

intermediate between OSBP WI174A and wildtype OSBP. These co-
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immunoprecipitations were specific, since no OSBP or VAP-A was detected in samples
immunoprecipitated with the VAP pre-immune serum. While the interaction of OSBP
with VAP-B has not been characterized, a significant amount of VAP-B was co-
immunoprecipitated by the OSBP antibody. The relative level of VAP-A and VAP-B in
samples immunoprecipitated with the VAP polyclonal antibody is approximately equal
while an enrichment of VAP-A can be see in samples co-immunoprecipitated with the
OSBP antibody, suggesting that the interaction may be indirect. Due to difficulties in
maintaining expression of OSBP A132-182, we focused on the CHO-tet-OSBP and CHO-

tet-OSBP W174A cell lines in subsequent experiments (Section 4.5).

43.2  Co-immunoprecipitation of VAP-A and ORP9 from CHO-tet-on cell lines

In order to confirm the interaction of VAP-A with ORP9S and ORPIL observed
by yeast two-hybrid and GST pull-down analysis, we developed CHO-K1-tet-on cell
lines that expressed ORP9S or ORPIL (CHO-tet-ORP9S and CHO-tet-ORP9IL) in the
presence of doxycycline, and carried out co-immunoprecipitation experiments.

To enable detection of the proteins, C-terminal-V5 epitopes were included and a
polyclonal antibody that detects both ORP9 variants was developed. ORPIL, but not
ORP9S, was detected in uninduced CHO-tet-on cells (Fig. 13A). Although some or all of
this could be due to expression from the tet-regulated promoter, this is not likely, as
ORP9 was not detected by Western blotting or immunofluorescence with the V5
antibody, indicating that transfected ORPIL is not expressed. As well, endogenous
ORPIL was detected by immunoblotting in CHO-K1 and HEK cells (see Fig. 29). By

Western blotting analysis, addition of 2 pg/ml doxycycline to CHO-tet-ORPIL cells for
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Figure 13. Inducible expression of ORP9 in CHO-tet-on cells. CHO-tet-ORP9S and
CHO-tet-ORPIL cells were subcultured in medium A for 24 h, induced with doxycycline
and TX-100 cell lysates were prepared (Section 3.2.8). Samples were resolved by SDS
8%-PAGE (Panel A and immunoblots probed with ORP9 polyclonal antibody in Panels
C and D), SDS 7%-PAGE (Panel B) or SDS 10%-PAGE (immunoblots probed with V5
monoclonal antibody in Panels C and D), transferred to nitrocellulose and immunoblotted
for ORP9S and ORPIL with the ORP9 polyclonal antibody or VS monoclonal antibody.
(A) Comparison of endogenous ORP9 to induced ORP9S and ORPIL after 48 h
induction with 2 png/ml doxycycline. Samples contained 2 ug of protein (except for
NA10X which contained 20 ug). (B) Comparison of bands detected by ORP9 polyclonal
antibody and V5 monoclonal antibody. Samples probed with ORP9 polyclonal antibody
contained 2.5 png protein and samples probed with monoclonal antibody V5 contained 7.5
ug protein. (C) CHO-tet-ORP9S and ORPIL cells were induced with 2 pg/ml
doxycycline for varying amounts of time. (D) CHO-tet-ORP9S and ORPIL cells were
induced for 48 h with varying amounts of doxycycline. Abbreviations: NA, no addition;

DOX, doxycycline; §, ORP9S; L, ORPIL.
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24 h resulted in a very high induction of ORP9L compared to the uninduced controls
(Fig. 13A), while the expression of ORP9S appeared to be slightly lower than that of
ORPIL. Both the ORP9-specific polyclonal antibody and the V5 monoclonal antibody
were used to detect the ORP9 variants. However, the pattern of proteins detected by these
two antibodies was quite different (Fig. 13B). The doublet seen when samples were
probed with the V5 monoclonal antibody was also visible when samples were
immunoblotted with the ORP9 polyclonal antibody, but the bands were much more
diffuse and several slightly higher molecular weight forms were detected by the ORP9
polyclonal antibody. The multiple bands seen in both ORP9S and ORPI9L samples
immunoblotted with the ORP9 polyclonal antibody, but undetectable by the V5
monoclonal antibody, suggest that ORP9S and ORPIL could be post-translationally
modified and the V5 epitope was blocked as a result.

The time course and dose response for ORP9S and ORPIL induction were
determined (Fig. 13C and 13D). Maximal induction was seen after 24 h with 2 ng/ml
doxycycline in both CHO-tet-ORP9S and ORPIL cell lines, after which time ORP9S
expression decreased, while ORPIL expression remained relatively constant (Fig. 13C).
Decreased expression of ORP9S was due to extensive cell detachment and death after 24
h. When the dose response of ORP9S and ORPIL induction was determined at 48 h,
maximal induction of ORP9S was seen with 0.25 ug/ml doxycycline, while maximal
induction of ORPI9L was observed with 2 ug/ml doxycycline (Fig. 13D). However, a
greater number of CHO-tet ORP9S cells remained alive at 48 h post-induction when
induced with lower concentrations of doxycycline, compared to extensive cell death at 48

h post-induction with higher concentrations of doxycycline (see Fig. 29).
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ORPYL appeared to be expressed at slightly higher levels than ORP9S,
presumably due to the toxicity of ORP9S expression (Fig. 13). The weaker ORP9S signal
detected by the ORP9 polyclonal antibody could also be due to fewer epitopes, as the
induction level appeared more similar when the proteins were detected with the V5
monoclonal antibody. Only one band was seen in V5-immunoblotted samples in Figures
13C and 13D because 10%-PAGE gels were used, resulting in compression of the bands,
while 8%-PAGE gels were used for separation of samples immunoblotted with the ORP9
polyclonal antibody.

In order to confirm the interaction of VAP-A with ORP9S and ORPIL seen by
yeast two-hybrid and GST pull-down analysis, co-immunoprecipitation of VAP-A/ORP9
complexes from CHO-tet-ORP9S and ORPIL cell lines was performed (Fig. 14). No
interactions were detected in the uninduced control cells when immunoprecipitated with
VAP or ORP9 polyclonals or V5 monoclonal antibodies. In induced cells, the VAP
antibody was able to co-immunoprecipitate both ORP9S and ORPIL, while the ORP9
antibody co-immunoprecipitated VAP-A. The co-immunoprecipitations were specific,
since no ORP9S, ORPIL or VAP-A was detected in samples immunoprecipitated with
the ORPY pre-immune serum. Less VAP-A was co-immunoprecipitated by the V5
antibody (bands become visible after longer exposures) than by the ORP9 polyclonal
antibody, even though the V5 monoclonal and ORP9 polyclonal antibodies
immunoprecipitated similar amounts of ORP9. It is possible that steric effects associated
with the interaction of the V5 monoclonal antibody with ORP9S or ORPI9L prevent
interaction with VAP-A. A number of ORP9 isoforms are detected by the ORP9

polyclonal antibody that are not detected by the V5 monoclonal antibody (see Fig. 13),
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Figure 14. Co-immunoprecipitation of VAP and ORP9 from CHO-tet-on cell lines.
CHO-tet-ORP9S (Panel A) and CHO-tet-ORPI9L (Panel B) cells were subcultured in
medium A for 24 h before inducing with 2 ug/ml doxycycline for 48 h. Uninduced cells
served as negative controls. TX-100 cell lysates were prepared (Section 3.2.9) and
samples were immunoprecipitated with 0.5 pl of V5 monoclonal antibody, 2 ul of ORP9
polyclonal antibody, 2 ul of VAP polyclonal antibody or 2 ul of ORP9 preimmune
serum. Co-immunoprecipitations were performed as described in the legend to Figure 12.
Samples were separated by SDS 10%-PAGE and immunoblotted with V5 monoclonal
antibody or VAP polyclonal antibody. Abbreviations: P/, preimmune serum; DOX,
doxycycline; IP, antibody used for immunoprecipitation; /B, antibody used for

immunoblotting.
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thus potential post-translational modification of ORP9 could enhance interaction with

VAP-A. VAP-B was also immunoprecipitated by the ORP9 polyclonal antibody.

44 Characterization of VAP-A and its role in protein and ceramide trafficking
4.4.1  Cellular localization of endogenous and overexpressed VAP-A

To investigate the localization and function of VAP-A, CHO-K1-tet-on cell
lines were developed that inducibly overexpressed VAP-A (CHO-tet-VAP-A) or VAP-A
with the transmembrane domain (TM) deleted (CHO-tet-VAP-A ATM) in the presence of
doxycycline. Overexpression was seen in both cell lines 12 h post-induction with 2 pg/ml
doxycycline and levels increased progressively up to 72 h (Fig. 15A). It is notable that
overexpression of wildtype VAP-A resulted in a species that co-migrated with VAP-A
ATM. Since OSBP and VAP-A interact, we investigated whether VAP-A overexpression
affected OSBP expression and phosphorylation (Fig. 15B). Based on the relative increase
in the upper band of the OSBP doublet, OSBP was hyperphosphorylated in response to
the overexpression of VAP-A but not VAP-A ATM. This was confirmed by in vivo [*P]
labelling of cells overexpressing VAP-A and VAP-A ATM (data not shown). Expression
of VAP-B was not altered by overexpression of VAP-A.

The subcellular localization of overexpressed VAP-A, VAP-A ATM and OSBP
in CHO-tet-VAP-A and CHO-tet-VAP-A ATM cells was determined by fractionation
into cytosolic and TX-100-soluble and -insoluble membrane fractions (Fig. 16).
Endogenous VAP-A and VAP-B were found primarily in the heavy membrane fractions
(0 h). Induction of VAP-A expression caused a progressive increase of VAP-A in all

fractions except the cytosol (Fig. 16A). VAP-A ATM was found primarily in the cytosol,
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Figure 15. Inducible overexpression of VAP-A and VAP-A ATM increases OSBP
phosphorylation. CHO-tet-VAP-A and CHO-tet-VAP-A ATM cells were subcultured in
medium A and staggered additions of 2 pg/ml doxycycline were made to induce cells for
12,24, 48 or 72 h (Panel A) or 12, 24 or 48 h (Panel B). Cells subcultured in medium A
for 72 or 96 h served as uninduced controls. TX-100 cell extracts were prepared (Section
3.2.8) and proteins (5 ug) were resolved by SDS 10%-PAGE and immunoblotted with the
VAP polyclonal antibody (Panel A) or the pan-ORP polyclonal antibody 170 (Panel B).

Abbreviation used: P, phosphorylated.
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Figure 16. Membrane association and TX-100-solubility of endogenous and
overexpressed VAP-A. CHO-tet-VAP-A (Panel A) and CHO-tet-VAP-A ATM (Panel
B) cells were subcultured in medium A and staggered additions of 2 ug/ml doxycycline
were made to induce expression for 12, 24 or 48 h. Cells subcultured in medium A for 72
h served as uninduced controls. Cells were harvested, fractionated into light and heavy
membrane fractions and further fractionated into TX-100-soluble and -insoluble fractions
(Section 3.2.12). Proteins (20 ug) were resolved by SDS 10%-PAGE and immunoblotted

with pan-ORP polyclonal antibody 170 or the VAP polyclonal antibody.
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although a substantial amount was also found in the TX-100-soluble fraction of both
heavy and light membranes (Fig. 16B). Although OSBP was primarily cytosolic in both
induced and uninduced cells, induction of VAP-A or VAP-A ATM expression increased
the proportion of OSBP in the TX-100 soluble fraction of heavy membranes. Induction of
VAP-A or VAP-A ATM expression did not alter the expression or localization of
endogenous VAP-B.

The localization of endogenous VAP in CHO-K1 cells, as well as overexpressed
VAP-A and VAP-A ATM in CHO-tet-on cells, was monitored by indirect
immunofluorescence (Fig. 17). Since the VAP polyclonal antibody recognizes both VAP-
A and VAP-B, these two proteins cannot be distinguished from each other by
immunofluorescence, hence the proteins detected by the VAP polyclonal antibody in
immunofluorescence experiments will be referred to as VAP. In CHO-K1 and uninduced
CHO-tet-on cells, endogenous VAP was localized to small vesicles in a diffuse ER-like
network that was clustered around the Golgi apparatus and nucleus (Fig. 17A). This
VAP-A expression by the addition of doxycycline to CHO-tet-VAP-A cells resulted in a
pronounced increase in localization to the ER (Fig. 17B), as judged by co-localization
with PDI (Fig. 18), a marker of the ER lumen. A significant portion of overexpressed
VAP-A also co-localized with the Golgi apparatus marker FITC-lentil lectin. As
expected, overexpressed VAP-A ATM was primarily cytosolic, although there was
significant localization to the PM (Fig. 17B). Overexpression of VAP-A or VAP-A ATM
did not alter the staining pattern of FITC-lentil lectin, indicating that the structure of the

Golgi apparatus was not altered. Collectively these results show that in CHO-K1 cells,
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Figure 17. Immunofluorescence localization of endogenous and overexpressed VAP-
A and VAP-A ATM. (A) CHO-K1 cells were cultured on glass coverslips in medium C
for 48 h before treating with 2.5 pg/ml 250H for 1 h. Cells were fixed, permeabilized and
processed for immunofluorescence (Section 3.2.6). Endogenous VAP was detected with
VAP polyclonal antibody and GAR-FITC. (B) CHO-tet-VAP-A and CHO-tet-VAP-A
ATM cells were cultured on glass coverslips in Medium A for 24 h before inducing
expression with 2 pg/ml doxycycline for 24 h. Cells were fixed, permeabilized and
processed for immunofluorescence (Section 3.2.6) using the VAP polyclonal antibody in
conjunction with GAR-TXR (red). Lentil lectin-FITC (green) was used to identify the
Golgi apparatus. Cells were photographed using a Zeiss Axiovert 100M Laser Scanning
Confocal microscope 510 with a 100X objective. Images are single 0.2 um slices.

Abbreviations: NA, no addition; DOX, doxycycline.
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Figure 18. Overexpressed VAP-A co-localizes with PDI in the ER. CHO-tet-VAP-A
cells were cultured on glass coverslips in Medium A for 24 h before inducing with 2
ug/ml doxycycline for 48 h. Cells were fixed, permeabilized and processed for
immunofluorescence using the VAP polyclonal antibody in conjunction with GAR-FITC
and a PDI monoclonal antibody in conjunction with GAM-TXR (Section 3.2.6). Cells
were photographed using a Zeiss Axiovert 100M Laser Scanning Confocal Microscope
510 with a 100X objective. Images are a projection of six 0.2 um sections. Abbreviation

used: NA, no addition.
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VAP-A is localized to TX-100 soluble and insoluble regions of the ER by the C-terminal

TM domain.

4.4.2  Association of VAP-A with detergent-resistant membrane domains

Due to the localization of VAP-A in TX-100 resistant membrane fractions (Fig.
16), and its potential involvement in cholesterol and SM metabolism through its
interaction with OSBP, the association of VAP-A with caveolae/DIGs in CHO-K1 cells
was investigated (Fig. 19). CHO-K1 cells were treated with colchicine, taxol, nocodazole,
lovastatin, cyclodextrin or bacterial SMase to alter intracellular cholesterol trafficking
and synthesis, SM content and vesicle transport (Fig. 19A). Cells were harvested, lysed in
Hepes buffer containing TX-100 at 4°C and subjected to centrifugation to separate
detergent-insoluble membrane domains from soluble proteins. Distribution of VAP-A
between the supernatant and pellet was unaltered in response to any of the treatments
described above, indicating that VAP-A solubility was not affected by disrupting sterol or
SM metabolism, or microtubule organization. ~While this demonstrated that the TX-100
solubility was not affected by sterol or SM composition, it did not address the
involvement of VAP-A in the formation of DIGs or its presence in other types of
detergent-resistant membranes. These domains are assembled in the Golgi apparatus prior
to export to the PM, thus it is possible that VAP-A plays a role in their formation that
could not be detected by the experiment described in Figure 19A. To address this issue, a
light membrane fraction containing microsomes and nascent DIGs was prepared from
CHO-K1 cells, solubilized with different detergents and separated into soluble and pellet

fractions by centrifugation (Fig. 19B). Supernatant and pellet fractions were analyzed for
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Figure 19. Endogenous VAP-A does not associate with caveolae. (A) CHO-K1 cells
were subcultured in medium C for 48 h before treating with lovastatin (5 uM for 12 h),
nocodazole (20 ng/ml for 1 h), taxol (20 uM for 1 h), colchicine (2 uM for 1 h), bacterial
SMase (50 mU/ml for 1 h) or cyclodextran (5.0 mM for 45 min). Cells were harvested in
PBS, collected by centrifugation, lysed (10 mM Hepes, 50 mM KCl, 1 mM dithiothreitol,
1 mM EDTA, 1% TX-100 and protease inhibitors) for 15 min on ice and subjected to
centrifugation at 400,000g for 15 min. Proteins (5 ng) were separated by SDS 12%-
PAGE and immunoblotted with the VAP polyclonal antibody. (B) CHO-K1 cells were
subcultured in medium A for 48 h before preparing a light membrane fraction (Section
3.2.12). Membranes were solubilized in different detergents as indicated, and soluble and
insoluble fractions were isolated by centrifugation at 400,000g for 15 min. Pellets were
resuspended in a volume equal to the supernatant (50 pl) and samples (20 ul) were
separated by SDS 12%-PAGE and immunoblotted with VAP and caveolin 1 polyclonal
antibodies. (C) CHO-K1 cells were labeled with 5 uCi/dish [*H]cholesterol for 24 h,
harvested and separated on a discontinuous sucrose gradient (Section 3.2.13). Fractions
from the gradient (20 ul) were separated by SDS 12%-PAGE and immunoblotted with
VAP and caveolin 1 polyclonal antibodies, and for OSBP with pan-ORP polyclonal
antibody 170. Fraction 1 contains the bottom fraction and as such contains all non-raft
material. Abbreviations: NA, no addition; col, colchicine; tax, taxol; noc, nocodazole; lov,

lovastatin; CD, cyclodextran; Sm, bacterial SMase.
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VAP-A and caveolin by Western blotting. While VAP-A and caveolin co-fractionated to
a limited extent in all detergents, the differences in fractionation in detergents such as
TX-100 and CHAPS suggests that they do not extensively co-localize.

Finally, to determine if the limited amount of VAP-A that co-fractionated with
caveolin 1 in Figure 19B was associated with caveolae/DIGs, CHO-K1 cell extracts were
separated on discontinuous sucrose gradients (Fig. 19C). This fractionation technique
allows for more precise co-localization of candidate proteins to DIGs/caveolae. CHO-K1
cells were pre-labeled for 24 h with [*H]cholesterol in order to enable localization of
caveolae on the sucrose gradients. TX-100 extracts of CHO-K1 cells were subjected to
centrifugation and fractions were collected by needle puncture of the centrifuge tube. The
fractions were then analyzed by Western blotting for the presence of OSBP, caveolin 1
and VAP-A and scintillation counting to detect [*H]cholesterol. Although some VAP-A
was in detergent resistant fractions (Fig. 19A and 19B), the absence of VAP-A in the
caveolin 1/[*H]cholesterol-enriched fractions of the sucrose gradient suggests that VAP-
A does not localize to DIGs/caveolae. OSBP was also not detected in the caveolin

1/[*H]cholesterol-enriched fractions.

4.4.3 Interaction of VAP-A with microtubules

Several lines of evidence indicate that VAP-A interacts with the microtubule
network. A mouse orthologue of VAP-A co-localized with microtubules by electron
microscopy [155], and a D. melanogaster orthologue has been shown to bind tubulin and
regulate membrane contacts with the microtubule network [154]. In addition, the

detergent insolubility of VAP-A (Fig. 19) indicated that it may be associated with
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cytoskeletal elements. Therefore, the binding of VAP-A to microtubules was investigated
(Fig. 20). A TX-100-soluble cell extract of CHO-K1 cells was incubated with tubulin.
Samples were layered onto a cushion buffer, subjected to centrifugation and the
supernatant (unbound proteins) and pellet (microtubule binding proteins) fractions
analyzed by Western blotting for VAP-A (Fig. 20A). Although the amount of VAP-A in
the pellet fraction in the presence of tubulin increased slightly compared to samples
without tubulin (Fig. 20A), this appeared to be non-specific. Control experiments were
performed (Fig. 20B) in which binding of a positive control (MAP, supplied with the kit)
and negative control (BSA, supplied with the kit) to tubulin was investigated. A small
amount of BSA was found in the pellet both in the presence and absence of tubulin
indicating that some low-level non-specific binding is inherent to the assay. The
localization of tubulin to the pellet fraction was confirmed, as was the appropriate

localization of the positive control MAP.

44.4  Role of VAP-A in ceramide trafficking

Ceramide is synthesized in the ER and then exported to the Golgi apparatus
where it is a precursor in the synthesis of SM and glycosphingolipid (reviewed in [173]).
OSBP is implicated in this trafficking pathway (Section 1.1.3), as is its phosphorylation
state (Section 1.1.4). Overexpression of VAP-A caused hyperphosphorylation of OSBP,
potentially implicating VAP-A in the regulation of SM through its effects on OSBP
(Section 4.4.1). Furthermore, VAP-A and VAP-B have been implicated in vesicle
trafficking between the ER and Golgi apparatus [151,159-162]. These findings prompted

us to investigate ceramide trafficking in the CHO-tet-VAP-A and VAP-A ATM cells
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Figure 20. Lack of association of VAP-A with microtubules. Samples were incubated
with (+ Tubulin) and without tubulin (NA), layered onto 100 ul of cushion buffer in a
500 wul centrifuge tube and subjected to centrifugation at 50,000g for 80 min. The
supernatant (50 ul) and cushion buffer fractions were removed and the pellets
resuspended in 50 ul G-PEM buffer (Section 3.2.14). Samples (30 ul) were separated by
SDS 10%-PAGE. (A). Binding of VAP-A in TX-100 extracts of CHO-K1 cells (10, 25
and 50 pg protein) to tubulin was assayed as described above. Proteins were transferred
to nitrocellulose and analyzed by immunoblotting with the VAP polyclonal antibody. (B)
Positive and negative control proteins supplied by the manufacturer were treated as
described above and proteins detected by Coomassie Blue staining. Abbreviations: S,

supernatant; P, pellet.
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using C,-DMB-ceramide, a fluorescent analogue that mimics transport of endogenous
ceramide [148]. Cells were loaded with a Cs;-DMB-ceramide/BSA complex at 4°C for 30
min and then shifted to 37°C for 5 or 45 min to allow transport (Fig. 21). Induction of
VAP-A or VAP-A ATM did not cause any detectable differences in initial ceramide
loading at 4°C (0 min) or trafficking to the Golgi apparatus after 5 or 45 min. As Cs-
DMB-ceramide cannot be fixed sufficiently to withstand subsequent antibody incubations
and washes to detect overexpressed VAP-A or VAP-A ATM, we were unable to visualize
VAP and Cs-DMB-ceramide in the same cell. However, cells cultured in parallel and
immunostained for overexpressed VAP-A or VAP-A ATM confirmed that more than

75% of cells were overexpressing.

44.5 Role of VAP-A in VSVG-GFP trafficking

The role of VAP-A and VAP-A ATM in protein trafficking was also
investigated using VSVG-GFP. At 40°C, folding of VSVG-GFP is blocked at a late step
and retained in the ER [174]. Correct folding of the protein, and subsequent transport to
the Golgi apparatus and PM, occurs at 32°C and requires PDI, GRP78/BiP and calnexin
[175]. CHO-tet-VAP-A and VAP-A ATM cells were transiently transfected with VSVG-
GFP at 40°C for 12 h and then shifted to 32°C for varying amounts to time to allow
transport from the ER (Fig. 22). At the non-permissive temperature of 40°C, VSVG-GFP
was ER-localized in uninduced CHO-tet-VAP-A cells as well as in induced CHO-tet-
VAP-A and VAP-A ATM cells. After 30 min at 32°C, VSVG-GFP had exited the ER and
was strongly localized to the Golgi apparatus, but weakly localized to the PM in

uninduced CHO-tet-VAP-A cells, and induced CHO-tet-VAP-A and VAP ATM cells.
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Figure 21. Trafficking of C;-DMB-ceramide was not altered by overexpression of
VAP-A or VAP-A ATM. CHO-tet-VAP and CHO-tet-VAP ATM cells were cultured in
Medium A for 24 h before inducing expression with 2 ug/ml doxycycline for 48 h. Cells
were loaded with C,-DMB-ceramide (Section 3.2.10) and either fixed immediately or
shifted to 37°C for 5 or 45 min (Section 3.2.6). Photographs were taken immediately with
an Axiovert 200M fluorescence microscope equipped with a 100X objective and an
Axiocam HRC image capture system. Abbreviations: NA, no addition; D OX,

doxycycline.
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Figure 22. Overexpression of VAP-A and VAP-A ATM did not affect transport of
VSVG-GFP from the ER to the Golgi apparatus. CHO-tet-VAP and CHO-tet-VAP
ATM cells were cultured on glass coverslips in Medium A for 24 h before inducing
expression with 2 pg/ml doxycycline for 36 h and transiently transfecting with pVSVG-
GFP for 12 h (Section 3.2.11). Cells were shifted to 32°C for 30 min, fixed,
permeabilized and processed for immunofluorescence using the VAP polyclonal antibody
in conjunction with Alex-fluor 555 (Section 3.2.6). Cells were photographed using a
Zeiss Axiovert 100M Laser Scanning Confocal Microscope 510 with a 100X objective.

Images are single 0.2 um slices. Abbreviations: NA, no addition; DOX, doxycycline.
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Localization of VSVG-GFP in uninduced CHO-tet-VAP-A ATM cells was similar (data
not shown). Thus, over-expression of VAP-A or VAP-A ATM did not affect export of

VSVG-GFP from the ER to the Golgi apparatus and PM.

4.5 Role of VAP-A/OSBP interaction in ER export
4.5.1  Overexpression of OSBP W174A alters ER structure

Although the PH domain is not required for the interaction of OSBP with VAP-
A (Fig. 8), this domain regulates OSBP localization to the Golgi apparatus and thus
opposes ER localization of OSBP via its interaction with VAP-A. To investigate the role
of the OSBP PH domain with respect to VAP-A interaction, CHO-tet-off cell lines that
overexpressed wildtype or PH domain mutants of OSBP (CHO-tet-OSBP, CHO-tet-
OSBP W174A and CHO-tet-OSBP A132-182) were developed and the site of interaction
of VAP with OSBP and OSBP W174A was determined by indirect immunofluorescence
(Fig. 23). In uninduced CHO-tet-OSBP cells, VAP was localized to an ER/vesicular
compartment (Fig. 23 left panel), similar to the localization seen in CHO-K1 cells (Fig.
17). Localization of VAP in uninduced CHO-tet-OSBP W174A cells was similar (data
not shown). Induction of OSBP expression by the removal of doxycycline did not alter
VAP localization, and VAP and OSBP co-localized in the ER and Golgi apparatus (Fig.
23, middle panel). The partial localization of overexpressed OSBP to the ER indicates
that some of the cytoplasmic/vesicular localization observed for endogenous OSBP may
be weak ER localization. Induction of OSBP W174A resulted in dramatic re-localization

of VAP to vesicle-like structures where it co-localized with OSBP W174A (Fig. 23, right
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Figure 23. Co-localization of VAP with OSBP and OSBP W174A. CHO-tet-OSBP
and CHO-tet-OSBP W174A cells were subcultured on glass coverslips in Medium A
with or without doxycycline for 24 h before changing the media (medium A +
doxycycline) to remove residual doxycycline and induce expression of OSBP and OSBP
W174A for 72 h. Cells were fixed, permeabilized and processed for immunofluorescence
using the VAP polyclonal antibody in conjunction with GAR-FITC (green) and the
OSBP monoclonal antibody 11H9 in conjunction with GAM-TXR (red) (Section 3.2.6).
Cells were photographed using a Zeiss Axiovert 100M Laser Scanning Confocal
Microscope 510 with a 100X objective. Images are single 0.2 um slices. Abbreviations:

NA, no addition; DOX, doxycycline.
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panel). The co-localization of VAP and OSBP W174A in these structures confirms the
enhanced interaction seen by co-immunoprecipitation (Fig. 12C).

The association of VAP and OSBP W174A with these unusual structures
suggests they are modified organellar membranes, possibly ER-derived. In order to
determine their origin, indirect co-immunofluorescence of VAP or OSBP in conjunction
with a number of organellar markers was performed (Fig. 24). Localization of giantin, a
marker of the Golgi apparatus [176], and $-COP, a coatomer protein found primarily in
the Golgi apparatus [177], were unaltered in induced CHO-tet-OSBP W174A cells,
indicating that the structures were not Golgi-derived and that induction of OSBP W174A
did not alter the structure of the Golgi apparatus. However, ARF-GAP1, which is
involved in COPI-mediated vesicle budding and cargo recruitment [178], co-localized
with OSBP W174A in the membrane inclusions. p58, a marker of the ERGIC [179], and
Sec31, a marker of the transitional ER and a component of the COPII coat machinery
[180], were distributed throughout the cell in small punctate structures. Although some
staining for each marker overlapped with the membrane inclusions, their localization was
unaltered by induction of OSBP W174A. The lumenal ER protein PDI co-localized with
VAP in the membrane inclusions, as did an antibody against the KDEL sequence that
detects GRP94 and GRP78/BiP, lumenal ER-localized molecular chaperones required for
protein folding [181]. As overall cellular morphology apart from the ER was unaltered in
the OSBP-tet-W174A cells and ER resident proteins were localized to the structures
induced by OSBP W174A expression, it is most likely that the membrane inclusions

correspond to distorted regions of the ER membrane. It is noteworthy that these ER-
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Figure 24. Expression of OSBP W174A induces irregular ER-derived membrane
structures. CHO-tet-OSBP W174A cells were cultured on glass coverslips in medium A
and induced by the removal of doxycycline for 72 h. Cells were immunostained with
giantin, p58, Sec31 or ARF-GAPI polyclonal antibodies in conjunction with Alexa—fluor
GAR-488 (green) followed by monoclonal OSBP antibody 11H9 in conjunction with
Alexa—fluor GAM-555 (red), or the VAP polyclonal antibody in conjunction with
Alexa—fluor GAR-555 (red) followed by PDI or GRP94/BIP monoclonal antibodies in
conjunction with Alexa—fluor GAM-488 (green) (Section 3.2.6). Cells were
photographed using a Zeiss Axiovert 100M Laser Scanning Confocal Microscope 510

with a 100X objective. Images are single 0.2 um slices.
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derived structures seemed to concentrate lumenal proteins involved in protein folding and

disulfide bond formation.

4.5.2 Involvement of VAP and OSBP in transport of VSVG-GFP

The indication that the OSBP W174A-induced ER structures were involved in protein
folding and export pathways prompted us to investigate the effect of OSBP W174A on
protein trafficking from the ER. For these experiments, CHO-tet-OSBP and CHO-tet-
OSBP W174A cells were transiently transfected with pVSVG-GFP and transport from
the ER was monitored by immunofluorescence (Fig. 25). In CHO-tet-OSBP cells
expressing OSBP at 40°C, as well as in uninduced controls (data not shown), VSVG-GFP
was ER-localized. Shifting the induced CHO-tet-OSBP cells to 32°C resulted in correct
folding and export of VSVG-GFP to the Golgi apparatus. In induced CHO-tet-OSBP
W174A cells at 40°C, VSVG-GFP accumulated in the ER-derived structures and co-
localized with OSBP W174A. However, VSVG-GFP was folded and transported
normally from the ER to the Golgi apparatus at 32°C. This suggests that the ER-derived

structures are a site of accumulation of unfolded proteins and ER chaperones.

453  Ceramide transport in CHO-tet-OSBP and OSBP W174A cells

OSBP and oxysterols have been implicated in the regulation of ceramide
transport to the Golgi apparatus [80,106]. Therefore, we investigated the effect of OSBP
and OSBP W174A overexpression on trafficking of the fluorescent ceramide analogue,
Cs-DMB-ceramide, from the ER to the Golgi apparatus (Fig. 26). In uninduced CHO-tet-

OSBP and OSBP W174A cells and induced CHO-tet-OSBP cells, C;-DMB-ceramide
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Figure 25. VSVG-GFP transport in CHO-tet-OSBP and OSBP W174A cells. CHO-
tet-OSBP or CHO-tet-OSBP W174A cells were cultured on glass coverslips as described
in the legend to Figure 23, induced for 60 h and transfected with VSVG-GFP for 12 h at
40 °C (Section 3.2.11.) Cells were either fixed immediately (40°C) or switched to the
transport-permissive temperature of 32°C for 1 h prior to processing for
immunofluorescence using monoclonal OSBP antibody 11H9 in conjunction with GAM-
555 (red) (Section 3.2.6). Cells were photographed using a Zeiss Axiovert 100M Laser
Scanning Confocal Microscope 510 with a 100X objective. Images are single 0.2 um

slices.



CHO-tet
OSBP

CHO-tet
OSBP W174A

NA

NA

40°C

32°C

40°C

32°C

Figure 25

135



136

Figure 26. Defective trafficking of C,-DMB-ceramide in CHO-tet-OSBP W174A
cells. CHO-tet-OSBP and CHO-tet-OSBP W174A cells were cultured as described in the
legend to Figure 23. Cells were loaded with C,-DMB-ceramide at 4°C (Section 3.2.10)
and either fixed immediately or following incubation at 37°C for 1h (Section 3.2.6). The
lower panels represent a 2.5X enlargement of induced and uninduced CHO-tet-OSBP
W174A cells after 1 h incubation at 37°C. Photographs were taken immediately with an
Axiovert 200M fluorescence microscope equipped with a 100X objective and an
Axiocam HRC image capture system. Abbreviations: NA, no addition; D OX,

doxycycline.
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was initially localized to the ER, and was transported to the Golgi apparatus when the
cells were shifted to 37°C. In induced CHO-tet-OSBP W174A cells, C;-DMB-ceramide
was initially localized to the ER, although not prominently to the ER-derived structures.
After shifting the cells to 37°C, Cs-DMB-ceramide accumulated in the ER-derived
structures as indicated by the arrows in Figure 26. As well, transport to the Golgi
apparatus was inhibited, as indicated by reduced or disorganized C;-DMB-ceramide
staining of the Golgi apparatus at the transport permissive temperature when compared to
cells overexpressing wildtype OSBP. This finding is in agreement with an observed
decrease in SM synthesis in induced CHO-tet-OSBP W174A cells compared to

uninduced controls or induced CHO-tet-OSBP cells [143].

4.5.4  Lipid binding of OSBP and OSBP W174A PH domains

A possible explanation for the enhanced interaction of OSBP W174A with
VAP-A is that disruption of the PH domain inhibits PI-4,5-P, or PI-4-P binding, thus
allowing constitutive binding to VAP-A. To test this, the PH domain of OSBP W174A
was characterized with respect to its ability to bind phospholipid vesicles (Fig. 27). GST
fusions of the intact PH domain (GST-PH) or a PH domain with the W174A (GST-PH
W174A) mutation were prepared and incubated with increasing concentrations of PC
vesicles supplemented with 5 mol% of PS, PI, PI-4, or PI-4,5-P,. Vesicles with bound
fusion proteins were separated from unbound proteins by centrifugation and analyzed by
SDS 10%-PAGE and Coomassie staining. Both fusion proteins bound quantitatively to
PI-4-P and PI-4,5-P, containing vesicles at the lowest vesicle concentration tested, and

bound only weakly to vesicles containing PS and PI. The binding of GST-PH and GST-
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Figure 27. The W174A PH domain mutation does not affect PI-4-P or PI-4,5-P,
binding. GST, GST-PH or GST-PH W174A (2.5 mM) was incubated with 0.25 - 5.0 mM
PC vesicles containing 5 mol% of the indicated phospholipid for 5 min at 20°C (Section
3.2.15). Samples were subjected to centrifugation for 15 min at 400,000g and equivalent
volumes of supernatant and pellet fractions were resolved on SDS 12%-PAGE gels.
Proteins were detected by Coomassie Blue staining. Experiment was repeated three times

with similar results. Abbreviation used: sup, supernatant.
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PH W174A to PI-4 and PI-4,5-P, was specific, as indicated by the lack of binding of
purified GST to PI-4,5-P, containing vesicles. Thus the W174A mutation did not appear
to affect the binding of OSBP to phosphorylated phosphatidylinositols, at least in the

context of the isolated PH domain.

4.6 Role of ORPY in organellar structure and cell viability
4.6.1 Effects of inducible overexpression of ORP9

In order to characterize the roles of ORPI9L and ORP9S, their inducible
overexpression in CHO-tet-ORP9S and CHO-tet-ORPIL cell lines was studied with
respect to effects on growth rate, organellar morphology, and OSBP expression and
phosphorylation. Inducible cell lines were developed because transient expression of the
ORP9S cDNA was toxic, making the development of a constitutively overexpressing cell
line impossible. As well, transient transfection of the ORP9L c¢DNA resulted in
expression that was approximately equal to that of the endogenous protein. The effect of
inducible ORP9S or ORPIL overexpression on growth rate of the CHO-tet cells is shown
in Figure 28. The rate of cell growth was compared between induced and uninduced cells
by harvesting cells at 12, 24, 48 or 72 h post-induction and measuring TX-100-soluble
protein content per dish. By light microscopy, most ORP9S cells were dead or dying at
48 h post induction. This translated into a dramatic reduction in cell number compared to
uninduced controls. ORPIL overexpression reduced cell growth rate to a lesser extent
than ORP9YS and did not appear to affect cell viability. The addition of doxycycline to

untransformed CHO-tet-on cells had no effect on cell growth (data not shown).



142

Figure 28. Expression of ORP9IS or ORPIL inhibits cell growth. CHO-tet-ORP9S or
ORPOIL cells were cultured in Medium A for 24 h before inducing expression with 2
ug/ml doxycycline. Uninduced controls received fresh medium A without doxycycline.
Cells were harvested at 0, 12, 24, 48 or 72 h post-induction and were lysed in PBS
containing 0.5% TX-100, 2 mM EDTA, 2 mM EGTA and protease inhibitor cocktail
(Section 3.2.8). Protein content was determined by a modified uLowry assay (Section
3.2.7) and represents the TX-100-soluble protein per one 60 mm dish. Results are the
average of duplicate determinants and are from a representative experiment that was
repeated three times with similar results. @ ORP9S uninduced, O ORP9S induced, @
ORPIL uninduced, O ORPIL induced. Abbreviations: NA, no addition; DOX,

doxycycline.
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In an effort to determine how ORP9S was compromising cell viability and
growth, cleavage of poly(ADP-ribose) polymerase (PARP), a substrate for caspase 3 and
a commonly used indicator of apoptosis, was assessed in induced CHO-tet-ORP9S cells
(Fig. 29A). PARP cleavage was not evident in CHO-tet-ORP9S cells induced for 16 or
* 24 h, demonstrating that cell death is by a non-apoptotic mechanism. PARP cleavage was
also not seen in cells induced for 48 or 72 h (data not shown). PARP cleavage was
evident to a similar extent in both induced and uninduced CHO-tet-ORP9S cells by
treatment with 20 pug/ml chelerythrine for 2 h (Fig. 29A), demonstrating that the
apoptotic pathway is functional in CHO-tet-ORP9S cells.

It is possible that ORPIS itself mimics a caspase cleavage product of ORPIL
and induces an apoptototic pathway that does not involve PARP cleavage. In order to
determine if ORPIL is a caspase substrate, CHO-K1 and HEK 293 cells were treated
with chelerythrine to induce apoptosis and cell lysates were analyzed for ORPIL and
OSBP cleavage products (Fig. 29B). Endogenous ORPIL was not cleaved in response to
the induction of apoptosis in CHO-K1 or HEK cells, further evidence that the effects of
ORPIS and ORPIL on cell viability and growth do not involve caspase-mediated
apoptosis. A small amount of OSBP was proteolyzed in CHO-K1 and HEK cells treated
with chelerythrine, generating a band of approximately 50 kDa (Fig. 29B, bands marked
with *). It is possible that the caspase that cleaves OSBP is poorly activated by
chelerythrine treatment and OSBP could be cleaved more efficiently in response to
another apoptotic agent. The 50 kDA cleavage product of OSBP is not seen in the
samples treated with staurosporin because this drug failed to induce apoptosis in CHO-

K1 and HEK 293 cells as determined by PARP cleavage (data not shown). The identity
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Figure 29. Reduced growth and viability of CHO-tet-ORP9S cells is not due to
induction of apoptosis. (A) CHO-tet-ORP9S cells were cultured in Medium A for 24 h
before inducing ORPIS expression with 2 pug/ml doxycycline for 16 or 24 h as shown. A
control set of dishes was treated with 20 ug/ml chelerythrine for 2 h to induce apoptosis.
Samples were lysed on ice for 15 min in a high salt Tris buffer (10 mM Tris-HCl, pH 7.4,
1% Triton X-100, 500 mM NaCl, 2 mM EDTA, 1 mM DTT, 0.1 mM
phenylmethylsulfonyl fluoride and protease inhibitor cocktail) and subjected to
centrifugation at 16,000g for 15 min at 4°C to remove Triton X-100-insoluble material.
Proteins (7.5 ng) were separated on SDS 10%-PAGE and immunoblotted with a PARP
polyclonal antibody. (B) CHO-K1 and HEK 293 cells were cultured in Medium C and
Medium E, respectively, for 48 h. Cells were treated with 1 uM staurosporin or 10 uM
chelerythrine for 2 h. Samples were lysed in PBS containing 0.5% TX-100 (Section
3.2.8) and proteins (7.5 ug) were separated by SDS 10%-PAGE and immunoblotted with
the ORP9 and pan-ORP polyclonal antibodies. Abbreviations: NA, no addition; DOX,

doxycycline; Chel, chelerythrine; Sto, staurosporin.



Chelerythrine

DOX (h)

16

24

24

NA |DOX

NA |DOX | NA | DOX

PARP
PARP
cleavage
product
anti-OSBP anti-ORP9
CHO-K1 HEK 293 CHO-K1 HEK 293
NA | Sto | Chel |NA | Sto |Chel

osBP
and ORP9

OSBP
cleavage
product

NA L Sto fChel ||

Figure 29

NA] Sto [Chel

146




147

of the 47 kDa protein in HEK 293 cells (Fig. 29B, bands marked with #) is not known,
but could be another ORP, as the immunoblot was probed with the pan-ORP polyclonal

antibody 170.

4.6.2  Cellular localization of ORP9S and ORPIL

Since both ORP9S and ORP9 interacted with VAP-A, and seem to do so more
strongly than OSBP, we determined if their overexpression would affect the ER in a
manner similar to OSBP W174A. Co-immunofluorescence studies were performed in
CHO-tet-ORP9S and ORPOIL cells to assess the site of ORP9 expression and effects on
organellar structure. We initially examined localization of endogenous ORP9 in
uninduced CHO-tet-ORPIL cells (Fig. 30). Endogenous ORP9L was localized to two
compartments: typical Golgi apparatus localization at one pole of the nucleus and a
punctate pattern throughout the body of the cell. This diffuse staining in the body of the
cell did not overlap with PDI, an ER marker (Fig 30A). Rather, this localization pattern is
similar to that of endogenous OSBP, which is found in a cytosolic/vesicular compartment
[33]. ORP9 immunostaining near the nucleus co-localized with FITC-lentil lectin, a
commonly used Golgi apparatus marker (Fig. 30B). To confirm that ORP9L was on the
Golgi apparatus, cells were treated with BFA, a fungal metabolite which causes the Golgi
apparatus to be absorbed into the ER [110-112]. Both endogenous ORP9 and lentil lectin
were relocalized to the ER in response to BFA treatment, confirming the Golgi
localization of ORP9. In addition to the ER localization of lentil lectin, a significant
amount was found on the PM due to the high cell density. The localization of ORP9 was

also disrupted by nocodazole (Fig. 31), a drug that fragments the Golgi apparatus by
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Figure 30. Endogenous ORPY is localized to the Golgi apparatus. Uninduced CHO-
tet-ORPIL cells were cultured on glass coverslips in medium A for 48 h. (A) Cells were
fixed, permeabilized and processed for immunofluorescence using the ORP9 polyclonal
antibody in conjunction with Alexa-fluor GAR-488 (green) and a PDI monoclonal
antibody in conjunction with Alexa— fluor GAM-555 (red) (Section 3.2.6). (B) Cells were
treated with 2 ug/ml BFA for 30 min before processing for immunofluorescence (Section
3.2.6) using the ORP9 polyclonal antibody in conjunction with Alexa-fluor GAR-555
(red). FITC-lentil lectin (green) was used to detect the Golgi apparatus. Cells were
photographed using a Zeiss Axiovert 100M Laser Scanning Confocal Microscope 510
with a 100X objective. Images are single 0.2 um slices. Abbreviation used: NA, no

addition.
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Figure 31. Nocodazole treatment disrupts ORP9Y localization. Uninduced CHO-tet-
ORPOIL cells were cultured on glass coverslips in Medium A for 48 h, treated with 2
ug/ml nocodazole for 1h, fixed, permeabilized and processed for immunofluorescence
using the ORP9 polyclonal antibody in conjunction with Alex-fluor GAR-555 (red) and a
tubulin monoclonal antibody in conjunction with Alex-fluor GAM-488 (green) (Section
3.2.6). Cells were photographed using a Zeiss Axiovert 100M Laser Scanning Confocal
Microscope 510 with a 100X objective. Images are single 0.2 um slices. Abbreviations:

NA, no addition; noc, nocodazole.
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disrupting the microtubule network, thereby further confirming the localization of ORP9
to the Golgi apparatus.

To determine the morphological effects of ORP9S overexpression, co-
immunofluorescence with several organellar markers was performed (Fig. 32). Induction
of ORP9S in CHO-tet-ORP9S cells by the addition of doxycycline caused the formation
of small inclusions that were reminiscent of the structures induced by OSBP W174A (see
Fig. 24), although the ORP9S structures were smaller and no tubules were evident.
ORPOIS localized partially to these inclusions, but was primarily cytosolic and distributed
throughout the cell. In addition to ORP9S, VAP and calnexin (a membrane-bound ER
protein) were found in the inclusions. However, PDI was not, suggesting that the
inclusions are derived from the ER membrane and do not include lumenal proteins. p58
also localized to the ER-derived inclusions with VAP and ORP9S, indicating that the
ERGIC is mislocalized by ORP9S overexpression. The Golgi apparatus was not altered
as shown by normal giantin localization, nor was the microtubule network affected. Thus,
ORP9YS overexpression altered the ER and ERGIC but not compartments further along
the secretory pathway.

The morphological effects of ORPIL overexpression were investigated in the
same manner. Like ORP9S, overexpressed ORPIL. itself was primarily cytosolic and
localized throughout the cell (Fig. 33). However, induction of ORP9L expression caused
the formation of large vesicles throughout the cell, most of which were close to the
nucleus. VAP and calnexin strongly localized to the outer rim of the vesicles, indicating
that they are ER membrane-derived. PDI also localized weakly to the surface of the ER-

derived vesicles. The localization of VAP was disrupted to a much greater extent than



153

Figure 32. Co-localization of organellar markers with ORP9S. CHO-tet-ORP9S cells
were cultured on glass coverslips in Medium A for 24 h before inducing expression with
2 png/ml doxycycline for 48 h. Cells were fixed, permeabilized and processed for
immunofluorescence. Primary antibodies (indicated in the figure) were used in
conjunction with Alexa-fluor conjugated secondary antibodies (Section 3.2.6). Cells were
photographed using a Zeiss Axiovert 100M Laser Scanning Confocal Microscope 510

with a 100X objective. Images are single 0.2 um slices.
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Figure 33. Co-localization of organellar markers with ORPIL. CHO-tet-ORPIL cells
were cultured on glass coverslips in Medium A for 24 h before inducing with 2 pg/ml
doxycycline for 48 h. Cells were fixed, permeabilized and processed for
immunofluorescence. Primary antibodies (indicated in the figure) were used in
conjunction with Alexa-fluor conjugated secondary antibodies (Section 3.2.6). Cells were
photographed using a Zeiss Axiovert 100M Laser Scanning Confocal Microscope 510

with a 100X objective. Images are single 0.2 um slices.
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either calnexin or PDI. p58 also localized to the ER-derived vesicles, indicating that the
ERGIC compartment is mislocalized by the overexpression of ORPIL. Similar to cells in
which ORP9S expression was induced, ORPIL did not alter the structure of the Golgi
apparatus or the microtubule network as assessed by giantin or tubulin immunostaining,
respectively. Therefore, similar to ORP9S overexpressing cells, overexpression of
ORPIL altered the ER and ERGIC but not compartments further along the secretory
pathway.

Although it was clear that ORPIL overexpression caused the formation of ER-
derived vesicles, the high concentration of ORPIL in the cytosol made it was difficult to
determine the extent of ORPIL localization to their suface. In order to assess this, ORP9S
and ORPIL expressing cells were permeabilized with saponin to remove cytosolic
proteins prior to fixation (Fig. 34). The majority of cytosolic ORP9S was lost in cells
pretreated with saponin, but the ER-membrane derived inclusions were retained. ORP9S
also remained on the nuclear envelope, a localization that cannot be detected in non-
saponin treated cells due to the presence of ORP9IS in the cytosol. In saponin treated cells

ORPIL was lost from the cytosol but remained on the surface of the vesicles.

4.6.3  Expression of ORPY induces multinucleation

Although neither ORP9S not ORPOL localized to the nucleus, in the course of
the experiments described above we noted that a large number of ORP9S or ORPIL
overexpressing cells were multinucleated or had multi-lobed nucleii. Some of the ORP9
interacting proteins identified by yeast two-hybrid analysis (Section 4.1.3, Table 2) also

suggested a role in nuclear-localized pathways. Int6/elF3e and PA28f3 are components of
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Figure 34. Overexpressed ORP9S and ORPIL are both cytosolic and membrane-
associated. CHO-tet-ORP9S and CHO-tet-ORPOL cells were cultured on glass coverslips
in Medium A for 24 h before inducing with 2 ng/ml doxycycline for 24 h. Cells were
washed with cold PBS and either fixed immediately or pretreated with 0.5% (w/v)
saponin for 1 min on ice. Cells were then processed for immunofluorescence (Section
3.2.6) using monoclonal antibody V5 in conjunction with Alexa-fluor 488 (green) to
detect overexpressed ORP9S and ORPIL. Cells were photographed using a Zeiss
Axiovert 100M Laser Scanning Confocal Microscope 510 with a 100X objective. Images
are single 0.2 pum slices. Microscope settings were identical between images.

Abbreviations: NA, no addition; DOX, doxycycline.
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the proteasome, a complex involved in protein degradation that is involved in cell cycle
control and nuclear division through cyclin degradation [167,170]. As well, importin-a is
involved in nuclear import [164]. To quantify the extent of multinucleation,
approximately 200 ORP9S or ORPIL overexpressing cells were counted and scored for
multinucleation and compared to a similar number of uninduced CHO-tet-ORP9S and
ORPIL cells. By this method nearly 50% of CHO-tet-ORP9S or ORPIL expressing cells
were multinucleated or had multi-lobed nucleii, compared to only 3-6% of non-induced
cells.

Although induced CHO-tet-ORP9S and ORPIL cells were multinucleated or
had multi-lobed nucleii, localization of the nuclear pore complex and lamin A/C was not
altered (Fig. 35), indicating that the nucleus was still structurally intact. As well,
propidium iodide staining did not show DNA condensation or aggregation (data not

shown).

4.6.4  Effect of ORPIS and ORPIL overexpression on OSBP expression and

phosphorylation

Since OSBP and VAP-A interact in CHO-K1 cells, we investigated whether
overexpression of other VAP-A binding proteins, ORP9S or ORPIL, affected OSBP
expression and phosphorylation state (Fig. 36). Overexpression of ORP9S or ORP9L
caused a decrease in OSBP phosphorylation and expression that was evident even before
maximal induction of ORP9S or ORPIL had been reached. In the case of ORP9S
overexpressing cells, the expression of both OSBP and ORP9S was reduced by 48 and 72

h. Expression of VAP-A and VAP-B was not altered, demonstrating that this was not a
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Figure 35. Localization of nuclear markers in ORP9S and ORPIL overexpressing
cells. CHO-tet-ORP9S and ORPIL cells were grown on glass coverslips in Medium A
for 24 h before inducing with 2 pg/ml doxycycline for 48 h. Cells were fixed with
formaldehyde for detection of the nuclear pore complex or with methanol/acetone for the
detection of lamin A/C (Section 3.2.6). Primary antibodies (indicated in the figure) were
used in conjunction with Alex-fluor conjugated secondary antibodies. Cells were
photographed using a Zeiss Axiovert 100M Laser Scanning Confocal Microscope 510
with a 100X objective. Images are single 0.2 um slices. Abbreviation: NPC, nuclear pore

complex.
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Figure 36. Overexpression of ORP9S or ORPIL decreased OSBP phosphorylation
and expression. CHO-tet-ORP9S and ORPIL cells were cultured in Medium A for 24 h
before inducing expression with 2 ng/ml doxycycline for 12, 24 or 48 h. Cells were
harvested and lysed (Section 3.2.8). Proteins (10 ng) were separated by SDS 8%-PAGE
(ORP9 and OSBP) or SDS 10%-PAGE (VAP) and immunoblotted with pan ORP
polyclonal antibody 170 or the VAP polyclonal antibody. Abbreviations: NA, no

addition; DOX, doxycycline.
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global effect on protein expression or viability. This suggests that overexpression of the
ORPY variants saturates the VAP-A binding sites that OSBP would normally occupy,
thus leading to its displacement from VAP-A and subsequent degradation due to

mislocalization.



5 Discussion

OSBP has been implicated in the regulation of cholesterol and sphingolipid
homeostasis by virtue of its oxysterol binding activity and changes in localization and
phosphorylation in response to alterations in cholesterol transport [19,27,28,109]. The PH
domain and ligand-binding region of OSBP mediate its effects on cholesterol and
sphingolipid homeostasis by regulating Golgi-localization [21,33]. OSBP is also
localized to the ER via its interaction with VAP-A, and the dual localization of OSBP and
other ORP family members further suggests that they coordinate transport events
between the ER and Golgi apparatus or other organelles. While the role(s) of the other
ORP family members has not been well defined, regulation of vesicle biogenesis, lipid
transport and cholesterol synthesis have emerged as common themes.

Results presented here define a protein-protein interaction network between
VAP-A and the ORP family implicated in cholesterol and lipid trafficking through
regulation of trafficking pathways (Fig. 37). On a functional level, we have demonstrated
that OSBP interacts with VAP-A to regulate a pre-transport step in ER to Golgi apparatus
trafficking. This is consistent with prior observations that overexpression of OSBP or its
PH domain caused enhanced trafficking of ceramide from the ER to the Golgi apparatus
[80], or disruption of the Golgi apparatus and anterograde traffic of VSVG, respectively
[25]. We also showed that overexpression of a second VAP-A binding partner, either
ORP9IS or ORPIL, caused dramatic changes in ER structure, as well as mislocalization of
an ERGIC marker, indicating that they may regulate transport between these

compartments. Our identification of five ORPs that interact with VAP-A suggests that the
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Figure 37. Protein-protein interactions between VAP-A and the ORP family.
Interacting proteins identified in the course of this study are shown. A heavy line
indicates interactions that were confirmed by co-immunoprecipitation and characterized
in vivo. Thin lines indicate interactions that have been observed by GST pull-down
analysis. Dashed lines indicate interactions with partial cDNAs cloned by yeast two-

hybrid analysis.
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aforementioned effects on ER structure and export could be a common theme among

members of the ORP family.

5.1 A protein-protein interaction network between VAP-A and the ORP family

Although VAP-A, an ER-localized type II integral membrane protein, was
partially TX-100 insoluble, and potentially implicated in cholesterol regulation through
its interaction with OSBP, extensive studies showed that it was not associated with
DIGs/caveolae (Fig. 19). However, interaction with the cytoskeleton could explain the
partial TX-100 insolubility. In support of this, the mouse orthologue of VAP-A was
shown to co-localize with tubulin by electron microscopy [155] and DVAP-33A, a
Drosophila orthologue of VAP-A, is proposed to provide the membrane attachment site
for microtubules on the PM of boutons, contact points between nerves and muscles in
fruit fly larvae [154]. Microtubule organization within the bouton is disrupted in DVAP-
33A mutants, implicating it in the organization and/or maintenance of microtubule
architecture. This work suggests a role for DVAP-33A in the stabilization of
protein:membrane interactions and suggests a model whereby VAP-A could regulate
vesicle attachment or transport along microtubules. We were unable to demonstrate an
interaction between human VAP-A and tubulin using a similar technique as discussed in
the DVAP-33A study. However, the use of TX-100 in our study could have dissociated
the VAP-A complexes required for interaction with tubulin, or VAP-A could have been
removed from its native lipid environment, thus altering its affinity for tubulin.

Analysis of OSBP mutants by yeast two-hybrid and GST pull-down analysis

allowed the identification of a VAP-A binding region between amino acids 351 and 431
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(Fig. 9). This region of OSBP overlaps with the N-terminus of the ligand-binding region
and OHD. Sequence comparison of the VAP-binding region among ORP family
members indicated two conserved sub-regions; one toward the N-terminal that is
conserved in a subset of ORP family members (amino acids 360-364 of OSBP, in ORPs
1, 2,3,4, 6,7 and 9) and another near the C-terminus that is conserved in all ORPs
(amino acids 421-431 of OSBP) (Fig. 38). Supporting our results, a recent report further
defined the VAP-A binding region to a small motif designated ‘FFAT’ (two
phenylalanines in an acidic tract), which corresponds to the N-terminal conserved region
(amino acids 360-364 of OSBP) [26]. This motif was shown to regulate the ER
localization of several yeast proteins that were previously shown to interact with Scs2p,
the yeast orthologue of VAP-A, in a large scale study identifying yeast protein complexes
[132]. Based on conservation of this motif, OSBP and ORPs 1, 2, 3, 4, 6, 7 and 9 are
predicted to be VAP-A binding proteins. Our data showed that OSBP and ORPs 1L,
3(1d), 4L, 9S and 9L are VAP-A binding proteins (Figs. 8, 10-12, 14), supporting the
identification of the FATT motif as an Scs2p/VAP-A binding domain. Analysis of the
partial ORP9 cDNA cloned by yeast two-hybrid analysis (Fig. 6) localized the VAP-A
binding activity to a region of ORP9 that contained both the 80 amino acid region that we
identified as well as the FFAT motif. We did not test the interaction of ORPs 6 and 7
with VAP-A, and the binding of ORP2 to VAP-A was inconclusive due to interference
from GST antibodies in the GST-VAP-A pull-down assays.

The VAP-A binding region of OSBP is contained in the ligand-binding region.
Sequence comparison of OSBP and ORP4L, both of which bind 250H, to ORP4S, which

does not, suggests that the region between residues 300 and 365 of OSBP is necessary for
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Figure 38. Alignment of VAP-A binding regions of the ORP family. An alignment of
the predicted VAP-A binding region for OSBP and ORPs based on yeast two-hybrid and
GST pull-down analysis. Numbers at the top refer to amino acids in the OSBP sequence.
The two regions identified as having high identity between ORP family members are
boxed, and the FFAT motif is indicated. Sequences were aligned using MacVector
(version 6.5.3) and a Blosum 30 algorithm with an open gap penalty of 10 and an extend

gap penalty of 0.1.
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oxysterol binding [1,33]. This region contains part of the VAP binding region and the
FFAT motif. However, an OSBP truncation mutant containing residues 1-454 did not
bind oxysterols [33], indicating that residues 300-365 are not sufficient for oxysterol
binding. Truncation of OSBP closer to the N-terminal (OSBP 1-442) did not inhibit
binding to VAP-A (Fig. 8), thus oxysterol-binding activity does not seem to be required
for interaction with VAP-A. This is supported by the observations that VAP localization
is not altered by 250H treatment (Fig. 17) and inclusion of 250H in co-
immunoprecipitation experiments did not alter the stability of the VAP-A/OSBP complex
(data not shown). Additionally, ORP3(1d) and ORPI9L did not bind 250H (Wang and
Ridgway, unpublished results), but bound VAP-A in GST pull-down assays. These data
suggest that the VAP-A and 250H binding sites are mutually exclusive, but partially
overlapping. Future experiments are needed to define the boundaries of the oxysterol-
binding region and to define the relationship between VAP-A and oxysterol binding.

The FFAT motif was also identified in Osh1lp, Osh2p and Osh3p, three PH
domain containing yeast orthologues of the ORP family that share a high degree of
similarity with OSBP and ORP4 (Table 1) [8,26]. In addition to the Osh and ORP
families, the FFAT motif is found in several proteins involved in lipid metabolism
including Opilp, a negative regulator of inositol metabolism in yeast [182], protein
tyrosine kinase (PYK)2 N-terminal domain-interacting receptors (NIR)1, 2 and 3, human
orthologues of a Drosophila phospholipid transfer protein, rdgB [183], and
Goodpasture’s antigen binding protein (GPBP), a predicted phospholipid binding protein
[184]. In addition, the FFAT motif is found in Rab11 binding protein (Rabl1BP), a small

G protein implicated in vesicle recycling from the early endosomes to recycling
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endosomes [185]. Rabl1, its binding partner, has been implicated in cholesterol and SM
trafficking in the endosomal system [186].

The FFAT motif regulated the ER localization of truncated versions of Oshlp,
Osh2p and OSBP [26], supporting our conclusion that VAP-A regulates ER localization
of the ORP proteins. A yeast protein complex isolated using Scs2p as bait contained
Oshlp and Osh2p as well as Opilp and Stt4p, a PM localized PI-4 kinase [132]. These
data suggest a functional link between the regulation of inositol or phosphorylated PI
metabolism and Scs2p and its binding partners. This conclusion is supported by earlier
studies showing that deletion of SCS2 caused inositol auxotrophy at temperatures over
34°C, a defect that was suppressed by the overexpression of Inolp (inositol-1
phosphatase), an essential enzyme in inositol biosynthesis [150]. Since Scs2p binds
Opilp [26,132], loss of Scs2p could lead to the inappropriate suppression of inositol
biosynthesis. As would be expected, overexpression of wildtype Scs2p reversed the
auxotrophy [150]. However, overexpression of a mutant Scs2p lacking the N-terminal
VAP consensus domain was unable to rescue the auxotrophy, demonstrating that this
domain is central to the function of Scs2p. As well, yeast lacking Osh1p are defective for
tryptophan uptake. Overexpression of wildtype Oshlp reversed this defect but
overexpression of an Oshlp construct in which the FFAT motif was mutated did not [26],
further supporting the functional significance of the interaction of FFAT motif-containing
proteins with Scs2p.

In addition to identifying the region of OSBP involved in binding to VAP-A,
the region(s) of VAP-A involved in its interaction with the ORP family was investigated.

Analysis of VAP-A mutants (Figure 9) by yeast two-hybrid analysis revealed differences
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in the binding of ORP9 and OSBP by VAP-A (Table 3). Deletion of the VAP consensus
domain had no effect on dimerization of VAP-A, but inhibited its interaction with both
OSBP and ORP9. Deletion of the coiled-coil or transmembrane domains had no effect on
ORP9 binding, but inhibited binding to OSBP. A possible explanation is that, like the
ORP9 variants, OSBP interacts with VAP-A via the consensus domain, but only in the
context of a membrane localized protein. More extensive mutational analysis of VAP-A
is required to resolve this issue.

Collectively, evidence from studies in yeast supports our identification of a
VAP-A and ORP family network of proteins that is involved in the regulation of sterol
and lipid synthesis. However, unlike studies in mammalian cells that have implicated
VAP-A in vesicle transport, deletion of SCS2 did not affect secretion [150]. A poorly
characterized homologue of Scs2p, Scs22p, has been identified that may fulfill this role
[158,187]. Deletion of SCS22 caused a mild inositol auxotrophy at 37°C and enhanced
the inositol auxotrophy of yeast lacking Scs2p at 34°C, indicating a role in the same
pathway. Scs22p lacks the coiled-coil and transmembrane domains, making it structurally
similar to the major sperm protein (MSP), a VAP orthologue found in C. elegans that
forms a cytosolic filament network that translocates vesicles to the PM and contributes to
sperm pseudopodial movement [152,188]. A model can be predicted in which Scs22p
regulates trafficking, while Scs2p regulates membrane localization. In the mammalian
orthologues, these roles may be combined in both VAP-A and VAP-B.

The role of VAP-B, which heterodimerizes with VAP-A [153], with respect to
the ORP family has not been investigated. It is possible that the endogenous ligand of

some of the ORPs is VAP-B rather than VAP-A, and that the interaction detected in GST
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pull-down assays is indirect and due to the interaction of the ORP with endogenous VAP-
B, which is able to heterodimerize with GST-VAP-A. Indeed, VAP-B was co-
immunoprecipitated by OSBP monoclonal antibody 11H9 (Fig. 12), as well as by V5
monoclonal and ORP9 polyclonal antibodies (Fig. 14), suggesting a functional interaction
of VAP-B with the ORP family. The VAP polyclonal antibody used here recognizes both
VAP-A and VAP-B. Thus the contribution of VAP-B to the co-immunoprecipitation of
OSBP and the ORP9 variants is unclear. Isoform specific antibodies or yeast two-hybrid
analysis of the interaction of VAP-B with OSBP and the ORP family is required to

address this issue.

5.2 VAP-A and OSBP regulate a pre-transport step in ceramide and VSVG

trafficking

The discovery that OSBP interacts with VAP-A, and the subsequent
identification of a network of several VAP-A binding ORPs, supports the conclusion that
the ORP family interacts with the vesicle trafficking machinery in order to perform its
role(s). Support for a role of VAP-A and its homologue, VAP-B, in vesicle trafficking
pathways have been demonstrated in several different systems. Microinjection of VAP-A
antibodies into 3T3-L1 adipocytes or the overexpression of VAP-A in L6 myoblasts
inhibited insulin-dependent glucose transporter 4 (GLUT4) trafficking to the PM,
presumably by interacting with VAMP-2 and preventing its interaction with target
SNAREsS [159]. Co-overexpression of VAMP-2 restored trafficking in L6 myoblasts,
implying that the ratio of VAP-A and VAMP-2 is important in this trafficking pathway

[159]. As well, VAP-B has been implicated in COPI vesicle transport within the Golgi
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apparatus, and between the ERGIC and the ER [161]. In that study, addition of a VAP-B
antibody to an in vitro assay examining transport between purified donor and acceptor
Golgi membranes from CHO cells inhibited transport of VSVG through the Golgi
apparatus. Since this inhibition was due to the accumulation of coated COPI vesicles,
VAP-B is implicated in vesicle uncoating and fusion rather than formation. The addition
of soluble recombinant VAP-B reversed the inhibition. In S. cerevisiae, vesicle uncoating
is stimulated by ARF-GAP, which, through its interaction with Arflp, may have genetic
and functional interactions with OSBP and Osh4/Keslp [138]. Collectively, these data
show that VAP-A and VAP-B are involved in transport within the Golgi apparatus and
between the Golgi apparatus and the ER. As a consequence of their interaction with
VAP-A, OSBP, ORPI1L, ORP3(1d), ORP4L, ORP9S and ORPIL are predicted regulators
of vesicle transport in an ER/Golgi apparatus trafficking pathway.

Although there were previous indications that OSBP affected sterol and
sphingolipid metabolism via regulation of transport [80,106], the work presented in this
thesis is the first to identify the proteins involved with OSBP in this process. Mutations in
the PH domain of OSBP lead to its constitutive association with VAP-A (Fig. 12),
resulting in altered ER structure (Figs. 23,24) as well as aberrant compartmentation and
export of VSVG-GFP and ceramide, respectively (Figs. 25, 26). However, the PH
domain of OSBP was not required for the interaction of OSBP and GST-VAP-A in vitro
(Fig. 8), and thus is not directly involved in the localization of OSBP to the ER through
its association with VAP-A. A possible explanation is that the extent of OSBP
localization to the ER and Golgi apparatus is mediated by the relative contribution of the

PH domain and VAP-A binding region (Fig. 39). In this model, the disruption of the PH
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Figure 39. Translocation of the ORP family between the ER and Golgi apparatus.
Schematic model showing the predicted translocation of OSBP or ORP family members
to the ER via the interaction with VAP-A, or to the Golgi apparatus via the interaction of

the PH domain with a phosphorylated PI and an undetermined binding partner (X).
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or VAP-A binding domain would be predicted to lead to constitutive localization to the
ER or Golgi apparatus, respectively. In support of this, the isolated OSBP-PH domain
localizes to the Golgi apparatus in vivo and to purified Golgi membranes in vitro [25],
and a segment of OSBP encoding amino acids 188-425 was ER-localized in COS cells
[26]. Although the FFAT motif was shown to regulate ER-localization of truncated
versions of Opilp, Oshlp, and Osh2p, none of these proteins are constitutively ER-
associated, indicating that Scs2p-mediated localization is not a dominant signal. Deletion
or overexpression of Scs2p altered the subcellular localization of these proteins,
confirming that Scs2p plays a role in localization, but its effects on targeting are
integrated with other signals. In support of this, endogenous OSBP is localized to what
appears to be a cytoplasmic/vesicular compartment rather than predominantly to the ER
or Golgi apparatus. OSBP could translocate between these three compartments, and ER-
or Golgi-localization may only occur in response to specific stimuli, such as 250H or
sterol transport. A stimulus promoting constitutive ER localization has not yet been
identified.

The OSBP W174A mutation did not affect binding to PI-4,5-P, (Fig. 27). This
argues against a model wherein the activity of each domain affects cellular localization.
Instead, this suggests that a second activity associated with the PH domain is altered by
the W174A mutation or deletion of the C-terminal half of the PH domain, thus allowing
the interaction of OSBP with VAP-A to become dominant. Potential candidates include
previously identified protein partners for the OSBP PH domain such as RACK1, the By
subunit of heterotrimeric G-proteins and tubulin [68,78,79]. The finding that ER-derived

structures formed in response to induction of OSBP W174A were involved in trafficking
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of C-DMB-ceramide from the ER to the Golgi was not unexpected, since OSBP and
oxysterols had previously been shown to regulate ceramide trafficking from the ER to the
Golgi apparatus for conversion to SM [80,106]. Since this pathway was stimulated by
overexpression of OSBP but suppressed by OSBP W174A, the OSBP W174A mutant
appears to act as a dominant inhibitor [80,143]. Ceramide is synthesized on the cytosolic
surface of the ER by the condensation of L-serine and palmitoyl-CoA to form 3-
ketodihydrosphinogosine, which is then N-acylated and desaturated to form ceramide
[189-192]. Ceramide is then transported to the lumenal or cytosolic surface of the Golgi
for conversion to SM by SM synthase, or to glucosylceramide by ceramide
glucosyltransferase, respectively [107,193-196]. The mechanisms that regulate the
topology and transport of ceramide to the Golgi apparatus are controversial. Transport to
the lumenal surface is ATP- and cytosol-dependent, whereas transport to the cytosolic
surface is ATP-independent (or partially independent) [197,198]. Protein transport is
normal in cell lines that are defective for ATP-dependent ceramide transport, indicating
the existence of a ceramide-specific transport pathway.

Like ceramide and other lipids, proteins must be transported from the ER to the
Golgi apparatus prior to secretion or delivery to other cellular compartments. COPII
vesicles mediate anterograde protein traffic from the ER to the Golgi apparatus, while
COPI vesicles mediate both retrograde transport and transport within the Golgi stack
[199-205]. COPII vesicle formation is initiated by the recruitment of Sarl, a small
GTPase, to the ER membrane, while the subsequent recruitment of two heterodimeric
complexes, Sec23/Sec24 and Secl13/Sec31, drives vesicle formation and contributes to

cargo selection [199,206-208]. After leaving the ER, COPII vesicles uncoat and fuse to
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form vesicular-tubular clusters which comprise the ERGIC. Preformed COPI complexes
are then recruited to the ERGIC to promote the retrograde transport of escaped ER
proteins, as well as further anterograde transport to the Golgi apparatus [209,210].

It has been assumed that all proteins share a common transport pathway, and
therefore that protein sorting does not occur until after arrival at the Golgi apparatus.
However, recent evidence from yeast suggests that this may not be the case, as GPI
anchored proteins are transported to the Golgi apparatus separately from other secretory
proteins [211]. Although this potentially has wide implications in the regulation of ER
export, the mechanisms regulating this process are as yet unclear.

Since transport of ceramide and protein from the ER to the Golgi involves
different pathways, it is unclear why C,-DMB-ceramide and VSVG-GFP would occupy
the same compartment in induced CHO-tet-OSBP W174A cells. A potential explanation
is that the primary effect of OSBP W174A is on ceramide transport and unfolded VSVG-
GFP localized to the ER-derived structures non-specifically. In support of this, unfolded
VSVG-GFP was found in the undistorted regions of the ER and exited the ER-derived
structures normally at the permissive temperature. This was not the case for C;-DMB-
ceramide, which was retained in the structures and appeared to have delayed transport to
the Golgi apparatus. Defective transport of ceramide to the Golgi is supported by an
observed decrease in SM synthesis in OSBP W174A expressing cells.

The appearance and accumulation of misfolded VSVG-GFP and C,-DMB-
ceramide in the ER-derived structures suggests a role in an ER export or protein
maturation pathway. Since localization of Sec31 and p58, markers of the transitional ER

and ERGIC, respectively, was not altered by OSBP W174A expression (Fig. 24), OSBP
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and VAP-A are more likely to regulate an early step in export. The presence of misfolded
VSVG-GFP and co-localization with GRP74/BiP and GRP94 indicates the ER-derived
structures are a protein folding compartment. While the localization of VSVG-GFP to the
ER-derived structures could be non-specific and simply due to proliferation or expansion
of this abnormal compartment, evidence from yeast studies indicates otherwise. A
relationship between SCS2, phospholipid regulation and the unfolded protein response
(UPR) was demonstrated by suppression of the inositol auxotrophy of a haclA strain by
overexpression of Scs2p. [158]. Haclp mRNA is spliced by Irelp, a bifunctional ER-
localized kinase/endoribonuclease, in response to the accumulation of unfolded proteins
in the ER [212-215]. Haclp is proposed to have two roles: (i) increase transcription of
protein chaperones [216] and (ii) increase phospholipid synthesis by antagonizing the
activity of Opilp, which negatively regulates the transcription of several genes involved
in phospholipid biosynthesis [217]. Therefore, it is possible that Scs2p alters lipid
synthesis or export during a stress response such that increased phospholipid synthesis in
response to Haclp is unnecessary. We suggest that overexpression of Scs2p suppresses
the inositol auxotrophy of the haclA strain by increasing localization of Opilp to the ER,
thus preventing it from entering the nucleus. Thus the Haclp and Scs2p pathways
converge on repression of Opilp activity in order to positively regulate phospholipid
synthesis. A model can be predicted in which the same changes that activate Irelp also
activate Scs2p, causing it to bind more Opilp and preventing its nuclear localization and

inhibition of phospholipid synthesis.
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5.3 ORP9 variants alter ER structure

Like ORP1 and ORP4 [1,3], two ORP9 variants are expressed as a result of
alternate promoter start sites and splicing (Wang and Ridgway unpublished results).
Endogenous ORPIL, which is the only form detectable by Western blotting in CHO-K1
and HEK 293 cells (Fig. 29), was localized primarily to the Golgi apparatus in uninduced
CHO-tet-ORPIL cells (Fig. 30). Like OSBP and Osh1p, Golgi apparatus localization of
ORPIL is probably mediated via its PH domain, although this has not been confirmed.
However, the sequence of OSBP and ORPIL PH domains are quite similar, suggesting
that they may bind similar targets. Both ORP9 variants also contain the FFAT motif
(although the second phenylalanine is mutated to tyrosine), which is predicted to regulate
their localization to the ER through interaction with VAP-A. Since ORP9S does not have
a PH domain, the FFAT motif may be the dominant localization signal.

The subcellular localization of overexpressed ORP9S and ORPI9L was quite
different from that of endogenous ORPIL (Figs. 30, 32,33). Although both ORP9
variants were primarily cytosolic when overexpressed, they both caused the formation of
ER-derived membranous structures with VAP and ORP9 on the surface. Neither ORP9S
nor ORPIL appeared to co-localize with regions of the ER other than the abnormal
structures. Since the ER localization of the ORP9 variants is mediated via VAP-A, these
structures probably represent coalesced VAP-A/ORP9 complexes that, in the case of
ORPIL, contain most or all of the VAP-A in the cell. Although endogenous ORPIL is
Golgi-localized (Fig. 30A), immunostaining of the Golgi apparatus by the polyclonal
ORPY9 antibody in ORPY9L overexpressing cells could not be detected. Since

overexpression of ORPIL did not alter the structure of the Golgi apparatus (Fig. 33),
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Golgi-localization of overexpressed ORP9L may have been obscured by abundant
cytoplasmic expression. However, ORPIL was not detected in the Golgi apparatus of
cells pre-treated with saponin. This could either indicate that the localization of ORPIL
to the Golgi apparatus was sensitive to saponin treatment, or that overexpression of
ORPIL caused metabolic change(s) such that localization to the Golgi apparatus was
inhibited. This also suggests that ORPIL binding to the Golgi apparatus is weak or the
site is of low abundance and saturated by overexpression of ORP9L. Overexpressed
ORPIS was also not detected in the Golgi apparatus, but this was not unexpected due to
the lack of a PH domain. VAP-A binding sites are probably also saturated by the
overexpression of ORP9S and ORPIL leading to extensive cytoplasmic localization.
These data suggest that, like OSBP, the ORP9 variants are dynamic receptors that
localize to the Golgi apparatus or the ER via the VAP-A binding domain or PH domain.
Apart from the effects on the ERGIC, the morphological changes caused by
overexpression of the ORP9 variants were similar to those caused by overexpression of
OSBP W174A (Figs. 24, 32,33). The interaction between VAP-A and both of the ORP9
variants appeared more stable than the interaction between VAP-A and OSBP (compare
Figs. 12 and 14). Thus, increasing the stability of the VAP-A/ORP complex, either by
introducing a stabilizing mutation or by overexpression of a stronger binding partner,
results in structural changes in the ER. The lack of ER structure alteration seen with
OSBP overexpression could be due to relatively lower expression levels, however. In
support of this OSBP was overexpressed approximately 6- to 8-fold compared to
approximately 100-fold overexpression of ORPIL (Fig. 13, [143]). Theoretically, if a

number of ORPs, as well as other FFAT motif-containing proteins, localize to the ER
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through their interaction with VAP-A, then an excess of one partner would displace the
others and disrupt their downstream signalling and regulatory pathways. Overexpression
of VAP-A did not alter ER structure or interfere with ceramide or VSVG-GFP export
(Figs. 18, 21, 22), demonstrating that it is not a limiting component of these pathways.
Therefore, the alterations in ER structure are most likely due to the saturation of VAP-A
by the overexpression of one of its binding partners, or to the displacement of
endogenous binding partners. How this leads to alterations in ER structure is unclear.

OSBP expression was decreased in ORP9S or ORPIL overexpressing cells (Fig.
36), potentially due to its displacement from VAP-A by the ORP9 variants. As the
subcellular localization of OSBP is central to its function [21,27,28], preventing its
interaction with VAP-A may lead to its degradation. Conversely, overexpression of
ORP9S or ORPIL may activate an independent pathway leading to inhibition of OSBP
expression. Since expression of VAP-A and VAP-B was not altered by overexpression of
the ORP9 variants, this is not a global effect on protein expression.

Overexpression of the ORP9 variants also caused OSBP to become
dephosphorylated, as shown by the increase in the lower band of the OSBP doublet on
SDS-PAGE (Fig. 36). Dephosphorylation of OSBP occurred before the decrease in
OSBP expression, suggesting that the pathway(s) resulting in OSBP dephosphorylation
were activated prior to reduced expression (Fig. 36). The reverse of these experiments
was also true. Overexpression of VAP-A caused increased phosphorylation of OSBP, as
well as an increase in the amount of membrane-associated OSBP, potentially due to

enhanced localization of OSBP to the ER (Fig. 16). Therefore, the decreased
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phosphorylation of OSBP in ORP9S and ORPIL overexpressing cells (Fig. 36) indicates
that reduced ER localization may cause OSBP dephosphorylation.

In addition to effects on OSBP phosphorylation and expression, overexpression
of the ORP9 variants caused an overall decrease in cell growth rate. ORP9L slowed
growth rates compared to uninduced controls, while ORP9S expressing cells were more
severely affected (Figs. 13, 28). Endogenous ORP9S was not detectable in CHO-K1,
HEK 293 or uninduced CHO-tet-on cells (Figs. 13, 29), but the protein can be detected in
human liver (Wang and Ridgway, unpublished data). The lack of endogenous ORP9S
expression may indicate that ORP9S has cell-specific functions and is toxic when
inappropriately expressed. Conversely, ORP9S may only be expressed at a certain point
of the cell cycle or developmental stage, and its enforced expression at inappropriate
times may be toxic. Since overexpression of ORPIL was not as toxic as that of ORP9S,
the PH domain is predicted to alter ORPIL localization and mitigate toxic effects of
overexpression. Substantially more ORPIL was membrane associated than ORP9S (Fig.
34). However, both ORP9S and ORPIL interact with VAP-A at the ER, and the
interactions seemed to be equally stable as assessed by co-immunoprecipitation (Fig. 14).

We have demonstrated that the ORP9 variants interact with VAP-A in the ER,
but their function(s) at this site is unknown. However, cDNAs cloned by yeast two-
hybrid analysis using these proteins as bait have provided some clues. Five cDNAs were
isolated (Table 2), and although the only structural difference between ORP9S and
ORPOIL is the PH domain, only Int6/eIF3e interacted with both variants. Int6/elF3e was
identified both as a component of translation initiation factor 3 [167] and the proteasome

[168]. The two roles are not mutually exclusive, as translation and degradation are often
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linked in order to facilitate degradation of misfolded or incorrectly translated proteins
[218]. ORP9S and ORPIL both interacted specifically with the PCI domain of
Int6/elF3e, a domain also found in several components of the protcasome and the related
COP?9 signalosome [219]. A link to proteasomal degradation can also be inferred from
the interaction of ORPIL with the § subunit of PA28, a proteasome activator [170].
Although PA28 does play a general role in proteasome activation, it does so in the
context of antigen generation for presentation on MHC class I molecules [220].
Interestingly, RED/IK cytokine, which was identified as an ORP9S binding protein, is
involved in the downregulation of antigen presentation via HLAII molecules [165,166],
and cathepsin B, which is a lysosomal cysteine protease proposed to play a role in the
processing of antigens in the immune response has a FFAT motif [26,221]. The
significance of these interactions has yet to be defined, but they hint at a role for the

ORP9 variants in proteasomal-mediated degradation.



6 Conclusions and future directions

This study is the first to identify interactions of ORP proteins with the ER-
localized protein VAP-A and demonstrate a role in regulation of ER-based pathways.
Based on prior evidence from our lab and others, data from studies in S. cerevisiae and
the work presented in this thesis, this network of proteins is predicted to regulate
cholesterol and sphingolipid metabolism through effects on ER structure and export. The
interaction of VAP-A with components of the vesicle trafficking and UPR pathways
suggests that the ORP family exerts its effects through similar routes and affects diverse
cellular processes. Members of the ORP family are predicted to be lipid or sterol sensors
that regulate trafficking or transduce signals by translocating between cellular
compartments. Their localization to distinct compartments is regulated by the integration
of targeting signals such as the N-terminal PH domain, the C-terminal OHD and the
VAP-A binding motif, as well as by oxysterol binding and regulation of phosphorylation.

Future work to investigate the functions of other members of the ORP family
and their binding partners will help to elucidate the role of this protein network. The
network of proteins identified in this study may regulate one common pathway or several
interconnected ones. This work has only begun to define the role of this family and many

issues need to be addressed:

(1) Investigation of the role of VAP-B, as well as the role of the VAP consensus

domain in interaction with ORPs and other proteins.
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(ii) Functional analysis of ER-localization of the ORP family, as well as

characterization of ORP9 interacting proteins and the identification of other ORP
binding partners, will help to determine if VAP-A and the ORP family regulate one

central or several interconnected pathways.

(iii) The OHD is conserved among all family members, yet no function as been ascribed

(iv)

to this domain. Identification of protein partners or lipid ligands for this domain

may help determine a function common to all ORPs.

A SCAP/SREBP transport complex isolated from CHO cells contained both VAP-
A and VAP-B [222], thus providing evidence of a direct role for OSBP or other
members of the ORP family in the regulation of cholesterol synthesis. Determining
how VAP-A and OSBP (or other ORPs) regulate SCAP/SREBP activity may

determine a mechanistic role in sterol regulation.



7 Appendix I

PCR primers

Primer # | Lab Designation Sequence (5’ -3°)

ON1 TH1 OGGCATATGGOGGCGACGGAGCTGAGA
ON2 OSBP11 CGGGATOOGGGCCACTTCAGAAAATGTC
ON3 OSBP12 GGOGGOOCATGGCGGOGACGGAGCTG
ON4 OSBP15(Ndel) GGGCATATGAGTGATGAGGAT

ON5 VAP33EcoR1(pGEX) | GGGAATTCACTCTACAAGATGAATTTCCC
ONG6 VAP33BamH1(pGEX) | GGGGATOCCCCATGGOGAAGCACGAGCAG
ON7 VAP33-EcoR1-5’ GGAATTCGOCACCATGGCGAAGCACGAGC
ONS8 VAP33-BamH1-3’ GGGATCCACTCTACAAGATGAATTTCCC
ON9 VAP33ATMD-BamH1 | GGGATCCCTTAAGGACTGGTGACATTATCTC
ON10 VAPATMD(Notl) GGOGGOOGCCTTAAGGACTGGTGACATTATCIC
ONI11 pAS1/ORP4 Ndel CATATGAGCGCTTCCACG

ONI12 pAS1/ORP4 Sall GGATCCTCAGAAGATGTTGGG

ON13 ORP4 5’ Ncol CCCATGGCGCTTCCACGTCC

ON14 ORP9-5’ Ncol TACCATGGTAGAATCAATTAAACAC
ONI15 ORP9 3° Xmal CAGGGCCCAACCTAATGCITGGC

ONI16 elF3e-Ncol CCCATGGCGGAGTACGACTTGAC

ON17 elF3e-Ndel CCATATGGCGGAGTACGACTTGAC

ON18 elF3e-BamH]1 GGATCCTCAGTAGAAGCCAGAATC

ON19 Int6-PCI CCCATGGACTTTGATGGGGCTCAG
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Mutagenic primers
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Primer # | Lab Designation | Mutation Sequence (5°-3°)

ON20 OSBP-SDM-1 OSBP A261-296 OGAAAAGATCAAACAGGTCCA
GTATGAGAGAGACCAGC

ON21 OSBP-SDM-2 OSBP A262-278 GCAACGAAAAGATCAAACAGT
GCAGAGATTTCCTCGTGC

ON22 OSBP-SDM-3 OSBP A279-296 GCCATGATCAATGCTTGCCAGT
ATGAGAGAGACCAGC

ON23 OSBP-SDM-4 OSBP L306, 313A | GOGCATTOGAGCAGAAGAGACC
CTOGAGCAGGCAGCAAAGCAGC

ON24 OSBP-SDM-6A | OSBP A288-296 GATTTCCTOGTGCTAGCTCAGAC
CCAGTATGAGAGAGACCAGCOGC

ON25 OSBP-SDM-7A | OSBP A209-305 TGGCAGAAGTCGCTGCAGTATCT
GGAAGAGACCCTOGAGCAGCIG

ON26 OSBP-SDM-8B | OSBP L306Q GACCAGCGCATTCGACAGGAA
GAGACCCICGAG

ON27 OSBP-SDM-10 OSBP A306-315 CCAGCGCATTCGACAGCACAAC
CACC

ON28 OSBP-VAP-Int OSBP A432-435 GAACTGCATTGGGAAAATCCCOC
ATGCOGGTG

ON29 11293-p4 OSBP W174A GAGCGGCAGCGOGCGGTGACA
GCCCTG

ON30 VAP33 A43-49 CGGATAGAAAAGIGIGITTCOG
CCGGTACTGIGIG

ON31 VAP33 A161-241 CACAGTGTTTCACTTTAAGATA
CCGAAACAAGG

ON32 VAP33 ATMD GATAATGTCACCAGTCCTITAAC
CITCACITCTTG

ON33 ORPIL-5’-Ncol GGOGGCTOOCCCATGGOGTCCA
TCATGG
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