Mechanisms and Regulation of Plasma Membrane-
Endoplasmic Reticulum Membrane Contact Sites in

Saccharomyces cerevisiae

by
Evan Quon

B.Sc. (Hons), Simon Fraser University, 2012

Thesis Submitted in Partial Fulfillment of the
Requirements for the Degree of

Doctor of Philosophy

in the
Molecular Biology and Biochemistry

Faculty of Science

© Evan Quon 2018
SIMON FRASER UNIVERSITY
Fall 2018

Copyright in this work rests with the author. Please ensure that any reproduction
or re-use is done in accordance with the relevant national copyright legislation.



Approval

Name:
Degree:

Title:

Examining Committee:

Date Defended/Approved:

Evan Quon
Doctor of Philosophy

Mechanisms and Regulation of Plasma
Membrane-Endoplasmic Reticulum Membrane
Contact Sites in Saccharomyces cerevisiae

Chair: Rosemary Cornell
Professor

Christopher Beh
Senior Supervisor
Professor

Nicholas Harden
Supervisor
Professor

Michel Leroux
Supervisor
Professor

Michael Silverman

Internal Examiner

Professor

Department of Biological Sciences

Vanina Zaremberg

External Examiner

Associate Professor

Department of Biological Sciences
University of Calgary

December 13t 2018



Abstract

Membrane tether proteins staple the endoplasmic reticulum (ER) to other cellular
membranes at Membrane Contact Sites (MCSs), as possible conduits to coordinately
regulate lipid metabolism and membrane exchange. To determine the role of ER-PM
MCSs in membrane regulation, | generated A-super-tether (A-s-tether) yeast cells that
lack six previously identified tether proteins (the yeast E-Syts Tcb1p-3p; VAP homologs
Scs2p and Scs22p; and the TMEM16 homolog Ist2p), as well as the presumptive tether
Ice2p. Although A-s-tether cells lack direct ER-PM MCSs they were viable, albeit with
severe defects in lipid homeostasis and membrane organization. To determine the role
of MCSs in non-vesicular sterol transport, the bi-directional exchange of sterols between
the ER-PM in A-s-tether cells was directly assayed in vivo. No significant defects in non-
vesicular sterol transport were detected though lipidomic analysis revealed major
dysfunction in phospholipid and sphingolipid synthesis. Based on these findings |
hypothesized that A-s-tether growth defects might be rescued either metabolically, by
increasing phosphatidylcholine synthesis through choline addition, or by overexpressing
the phospholipid methyltransferase OPI3. These modifications did restore growth, but
not by re-establishing ER-PM MCSs, suggesting that these membrane attachments are
not physically required for lipid transport but rather as regulators of lipid metabolism.
Phosphatidylinositol-4-phosphate (PI4P) accumulated in the PM of A-s-tether cells,
consistent with the observed synthetic lethality between A-s-tether mutations and
mutations in either the SAC1 PI4P phosphatase gene or OSH4, which encodes a PI4P
binding protein. Even though transport assays indicated that MCSs do not mediate ER-
PM sterol exchange, we tested if sterols played a role in contact site generation. Cells
depleted of sterols by repressing ERG9, which encode the sterol specific biosynthetic
enzyme squalene synthase, exhibited nearly complete coverage of the inner cytoplasmic
PM surface with cortical ER. These results support a model for ER-PM MCSs in which
they collectively act as a regulatory nexus for coordinating multiple lipid metabolic

pathways to control cell membrane composition.

Keywords:

endoplasmic reticulum; lipid transfer proteins; membrane contact sites; membrane lipids;
membrane-tethering proteins; non-vesicular transport; plasma membrane; lipid

biosynthesis; lipid homeostasis;
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Foreword

Subcellular compartmentalization with functionally distinct intracellular
membranes is a defining characteristic of eukaryotic cells. Each organelle membrane
within the cell has a distinct lipidomic and proteomic environment; while each
compartment serves a specific purpose in the cell and is responsible for a specific set of
functions. Some of these functions are restricted to specific organelles, while other
cellular functions required coordination across the cell. Therefore, the cell requires
precise inter-organelle communication to spatially and temporally coordinate the many
intricate and complex processes. The most abundant intracellular organelle is the
endoplasmic reticulum (ER) which is a vast and complex network of interconnected
membrane responsible for many essential functions. To achieve this coordination, the
ER membrane physically associates with every other organelle membrane to facilitate
direct inter-organelle communication. These sites of heterotypic membrane association
are tightly regulated ultra-structures called membrane contact sites (MCSs). These
ultrastructures are relatively well conserved and are responsible for coordinating many
different cellular functions depending on affixed membranes. The most abundant MCSs
are between the ER and the plasma membrane (PM); there are hypothesized to be
conduits for the direct exchange of material and information between opposing organelle
membranes. MCSs between the PM and ER (PM-ER MCSs) have been implicated in a
variety of other processes such as lipid biosynthesis, intracellular signaling, and
intracellular calcium store regulation. In both yeast and mammals, PM-ER MCSs are
facilitated by a large group of highly conserved PM-ER tether proteins. As detailed in this
thesis, my research aimed to utilize the power of molecular genetics only available in
yeast, Saccharomyces cerevisiae (budding yeast), to elucidate the mechanisms

governing PM-ER MCS functions and regulation.
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2.1. Plasma Membrane-Endoplasmic Reticulum Membrane
Contact Site function and regulation

2.1.1. The ER is a vast network of tubular and cisternae membrane
that associates with every organelle in the cell

The ER is composed of a single continuous network of membrane with different
domains, structures, and functions (1). This interconnected network has many diverse
functions including lipid synthesis and metabolism; protein synthesis and translocation;
protein folding and modifications; intracellular calcium storage and signaling; cell stress
responses regulation; and organelle biogenesis (1-5). Generally, the ER can be divided
into nuclear and peripheral ER. The nuclear ER (nuclear envelope; NE) is a double
bilayer membrane that is contiguous with the ER and contains the cell’s genomic
material (6). Although the primary function of the NE is to regulate the flux of material in
and out of the nucleus via pore complexes, the NE and peripheral ER do share some

cellular functions, specifically lipid biosynthesis (7, 8).

The peripheral ER consists of reticulated tubule and flat cisternal membrane (1).
The flat sheets of cisternae ER consist of two parallel opposing membranes
approximately ~35 nm and 50 nm apart in yeast and animal cells respectively (9, 10).
Historically, cisternal ER has also been called “Rough ER” for the high density of
ribosomes studded in the membrane, making it the primary location for translation,
translocation, post-translational modification, and protein folding (6, 11-13). The
cisternae ER and NE are connected by a dynamic network of tubular ER (14). The
tubular ER is also called “Smooth ER” because it lacks the ribosomal density of
cisternae ER (12). Though the function of tubular ER is not well understood, its higher
surface-to-volume ratio relative to cisternae ER suggest that it may be better suited for
surface (bilayer) dependent processes like lipid biosynthesis (1). Recently, a trove of
research has suggested that one of the primary functions of the ER is to communicate
with other organelles. The dynamic and flexible nature of the ER makes it capable of

physically contacting every other organelle.

MCSs are highly conserved ultra-structures that occur between two heterotypic
membranes of closely opposed organelles (15). The ER has been shown to directly

contact the plasma membrane (10, 16), mitochondria (17-19), Golgi (20),



vacuolar/lysosome (21), lipid droplet (LD) (22), endosomal systems (23, 24), and
peroxisome (25) (Fig 1.1). Each different MCS governs a variety of cellular functions,
some of which overlap with other MCSs. Organelles can form MCS independently of the
ER. For instance, the vacuole and mitochondria form ultra structures called vacuole and
mitochondria patch (VCLAMP) (26). However, ER-mediated MCSs account for most of
the directed membrane association. Additionally, although some MCSs were discovered
in mammals, such as ER-PM (27, 28), the genetic tools to truly study their function only
exist in yeast. Therefore, the characterization and functional analysis of yeast ER-

mediated MCSs, specifically PM-ER MCSs, is the primary focus of this thesis.

As discussed below, MCSs are regulated by a diverse set of membrane tethering
proteins that participate in the direct membrane attachment (Table S1) (16, 29). To be
classified as a “tether”, a protein must meet two qualifications: i) a tether must be
physically localized to MCSs, and ii) a tether must functionally impact membrane
association. Although all tether proteins must meet both qualifications, tethering proteins
can be further subdivided based on their functional interaction with membrane
association. “Primary tethers” are necessary for membrane association under normal
growth conditions and their deletion, whether individually or in combination, reduces the
number of discrete MCSs (30). While these primary tethers establish initial membrane
contact, other proteins may maintain, stabilize, or augment, MCSs (30). | propose that
“secondary tethers” are sufficient, but not necessary, for promoting MCSs. Therefore,
deletion of a secondary tether may not affect membrane contact but their overexpression
may enhance membrane association. It should be noted that some tether proteins may
have additional roles at MCSs and may not simply be membrane staples (30). The
distinction between necessary primary tethers and sufficient secondary tethers will be
the focus of later chapters. Here we will discuss the various ER-mediated MCSs and the

primary tethers that regulate them.



Figure 2.1. Schematic of endoplasmic reticulum (ER)-mediated membrane contact
sites (MCS) in yeast.

1) Plasma Membrane (PM)-ER MCS, 2) ER-mitochondria (M), 3) mitochondria-cortex membrane

anchor (MECA), 4) ER-Golgi MCS, 5) nuclear envelope (NE) vacuole junction (NVJ), 6) ER-Early

endosome (EE) MCS, 7) ER-lipid droplet (LD) MCS, and 8) ER-peroxisome (PX) MCS.

1.1.1.1: Nuclear Vacuolar Junctions

One of the best characterized MCSs in yeast are between the NE and the
vacuole. The vacuole is analogous to the mammalian lysosome and is involved in lipid
and protein turnover, cell growth regulation, nutrient sensing, and stress responses (31).
NE-Vacuole Junctions (NVJ) specifically have been implicated in nuclear
microautophagy (piecemeal microautophagy of the nucleus), non-vesicular transport of
lipids, lipid biosynthesis, LD biogenesis, and regulating nutrient stress response (21, 32—
35). The two major NVJ primary tether proteins are the integral-NE protein Nvj1p and
peripheral-vacuolar protein Vac8p which form a tethering complex that links the NE and
vacuolar membranes (21, 34, 36—39). Nvj1p also recruits the yeast enoyl reductase
Tsc13p and Oxysterol Binding Protein (OSBP)-Related Protein (ORP) homolog Osh1p
to the NVJ (32, 36). Tsc13 is an essential outer-nuclear membrane protein required for

very-long-chain fatty acid biosynthesis and is required for PMN (40, 41). Osh1p belongs



to a conserved group of lipid binding proteins which will be discussed in depth later,
however, the exact role Osh1p plays at the NVJ remains unclear. Interestingly, yeast
cells lacking all seven ORP homologs (oshA cells) have microautophagy defects similar
to cells lacking NVJs (36). Osh1p contains an FFAT (two phenylalanines in an acidic
tract) motif which binds the major sperm protein (MSP) domain of the yeast Vesicle-
associated membrane protein (VAMP)-Associated Protein (VAP) homolog Scs2p (42).
Although Scs2p is present throughout the entire ER, Osh1p and Scs2p physical
interactions are specific to the NVJ (43). Although Scs2p has the greatest contribution to
PM-ER membrane association of any tether protein (16), it is not known if Scs2p or
Osh1p contributes to NVJ tethering. Mdm1p is a recently discovered NVJ tethering
protein that regulates sphingolipid metabolism and LD biogenesis (35, 44). Mdm1 has a
mammalian homolog, sorting nexin 14 (Snx14), but whether they are functional

homologs remains to be seen (45).

1.1.1.2: ER-Endosome/Lysosome Membrane Contact Sites

Internalization of extracellular material, PM lipids and proteins is facilitated by a
vesicle-mediated process called endocytosis (46). Once budded from the PM, endocytic
vesicles enter the endosomal-lysosome/vacuole system, which is the complex network
of organelles that regulate trafficking to the vacuole/lysosome for degradation or
recycling back to the Golgi and PM (47). In mammals, it has been observed that the ER
physically associates with the endosomal-lysosomal system (23, 24, 48, 49). ER-
endosome MCSs have primarily been implicated in non-vesicular lipid transport and
endosomal maturation, fission, and trafficking (23, 50-52). The mammalian ORP
homolog ORP1L and Steroidogenic Acute Regulatory (StAR)-related lipid Transfer
(StART) homologs STARD3 and STARD3NL have been shown to bind VAPA at ER-
endosome MCSs and may mediate non-vesicular sterol transfer (23, 53). The integral-
ER protein, Protrudin, has also been shown to be a tethering protein by binding the late-
endosomal resident small-GTPase Rab7 and phosphatidylinositol 3-phosphate (PI3P)
(49). Future research will likely expand the list of tether proteins and functions of ER-

endosome MCSs.

1.1.1.3: ER-Golgi Membrane Contact Sites

The Golgi complex is the central hub for the secretory system, which receives

and modifies newly synthesized proteins and lipids from the ER, then sorts/transports



them to their destination (54, 55). Bi-directional vesicular transport between the ER and
Golgi is well understood (56). However, in absence of vesicular transport, lipids such as
ceramide and phosphatidylserine (PS) can be trafficked from the ER to the Golgi (57,
58). It is hypothesized that non-vesicular lipid transport happens at ER-Golgi MCSs (59).
Although the structural morphology of the Golgi varies from lower to higher eukaryotes
(54, 55), there is an abundance of evidence that the ER and Golgi are physically
associated. In yeast, COPII vesicle release sites called ER exit sites (ERES) contact the
cis-Golgi (20), while in mammals, ER is closely associated with the trans-Golgi network
(59). The role ER-Golgi MCSs play in lipid trafficking in mammals has been well
established. The mammalian ceramide transfer proteins (CERT) facilitates non-vesicular
ceramide transfer between the ER and frans-Golgi (60). /n vitro evidence has suggested
that the prototypical mammalian ORP, OSBP, and a yeast ORP homologs Osh4p, may
act as sterols lipid transfer proteins (LTPs) at ER-Golgi MCSs (61, 62), however, this
model remains to be confirmed in vivo. In contrast to their role in lipid transport, very little
is known about the proteins that physically tether the ER and Golgi. Recently, the ER-
resident Nvj2p was shown to tether the ER and medial-Golgi in yeast and may contribute
to ER-Golgi non-vesicular ceramide transfer during cell stress (63). It has also been
suggested that the VAPs may also contribute to ER-Golgi tethering (59). Future research
will uncover more factors that regulate ER-Golgi MCSs and elaborate on their cellular

functions.

1.1.1.4: ER-Lipid Droplet Membrane Contact Sites

Lipid droplets (LDs) are dedicated to the dynamic storage of neutral lipids, such
as triacylglycerols (TAG) and sterol esters (22, 64). Rapid storage and release of lipids
from LD is required to maintain membrane lipid composition and energy metabolism and
prevent lipotoxicity caused by excess lipid accumulation (65, 66). LD biogenesis
nucleates in the ER membrane where neutral lipids coalesce between the two
membrane leaflets before budding off (67). Once LDs have separated, some remain
physically associated with the ER at ER-LD MCSs (68, 69). In yeast, this process is
tightly linked to the NVJ which seems to regulate LD biogenesis in response to metabolic
and stress cues (35). LDs are excluded from the vesicular transport system, therefore,
MCSs are essential for transferring material and information (22). Recently, the highly
conserved seipins (BSCL2 in humans; Sei1p-Ldb16p in yeast) have been implicated as

ER-LD tether protein (70-73). Mutant cells, lacking seipins have LD biogenesis and



function defects (71-73). In C. elegans, the acyl-CoA synthase FATP1 and the
diacylglycerol acyltransferase DGAT2 have been shown to act as ER-LD tethering
proteins and facilitate LD expansion (74). The physiological roles of ER-LD MCSs have
yet to be extensively explored, however, future research will likely uncover their role in

regulating cell homeostasis.

1.1.1.5: ER-Peroxisome Membrane Contact Sites

The major functions of peroxisomes are to regulate 3-oxidation of fatty acids in
yeast, and hydrogen peroxide metabolism (75). ER-peroxisome MCSs are essential for
peroxisome biogenesis and non-vesicular transport of lipids between the two organelles
(25, 76-79). In yeast, the ER-resident Pex3p physically binds peroxisomal membrane
protein Inp1p to form a tethering complex (25, 78). It has also been shown that Pex30p
contributes to the formation of pre-peroxisomal vesicles during organelle biogenesis and
may also function as a tether protein (80). In mammals, it has been suggested that VAP
and the peroxisomal-resident Acyl-coenzyme A-binding domain protein 5 (ACBD5) form
a tethering complex and facilitate lipid transfer and lipid homeostasis at ER-Peroxisome
MCSs (81, 82).

1.1.1.6: ER-Mitochondria Membrane Contact Sites

MCS between the ER and mitochondria were the first identified MCS and initially
characterized by electron microscopy by Willam Bernhard in 1952 (83—-85). ER-MCSs
were further characterized through biochemical purification of the mitochondria-
associated ER membranes (MAMs), which are enriched for phospholipid enzymatic
activity (86, 87). Mitochondria are required for energy production, lipid metabolism,
calcium regulation, and apoptosis, however, they are excluded from the vesicular
transport system. Therefore, it is hypothesized that transport of lipids to the mitochondria
requires MCSs (88-90). Specifically, phosphatidylethanolamine (PE) synthesis in the
mitochondria requires phosphatidylserine (PS) which is made in the ER (88). ER-
mitochondria MCSs are facilitated by two separate tether complexes, namely, the ER-
mitochondria encounter structures (ERMES) complex and the ER-membrane protein
complex (EMC) (17, 18). Both ER-mitochondria tether complexes have functionally been
implicated in the regulation of mitochondrial dynamics, inheritance, protein import, lipid
transport, mtDNA inheritance, and mitophagy (19, 91, 92). The ERMES complex

consists of an ER-membrane protein (Mmm1p), two outer mitochondrial membrane



proteins (Mdm10p, Mdm34p), and a cytosolic adaptor protein (Mdm12p) (17, 93).
Mmm1p, Mdm12p, and Mdm34 are all hypothesized to contain synaptotagmin-like
mitochondria lipid-binding protein (SMP) domains, which may facilitate non-vesicular
transport of lipids (94). However, several studies have shown that in the absence of
ERMES, lipid transport between the ER and mitochondria is not affected, which led to
the discovery of the EMC (95, 96). The EMC was discovered by screening for mutants
with mitochondrial phospholipid biosynthesis defects (18). Mutant cells lacking the six
conserved tethering proteins, Emc1-6p, have significant ER to mitochondria PS transport
defects (18). Importantly, cell defective for both EMC and ERMES are inviable,
suggesting ER-mitochondria membrane association is essential (18). It should be noted
that ERMES and EMC may be yeast specific complexes. However, mitochondria-ER
MCSs are highly conserved in mammals and facilitated mitochondria-ER tether proteins
(Table S1).

1.1.1.7: Mitochondria-ER Cortex Anchors (MECA)

Recently, it has been shown that the ER, PM, and mitochondria can form a triple-
membrane association complex called mitochondria-ER cortex anchors (MECA) (97).
The main function of MECA is to control mitochondria shape and position during cell
division and facilitate proper mitochondrial segregation between the mother and
daughter cell (97-99). MECA are facilitated by Num1p and Mdm36p which form a
tethering complex (97, 98, 100). Movement of mitochondria is facilitated by Num1p
anchoring to the microtubule motor protein dynein (99). Nump1p may also affect cortical

ER positioning and nuclear inheritance; potentially by binding Scs2p (99, 101, 102).

1.1.1.8: Plasma Membrane-ER MCSs

In yeast, the most abundant MCS is between the PM and the cortical ER, in that
~45% of the cytosolic face of the PM is associated with cortical ER (10). The PM
associated cortical ER is a combination of cisternae and tubular ER which lack
ribosomes at their interface (10). PM-ER MCSs were described soon after ER-
mitochondria MCSs in the mid-1950’s by Porter and Palade, who reported membrane
associate between the sarcoplasmic reticulum (SR) and the PM in muscle cells (27).
Similar to MAMs, Pichler et al. biochemically purified a Plasma membrane-Associated
Membrane (PAM) subfraction which corresponded to PM-ER MCSs (103). The PAM

subfraction was distinct the ER in lipid and protein composition, showing an enrichment



for phospholipid and sterol biosynthesis machinery (103). In yeast, PM-ER MCSs are
mediated by a group of highly conserved primary tether proteins, consisting of the VAP
homologs Scs2p/Scs22p, Extended synaptotagmin (E-Syt) homologs the tricalbins
(Tecb1p-3p), TMEM16 homolog Ist2p, and Ice2p (16, 29). Each of these tether proteins
will be discussed in more detail below. Functionally, PM-ER MCSs regulate lipid
biosynthesis, non-vesicular lipid transport, cell signaling, and Ca2+ store regulation (16,
29, 30, 104). The accumulation of lipid biosynthesis proteins and soluble lipid binding
proteins has driven the hypothesis that PM-ER MCSs are required for direct lipid
exchange between the ER and PM, and the global regulation of lipid homeostasis. In this

thesis, | generated a yeast model to directly test these functions.

In addition to lipid regulation, MCSs provide restricted zones for specific and
efficient transfer of singling second messengers, such as calcium (105). Localized
calcium signaling drive downstream responses including the regulated release of
vesicles, the stimulation of mitochondrial metabolic processes, and the release of
intracellular calcium stores in the ER or sarcoplasmic reticulum (SR) (106, 107). In
metazoan cells, ER-PM MCSs regulate intracellular Ca?*levels through store-operated
Ca?*entry (SOCE) (108). In SOCE, Ca?*depletion in the ER triggers oligomerization of
the ER-resident stromal interaction molecule 1 (STIM1), which reaches across the ER-
PM gap to bind and activate the Ca%*channel Orai1 at the PM. Orai1 activation drives the
influx of extracellular Ca?* to refill ER Ca?*stores (109-119). In this regard, STIM1 and
Orai1 represent a Ca?*-regulated ER-PM tether complex. Nonetheless, Orai1 and STIM1
are not conserved in S. cerevisiae suggesting another mechanism for Ca?*regulation at

ER-PM MCSs serves in yeast as the functional equivalent.

Relative to other mammalian cell types, muscle cells have a high degree of PM-
ER/SR membrane association (27). Junctional membrane complexes (JMC) are
essential for the coupling PM electric excitation to myofilament contraction (E-C
coupling) through SR Ca?* release muscle cells or SOCE in non-excitable cells (120,
121). In adult mammalian ventricular cardiomyocytes, JMCs occur underneath the ER at
“peripheral couplings” or “dyads” which are tubular PM invagination structures
associated cytosolic SR (121). These PM-SR MCSs are mediated by a metazoan-
specific class of tether proteins called junctophilins (105, 121-124).
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2.1.2. PM-ER Membrane Contact Sites are regulated by a highly
conserved group of primary tether proteins

The seven identified primary tethers are necessary for PM-ER contact, but the
degree to which each impacts membrane association varies as does the mechanism by
which they join membranes (Fig 1.2). All tethers are ER integral membrane proteins, but
only Tcb1p-3p and Ist2p are predicted to bridge the gap between cortical ER and PM to
make direct contact. Given the inherent variability in the distance between cortical ER
and the PM (~15 to 60 nm) (10), there is no absolute domain length required for a tether
to reach between membranes. In fact, the transverse distance between the cortical ER
and PM appears to be highly dynamic and adaptable. Nonetheless, Scs2p/22p and
Ice2p either lack obvious PM interaction domains or do not seem to have cytoplasmic
domains long enough to span the distance between membranes. In either case, these
proteins would require additional binding partners to provide membrane contacts.
Forming a bridge through an extended complex of proteins to span between juxtaposed
organelles is an established mode of membrane tethering. For instance, none of the four
tether proteins involved in the ERMES (ER-mitochondria encounter structure) complex,
can establish membrane contact alone (93). For ER-PM MCSs, Scs2p provides the
greatest contribution towards establishing membrane contact (16, 125), for which Scs2p
likely requires several additional interaction partners to secure tethering (126). A closer
inspection of each class of ER-PM tethers reveals unique functions and activities, with

the shared and surprisingly non-specific ability to tether cortical ER to the PM.
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Figure 2.2. Schematic of PM-ER MCS tether proteins in yeast.

Representations of the four classes of membrane tether proteins that are required to establish
ER-PM MCSs. Structures shown are based on homologous proteins in which unstructured
elements are represented as simple lines. The Tcb1p dimer represents the three yeast tricalbins
(Tcb1p-3p) and is shown in the “tunnel model” configuration (127) where structural elements are
drawn based on mammalian E-Syt2 SMP-C2a-C2b domain (PBD ID: 4P42 and 2DMG); C2
domains are dark blue (Tcb1p has 4 C2 domains where E-Syt2 has 3 as shown) and SMP
domains are light blue. The Ist2p dimer structure is based on the TMEM16 lipid scramblase (PBD
ID: 4WIT) with the PM-binding C-terminal polybasic region as indicated (+++). The structure for
Ice2p has not been determined though based on its four predicted helical segments and the
length of the third cytoplasmic loop, it could extend ~10 nm from the ER membrane. The Scs2p
dimer structure is represented by the VAPA MSP homology domain (PBD ID: 1Z9L). Scs22p
shares a similar predicted structure though it probably does not extend as far from the
membrane. Estimated model sizes are to scale with the ER and PM shown ~20 nm apart.

1.1.2.1: Scs2p/22p and Vesicle-associated membrane protein (VAMP)-
Associated Protein (VAPs)

The elimination of the Vesicle-associated membrane protein(VAMP)-Associated
Protein (VAP) Scs2p and its paralog Scs22p results in approximately a 50% reduction in
ER-PM association within yeast cells, which is unmatched in its severity when compared
to the consequence of removing any other tether protein (16, 42, 125). The domain
architecture of all VAPs, including Scs2p/22p, consists of three major regions: (i) a Major
Sperm Protein (MSP) domain, which includes the binding site for proteins containing the
FFAT (“two phenylalanines in an acidic track”) motif (128); (ii) a single C-terminal ER
transmembrane domain; (iii) an intermediate variable linker region, which is ~ 27 nm in
VAPA/B and Scs2p (Fig 1.2) (42, 125, 126, 129). Scs2p and Scs22p have both been
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shown to bind phosphoinositides, such as PI4P, through their N-terminal MSP domain
which extends out towards to PM (130). Considering that the linker region length
between the transmembrane domain and the MSP domain in Scs2p could conceivably
span the two membranes, it is tempting to postulate that Scs2p directly associates the
two membranes. However, Scs2p or Scs22p have not been demonstrated to directly
interact with the PM. Furthermore, mutations in the MSP domain that disrupt FFAT motif
binding inhibit Scs2p-dependent ER-PM membrane association, suggesting that FFAT
protein-MSP domain interactions are required for contact (16). The many functional and
physical interactions involving VAPs and Scs2, and by extension Scs22p, suggest they
act as scaffolding proteins to assemble additional tethering subunits at MCSs and

physically connect organelles (126).

To establish contact between membranes, VAPs/Scs2p/22p likely interact with a
bridging protein. About half of VAP interactions involve binding to FFAT-motif proteins,
including a subset of the family of Oxysterol Binding Protein-Related Proteins (ORPs)
homologs (126). Despite their homology to the canonical mammalian “Oxysterol-binding
protein,” only a few can bind oxysterols or sterols. ORPs act as lipid transfer proteins in
vitro and are implicated in both non-vesicular and vesicular transport pathways(61, 62,
131-137). In yeast, Scs2p, but not Scs22p, binds three of the ORP homologs (Osh1p-
3p) via their FFAT motif, found within an N-terminal region aside a P14P-binding
Pleckstrin homology (PH) domain (43, 138-140). Similarly, in mammalian cells, VAPA
colocalizes with most of the ORPs including the canonical OSBP (43, 135, 141, 142).
These lipid and protein interaction domains dictate, at least in part, the intracellular
localization of the three Osh proteins. All yeast Osh proteins are soluble, but in addition
to the cytoplasm Osh2p and Osh3p can localize to the cell cortex; specifically Osh1p is
targeted to sites at the nuclear-vacuole junction (NVJ) (32, 36). Osh2p and Osh3p
localization with cortical ER at PM-ER membrane contact sites is dependent on PI4P
and is significantly reduced by repression of Stt4p, the PM PI4P kinase (139). Scs2p/22p
binding to FFAT motifs also contribute to Osh2p/3p cortical localization, as well as to
Osh1p NVJ localization (42). However, in scs2A scs22A mutant cells, Osh3p
colocalization with cortical ER and PM-ER MCSs is disrupted, though it remains
associated with the PM (139). These results suggested that Osh3p acts as a PM-binding
adaptor for a Scs2p tethering complex in the ER; Scs2p is embedded into the ER
membrane where it binds to the Osh3p FFAT motif that in turn interacts with the PM via
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its PH domain (139). It should also be noted that cortical localization of Osh3 is essential
for its functionality while binding to Scs2 is not necessary (139). The Scs2-Osh3p ER-
PM tethering complex is also proposed to include Sac1p, which mediates PI4P
dephosphorylation at the PM in trans from its membrane localization at the ER (139). We
previously suggested that this might provide a potential feedback mechanism by which
Scs2p regulates MCS formation by modulating the access of Sac1p to PM PI4P (30).
Sac1p turn-over of PM PI4P might then control the interaction of Osh3p, and other
phosphoinositide-binding tethers, with the PM. If Osh3p acts as a tether adaptor, then
elimination of Osh3p would be predicted to significantly reduce PM-ER membrane
association. Unfortunately, direct experiments to quantify cortical ER-PM association in
either osh3A or osh1A-0sh3A cells have not been done. A recent paper reported
transient interactions between Osh2p and nascent endocytic sites on the PM near
associated “cortical ER rims” (143). Through interactions with the type | myosin Myo5p
and Scs2p, it is proposed that Osh2p regulates cortical ER/endocytic site associations to
facilitate actin patch assembly for endocytic internalization (143). These studies raise the
intriguing possibility that Osh2p and Scs2p couple Myo5p-dependent actin
polymerization with the clearance of cortical ER from endocytic sites undergoing
membrane invagination. Even in this case, there is no evidence that Osh2p provides a
stable link for ER-PM contact. Given the lack of functional data, the role of Osh proteins
and other FFAT motif proteins in promoting general MCS assembly is still an important

but open question.

Unlike Scs2p, the function of the other yeast VAP homolog Scs22p, is more
ambiguous. Within Scs2p, a linker region of ~20 nm separates the MSP and
transmembrane domains, which contributes to the overall distance Scs2p can span
between the ER and PM (126). Within Scs22p, this linker region is all but absent (129),
and it is unclear how this affects Scs22p tethering between the ER and PM if, in fact,
Scs22p plays a role. Scs22p and Scs2p are not functionally equivalent. Unlike in scs2A
cells, inositol auxotrophy and telomeric silencing defects are not observed in scs22A
cells (129, 144). However, combining scs2A and scs22A mutations causes cells to be
more sensitive to inositol deprivation than that in scs2A cells alone, suggesting at least a
minor overlap in function. Though Yeast-two-hybrid analysis both Scs2p and Scs22p
bind Osh2p/3p (145). However, when assayed in vivo by Bi-Fluorescent
Complementation (BiFC), only Scs2p was capable of binding Osh1-3p, whereas Scs22p
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did not bind any of the ORPs (43). If Scs2p and Scs22p have a shared role in membrane
tethering, it is not manifested in any observed differences in cortical ER-PM association
when comparing defects in scs2A and scs2A scs22A cells (16, 125). In fact, it is still
unknown if scs22A by itself affects cortical ER-PM contact, or if SCS22 expression
rescues membrane association defects in Atether or A-s-tether cells. Although SCS22 is
routinely deleted along with SCS2 to remove all yeast VAP activity, the specific in vivo

functions of Scs22p deserves additional attention.
1.1.2.2: Tricalbins (Tcb1p-3p) and mammalian Extended-Synaptotagmins (E-Syts)

The yeast tricalbins (Tcb1p-3p) are a class of conserved ER-PM tether proteins
homologous to the extended-synaptotagmins (E-Syts) which can be found in C. elegans
and from D. melanogaster to mammals (38, 146). The secondary structure of the E-
Syts/tricalbins contains predicted domains consistent with tether proteins, namely: (i) an
N-terminal hairpin, which inserts into the cytoplasmic leaflet of the ER; (ii) a lipid binding
synaptotagmin-like mitochondrial protein (SMP) domain; and, (iii) a variable number of
C-terminal C2 domains, which promote PM membrane association (Fig 1.2) (16, 38,
127, 147-149). Unlike VAPs/Scs2p, the E-Syts/tricalbins are anchored in the ER
membrane and directly bind the opposing PM via their C2 domain. C2 domain
interactions with membranes are often potentiated by cytosolic Ca?*and/or facilitated by
the presence of phospholipids, specifically P1(4,5)P2 (104, 149-151). However, the role

(if any) of the E-Syts/tricalbins in Ca?*signalling is still unclear

Although C2 domains are often associated with Ca?-dependent membrane
interactions, of the three E-Syt proteins only E-Syt1 seems affected by intracellular Ca?*
levels. E-Syt1 is diffusely localized throughout the ER under normal growth conditions,
but its cortical localization is significantly enhanced in response to high intracellular Ca?*
levels associated with SOCE (104). In contrast, E-Syt2 and E-Syt3 mediate constitutive
PM-ER membrane tethering irrespective of Ca?'levels (104, 148, 151, 152). Even though
E-Syt1 appears to be affected by SOCE, E-Syt1 plays no detectable role in SOCE
regulation suggesting it represents a functionally different class of tethers from
STIM/Orai (Giordano et al., 2013). Curiously, even though E-Sty1 can form heterodimers
with E-Syt2 and E-Syt3, E-Syt1 exhibits a unique ER localization under normal
conditions (104, 127). It is unclear if different heterodimeric combinations enable E-Syts

to fulfill a broader spectrum of functional roles or to respond differentially to cellular
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stimuli. However, as in yeast, the E-Syts are likely to be functionally redundant with other
membrane tethers given that mice lacking all three E-Syts are normal and fertile (153,
154).

The E-Syts/tricalbins have multiple SMP (synaptotagmin-like mitochondrial lipid-
binding protein) domains. These share the physical attributes of TULIP (Tubular Lipid
Binding) domains that contain deep hydrophobic channels capable of lipid binding (94,
127, 155). It is of no surprise then that E-Syts are implicated in the Ca?*-induced non-
vesicular transfer of neutral glycerolipids, such as DAG, between membranes (156,
157). In the “tunnel model,” E-Syts are proposed to facilitate direct lipid transfer between
membranes by forming a lipid tunnel between membranes (127). In this structural
conformation model, the E-Syt SMP domains dimerize to form a long singular channel
that binds lipids. However, the length of the SMP dimer tunnel (~9 nm) is less than the
observed minimum distances between the ER and PM suggesting that the tunnel is too
short to directly span between the ER and PM. Therefore the lipid tunnel model might
not faithfully represent the in vivo conformation of E-Syts (10, 30, 127, 155, 158, 159).
Alternatively, in the “shuttle model,” E-Syts act as membrane-anchored lipid transfer
proteins (127). Neither of these structural models have been definitively proven, and the
precise role of Ca?* in E-Syt/tricalbin-dependent lipid transfer remains to be elucidated.
Recent evidence suggests that E-Syt2 may also regulate PI14P by recruiting the
mammalian Sac1 to the cortex and modulating its dynamic localization (160).
Considering that the tether proteins in yeast were in part discovered through their
physical interactions with Sac1p, this dynamic interaction might represent an important
function of E-Syts/tricalbins (16).

1.1.2.3: Ist2p and TMEM16

Like the tricablins, Ist2p (increased sodium tolerance 2) is a primary tether that
has extended sequences long enough to directly form a bridge between the ER and PM
(161). Ist2p consists of: an ER transmembrane region that shares homology with the
anoctamin (ANO/TMEM16) protein family; a C-terminal cortical sorting sequence; and a
cytosolic inter-membrane linker (Fig 1.2). The cortical sorting sequence is a lysine-rich
domain of low complexity that mediates direct PM binding by interacting with P1(4,5)P-
(161-164). Ist2p plays a major role at PM-ER MCSs because the deletion of IST2 alone

causes a significant reduction in membrane association (16, 161). Indeed, in scs2A
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scs22A cells, the additional deletion of IST2 has a greater impact on cortical ER-PM
association than the deletion of all three tricalbins (16). Unlike the tricalbins and
Scs2/22p, the domain of Ist2p that extends from the ER to the PM has little-defined
structure, seemingly serving the simple requirement of being long enough to bridge the

inter-membrane distance.

The bulk of Ist2p homology to ANO/TMEM16 proteins is located within its
multipass transmembrane domain region (162, 165). Of the ten human ANO proteins
(ANO1-10), Ist2p shares the greatest similarity to ANO10 (TMEM16K) (166). Most of the
human ANO proteins, such as ANO1/2 (TMEM16a/b), localize to the PM and act as
Ca?*-activated CI- ion channels. Still, other ANO homologs, such as human ANO6
(TMEMA16f) or A. Fumigatus and N. haematococca TMEM16, appear to have
phospholipid scramblase activities (165, 167—173). However, Ist2p does not seem to
have a similar scramblase activity when directly assayed (167). Because Ist2p shares a
similar Ca?*-dependent sorting pathway to the cortical ER with the mammalian ER Ca?*
sensor STIM1, it has been proposed that Ist2p might be a functional equivalent of STIM1
for yeast regulation of cytoplasmic Ca?* (166, 174). The precise function of the

homologous Ist2p ER-transmembrane domain remains unknown.

1.1.2.4: Ice2p

Already fulfilling a major role in mediating inter-organelle contact in yeast, lce2p
also has a minor but important role as a primary tether required for ER-PM association
(29, 125, 175-179). Ice2p is an ER Type lll transmembrane protein that plays two
distinct roles in organelle associations depending on cellular growth phase (Fig 1.2).
When cells exit from stationary phase, Ice2p facilitates a direct physical interaction
between the ER and lipid storage droplets, where it regulates the flow of neutral lipids
from lipid droplets into the ER (178). As cells re-enter exponential growth, Ice2p rapidly
re-localizes to the ER (29, 175, 178). During the normal mitotic cell cycle, Ice2p is found
on cortical and perinuclear ER, where it maintains ER network architecture and
promotes cortical ER inheritance along the PM from mother cells into growing buds (29,
125, 175, 177, 179). These results reveal a function in both stationary and exponential
cells in which lIce2p mediates ER association either with lipid droplets or the PM,

suggesting a role as a tether or a regulator of organelle contact to multiple membranes.
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At first glance, Ice2p does not meet simplistic expectations presumed of a tether.
Unlike the tricalbins or Ist2p, Ice2p likely contains no large cytoplasmic domain or
defined lipid binding domains capable of bridging across membrane gaps (178).
Nonetheless, the third cytoplasmic loop of Ice2p is predicted to have four amphipathic
helices that together with unstructured linker regions might, in fact, extend the same
distance as the proposed E-Syt “tunnel model” (~9 nm). This third Ice2p loop appears to
be particularly important for its function at lipid droplets, where it might mediate a
physical interaction with other organelles either directly or through other proteins (178).
When expressed alone the Ice2p cytoplasmic loop localizes to LDs and to a lesser
degree the ER (178). Whether this loop is necessary for ER-PM association remains to
be seen, though its estimated length is just under the smallest observed distance (16
nm) between cortical ER and the PM (10). Based on these considerations, lce2p
probably acts together with adaptor proteins to contact membrane targets, as proposed
for Scs2p and Scs22p. It should be noted that artificial PM-ER tether proteins (artificial
staples) that functionally complement some defects associated with loss of directed PM-
ER membrane association is only predicted to extend ~10 nm from the ER to the PM
(see below). It is therefore naive to think that tethering capability can be prejudged solely

based on estimated trans-membrane linker lengths.

In ice2A cells, most small budded cells show significant cortical ER-PM
association defects, with a significant percentage of cells showing no ER within daughter
buds at all (175). In ice2A mother cells, less continuous peripheral ER was also
observed suggesting that Ice2p maintains ER at the cortex for its delivery into the bud
(175, 179). Functional interactions between ICE2 and SCS2 suggest that ICE2 acts in
parallel with SCS2, most likely to further support ER inheritance by mediating its
localization at the cell periphery (125, 129, 177). These effects appear to be specific to
the cortical ER network, given that the absence of ICE2 and SCS2 does not affect
nuclear or cytoplasmic ER (177). More to the point, the residual ER-PM association that
persists in Atether cells (16) is all but eliminated when ICEZ2 is deleted in these cells (29).
The deletion of all seven tethers has severe functional consequences that were not
observed when ICE2 was unaffected in Atether cells. The generation of A-s-tether cells
revealed specific lipid defects and surprising genetic interactions that were formerly

masked by the presence of the Ice2p tether. With the A-s-tether strain, we have the
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means to test how ER-PM MCSs functionally contribute to the regulation of membrane

growth.

2.2. PM-ER Membrane contact sites facilitate direct lipid
exchange through a non-vesicular transport
mechanism

Two general modes of transfer dictate lipid exchange between membranes within
the cell: vesicular and non-vesicular lipid transport (180-182). Given that secretory
vesicles are inherently composed of lipids, it is not surprising that vesicles mediate the
bulk of lipid transport. In contrast, lipid transfer can also occur in the absence of vesicles
through mechanisms that are less well defined. This transfer could happen
spontaneously (Passive) or may require the aid of LTPs or lipid tunnels (Facilitated) (Fig
1.3). In addition to bona fide soluble LTPs that shuttle lipids between membranes, lipid
exchange also involves specific sites where intracellular membranes are closely
apposed. In fact, LTPs and MCSs appear to be inter-related mechanisms that together
mediate non-vesicular transport. In this section, | will discuss the plausibility of various

non-vesicular lipid transport mechanisms.

Diffusion " | Collision Hemi-fusion 1 Lipid Transfer Protein | Lipid Tunnel

pwm T it

Passive Facilitated

Figure 2.3. Mechanistic models for non-vesicular lipid transport between the ER
and PM at membrane contact sites.
Hypothetically, lipids exchange (red) between membranes involves passive or facilitated
mechanisms. Overcoming a large energy barrier due to lipid exposure to the aqueous cytoplasm,
passive lipid exchange models (left) involves spontaneous lipid transfer in the absence of a
protein intermediate. “Diffusion” occurs when a lipid is ejected into the aqueous phase, followed
by its diffusion and re-insertion to an acceptor membrane. “Collision” of membranes might permit
a direct exchange of lipids when bilayers transiently collide, thereby minimizing exposure to the
aqueous cytoplasm. “Hemi-fusion” might involve a more persistent collision whereby direct lipid
exchange occurs by cis-leaflet fusion between the PM and ER membranes. The hemifusion
intermediate might also be facilitated by proteins (green), leading to incomplete SNARE-mediate
fusion (e.g. between the ER-resident R-SNARE Sec22p and a PM-localized Q-SNARE).
Facilitated mechanisms might also involve the active exchange of lipids between membranes via
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membrane-bound or soluble “Lipid Transfer Proteins” (LTPs), or “Lipid Tunnels” (blue) that
contain putative hydrophobic channels mediating a rapid lipid flux between membranes.

2.2.1. Passive lipid transport happens independently of any proteins

The physical properties and morphological architecture of membranes at contact
sites are conserved from yeast to humans (105). In yeast, PM-ER contact is extensive
where ~45% of the inside surface of the cortex is covered with ER tubules, and PM and
ER membranes are separated on average by 33 nm (10). Given that calcium can readily
traverse this negligible distance at membrane contact sites in muscle cells, it is tempting
to speculate that lipids might as well. Without the assistance of an associated protein
transporter, spontaneous lipid exchange between two membranes could theoretically
occur through several mechanisms: (i) aqueous diffusion; (ii) membrane collision; and

(iii) transient bilayer hemifusion (Fig 1.3).

As one of the least hydrophobic lipids, unesterified cholesterol is arguably a
prime candidate for a lipid that can be transferred by aqueous diffusion between
membranes at contact sites. Aqueous diffusion involves the first-order kinetics of lipid
desorption from a donor membrane into the aqueous cellular milieu, followed by diffusion
and re-insertion of the lipid into an acceptor membrane (Fig 1.3) (181). However,
because the step of lipid desorption from the donor membrane is rate-limiting, this type
of spontaneous lipid transfer is not contingent on membrane proximity to the acceptor.
As determined in vitro, the half-time of spontaneous cholesterol transfer between donor
(20 mol % cholesterol) and acceptor vesicles is 2.3 h (183), but in vivo, the approximate
half-time of cholesterol exchange between the ER and PM is 4 min (184). Thus, the
amount of cholesterol that is spontaneously ejected into the aqueous phase can only
account for 3% of the observed amount transferred in vivo. For more hydrophobic lipids,
half-times for transfer are much longer (185), precluding aqueous diffusion as a general
mode of lipid transfer. For example, the half-times for spontaneous transfer between
membranes for phospholipids such as 1-palmitoyl-2-oleoyl PC and dipalmitoyl PC are 48
and 83 h, respectively (183, 186). It is true that for measurements involving biological
membranes containing embedded proteins, the physiochemical nature of the bilayer
might have an unpredicted effect on lipid ejection. However, the data suggest that even
for less-hydrophobic lipids aqueous diffusion across the aqueous gap at contact sites is

insufficient to meet the cellular requirement for lipid exchange.
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In contrast to aqueous diffusion, a direct exchange of lipids might result from
stochastic collisions of two membranes, without exposing hydrophobic lipid side chains
to the cytoplasm (Fig 1.3). Contact sites could promote direct membrane interactions as
required by both lipid collision and facilitated collision models (90). In these models, lipid
exchange proceeds either though superficial surface interactions or partial fusion
between donor and acceptor membranes (181). Facilitated collision also involves
stressing the packing order of lipids to cause their protrusion from the bilayer, thereby
decreasing the energy required for transfer. Through facilitated or passive mechanisms,
donor and acceptor membranes might completely or partially (hemifusion) fuse, allowing
lateral diffusion of lipids between bilayers (Fig 1.3) (90). For instance, it has been shown
that the ER-resident R-SNARE Sec22p interacts with the PM-localized Q-SNARE to
facilitate an interaction between PM and ER membranes, which based on known
SNARE interactions could be postulated to promote partial membrane fusion(187).
However, Sec22p was experimentally shown not to mediate partial fusion because
membranes at contact sites where it is present do not get closer than ~15 nm apart and
lipid mixing does not occur (187). Although these facts alone do not preclude the
existence of short-lived membrane fusion bridges, the inability to detect them suggests
that they cannot be major conduits for lipid exchange. More likely are models in which
lipids are actively transported by protein shuttles, such as LTPs, or possibly through
proteinaceous tunnels that span the gap between membranes at contact sites (Fig 1.2).
In agreement with these models, isolated PM-ER membrane contact sites from
“‘unroofed cells” (where the cell membrane is sheared away, dispersing the cytoplasm
and leaving the inner face of the cell surface) exhibited no detectable passive sterol or
phospholipid transfer (188). However, these results would also seem to preclude the
possibility of any lipid-transferring tunnels or membrane-bound LTPs, which ought to
have been present and active in these isolated contact sites (assuming that sterol
transfer occurs at these contact sites in the first place). Unfortunately, soluble ancillary
regulators required by membrane-bound transfer proteins would also be lost using this
experimental approach. These results notwithstanding, several membrane-associated

lipid transfer proteins are found at membrane contact sites.
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2.2.2. Facilitated non-vesicular lipid transport is mediated by soluble
and membrane-bound LTPs and possibly lipid tunnels

Soluble LTPs such as the ceramide transfer protein CERT and the sterol carrier
STARDA4 represent paradigms for non-vesicular lipid transport. As reviewed by others
(189, 190), their mechanisms of lipid capture, lipid shielding from the aqueous
cytoplasm, and trafficking to target membranes are well described. CERT and other
soluble LTPs are also enriched at membrane contact sites, suggesting an additional

complexity in the mechanism of non-vesicular lipid transport (32, 36, 42, 139, 176, 191).

The ORPs represent a potential class of LTPs (133, 135, 192). In yeast and
mammalian, many ORPs are recruited to MCSs, specifically PM—ER contacts (Table S5
and Table S6) (42, 62, 131, 136, 137, 139, 191). Humans have twelve ORP homologs
with 16 different isoforms, while yeast have seven ORPs homologs called the “OSHs”;
all of which are related to one another through their ORP Related Domain (ORD) (Fig
1.4). Several OSHSs have variable N-terminal extensions and are referred to as the
“Long” OSHSs, while the “Short” OSHSs consist of only an ORD (OSH4-7) (133). The
major characteristic of the ORD is the presence of a lipid binding pocket (134, 136, 193).
Although, ORPs were initially discovered for their ability to bind oxysterols and sterols,
not all ORPs bind sterols (Table S6). In fact, several of the Osh proteins only bind
phospholipids, such as Osh3, Osh6, and Osh7 (140, 194). Because all OSHs are
capable of binding lipids in an aqueous environment, it has been hypothesized that all
ORPS represent a class of soluble LTPs. Recent in vivo evidence has suggested that
Osh6p and Osh7p and their mammalian homologs ORP5 and ORP8, are capable of
binding PS and PI4P and act as PS/PI4P counter-transporters (Fig 1.5) (136, 195).

Figure 2.4. Yeast Osh protein domains and structure of Osh4p.

Upper, domains of the canonical mammalian OSBP compared with all seven yeast Osh proteins.
ORPs are defined by the ORD (highlighted in yellow), within which is the SEQVSHHPP signature
motif found in all ORPs. The ORP superfamily can be divided into short and long subgroups. The
latter contains protein-binding domains including a FFAT motif, ankyrin repeats (ANK), or a Golgi
dynamics (GOLD) domain. Long Osh proteins also contain a PH domain that binds PIPs. In
Osh4p (green), a conserved region (orange) corresponds to the surface region that associates
with anionic lipids, such as PI(4,5)P2. The corresponding sterol-bound (red) and P14P-bound
(purple) structures of Osh4p show the relative positions of these domains on the folded protein
(lower). This Figure and text was originally published in the Journal of Biological Chemistry. Beh,
C T., McMaster, C.R., Kozminski, K.G., and Menon, A.K. Detour of Yeast Oxysterol Binding
Proteins. J. Biol. Chem. 2012; Vol 287(14):11481-8(133). © the American Society for
Biochemistry and Molecular Biology or © the authors.
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The largest concentration of PS is on the PM cytoplasmic leaflet, while the

source of PS in the ER has relatively low PS concentrations (196). Therefore, Osh6p/7p
and ORP5/8 must “anterograde” transport PS against its concentration gradient from the
ER to the PM. The current model suggests the anterograde PS transport is “powered” by
coupling “retrograde” counter-transport of PI4P from the PM back to the ER (Fig 1.5)
(197). PM PI4P is also relatively high compared to the ER (198). Once in the ER
membrane, PI4P is rapidly dephosphorylated by phosphatidylinositol phosphate (PIP)
phosphatase Sac1p to maintain a steep PI4P concentration gradient. This model has
been suggested to also be true for other ORPs such as Osh4p and Osh1p in yeast and
OSBP in mammals (Fig 1.5) (61, 62, 199, 200).

Although proof of concept has been shown in vitro for Osh4p and Osh1p to act
as a sterol/P14P counter-transporter between the ER and Golgi or vacuole, respectively
(61, 62, 199), this model remains to be confirmed in vivo. It should be noted that deletion
of OSH4, or elimination of all seven OHSs (oshA cells), has no impact on non-vesicular
sterol transport from the ER, where sterols are synthesized, to the PM where sterols are
concentrated (184). In hypoxic cells forced to take up exogenous sterols, the
redistribution of sterols from the PM to internal lipid droplets (involving several
intermediary steps, including ER sterol esterification) slows by ~50% when ORPs are
eliminated (184). This small effect was suggested to be a downstream consequence of
eliminating Osh protein function. In contrast, the elimination of all yeast ORPs greatly

increases PI4P levels, which led to the proposal that the primary and collective function
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of yeast ORPs actually involves phosphoinositide regulation (131, 184).
Phosphoinositides play an important role in regulating membrane contact by tethering
proteins, as discussed later. Regardless of how sterol distribution is affected, LTPs, like
the ORPs, seem to regulate lipid transfer and phosphoinositide metabolism, which affect

the bilayer properties of the PM and ER membranes.

Additionally, the counter-transporter model has put into question the ability of
Sac1p to work in trans at the PM (139). Zewe et al. showed that the mammalian Sac1
poorly dephosphorylates PM PI4P (201), however, the PM activity of Sac1 can be
significantly enhanced if an extended trans-membrane linker region is added to the
cytosolic phosphatase domain of Sac1. This suggests that Sac1 is capable of
dephosphorylating PM PI4P directly but is physically inhibited by its reach. However, it
should be noted that PM-ER MCSs exist in a range of distances between ~15-60 nm. It
is possible that the PM activity of Sac1 could be regulated by an unknown mechanism
that regulates PM-ER MCS distance (202). Additionally, models in which Sac1 works in
trans or in cis are not mutually exclusive, though a trans activity exclusive model does

preclude the PS-PI4P counter-transport models.
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Figure 2.5. Lipid exchange by ORP/Osh proteins at membrane interfaces

(a) Sterol and PS are synthesized in the ER. Osh4p and Osh6/Osh7p transport ergosterol or PS
from the ER to the trans-Golgi or the PM, respectively, and PI4P in the backward direction. Pl-4
kinases ensure the ATP-dependent phosphorylation of Pl into PI4P. At the ER, Sac1p hydrolyzes
P14P into Pl. Maintenance of the PI4P gradient would allow the vectorial transport of sterol or PS,
thereby generating a gradient for these lipids. (b) OSBP interacts via its FFAT motif with the VAP
receptors and, via its PH domain, with GTP-bound Arf1 and PI4P. ORP5/8 are anchored to the
ER by TMDs and bind to the PM PI4P with PH domains. These multidomain ORPs must bind the
ER and a second membrane to exchange lipids. This figure and text was originally published in
Drin G., Moser von Filseck J., and Copic A., Biochemical Society Transactions, 2016. (200)

An example of such a membrane-bound LTP is the mammalian integral
membrane protein, STARD3 (Steroidogenic Acute Regulatory (StAR)-related lipid
Transfer (StART) domain protein 3) (190). STARDS3 is a representative of a large protein
family in which the prototypical member, StAR, transfers cholesterol from the outer to the
inner-mitochondrial membrane (190, 203-205). STARDS is tethered to the late
endosomal membrane through its MLN64 N-terminal (MENTAL) domain. It uses its C-
terminal StART domain to capture cholesterol from the late endosomal membrane and
then to transfer it to the ER (53, 190, 206—208). For STARDS3, the StART domain has
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been proposed to swing between these membranes to mediate sterol transfer (190),
though direct experimental evidence is needed (209). Even though STARD3 transfers
cholesterol in vitro (208, 210), disruption of its StART domain in vivo has modest
physiological consequences (209). In this regard, STARD3 might be functionally
redundant for cholesterol transport in vivo, or STARD3 might have another important
function independent of its StART domain. STARD3 has a close homolog called
“STARD3 N-terminal Like” (STARD3NL), which completely lacks a StART domain (207).
Through their FFAT domains, both STARD3 and STARD3NL bind VAPA and VAPB, two
mammalian “VAMP/synaptobrevin-associated protein” homologs (53). The FFAT motif
links STARD3 and STARD3NL to the ER via VAP and the MENTAL domain anchors
STARD3 and STARD3NL to late endosomes. Recently, several yeast StART protein
homologs, Ysp1p, Ysp2p, Sip3p, and Lam4p-Lam6p, have been identified (211, 212). All
members contain one or more ER-transmembrane domains and several have PH
domains permitting trans association with other membranes. These properties suggest a
mechanism of action similar to STARD3, where LTP function is coupled with the
capability as “secondary” tether proteins to bring acceptor membranes closer for direct
lipid transfer. In fact, it has been shown that Lam6p regulates the size and expansion of
membrane contact sites for multiple inter-organelle associations (213). As far as some
StART domain proteins are concerned, it is clear that they have a complex range of

functions.

In contrast to LTPs, the “Tunnel model” postulates that protein bridges span the
distance between the PM and ER and facilitate direct lipid transfer through a
hydrophobic channel (Fig 1.3) (127). Examples of potential tunnel proteins include the
E-Syts, a family of “extended synaptotagmin-like proteins” anchored to the ER
membrane (104, 149, 214). E-Syts are integral membrane proteins that contain multiple
Ca?* binding C2 domains involved in phospholipid binding (149). and a synaptotagmin-
like mitochondrial lipid-binding protein (SMP) domain that forms a hydrophobic groove
when dimerized (94, 104, 127, 149, 151, 214). Similar SMP domains are also found in
the Mmm1p/Mdm12p/Mdm34p core components of ERMES complex (94), which tethers
the ER and outer mitochondrial membranes together and is implicated in direct
phospholipid exchange between these membranes (17), It was initially proposed that the
ERMES complex forms a lipid-binding tunnel for shuttling lipids between the ER and

mitochondria (93, 127), but an in-depth structural analysis of the core ERMES complex
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components sheds doubt on whether any contiguous tunnel or channel can form through
these proteins (127, 215). In so far as the E-Syts are concerned, it was argued that the
tunnel structural conformation might be too short to span the observed gap between the
PM and ER but in an alternative “shuttle conformation” the E-Syts might reach across
(127). These structural models suggest that the ERMES complex and the E-Syts might

act more like transmembrane domain-tethered shuttles/LTPs than tunnels (Fig 1.3).

2.3. Regulation of lipid biosynthesis in yeast

Lipids are organic molecules which are soluble in non-polar organic solvents. As
one of the four classes of biological macromolecules they are an essential component of
all cells. Eukaryotic cells invest a great deal of energy in synthesizing thousands of
different lipid species with varying degrees of complexity (216). Therefore, from an
evolutionarily perspective there must be a reason for the cell to dedicate so much energy
to synthesize lipids. Each organelle membrane has a distinct lipid composition which is
maintained by integrating lipid biosynthesis, transport, and degradation/turnover (196).
Each distinct lipid composition functionally accommodates the corresponding organelle
membrane requirements. Lipids serve many functions in the cell including acting as
energy reservoirs, cell signaling molecules, protein localization markers, and cell

membranes matrices (196).

There are eight major classes of lipids: i) fatty acyls, ii) glycerolipids, iii)
glycerophospholipids, iv) sphingolipids, v) sterol lipids, vi) prenol lipids, vii)
saccharolipids, and viii) polyketides (216). The main structural lipids in eukaryotic
membranes are glycerophospholipids, sphingolipids, and sterols; these will be the focus
of this thesis. Yeast are an optimal system to study lipid metabolism because they use a
relatively simple and conserved network of lipid biosynthesis pathways that only produce
several hundred lipid species, as opposed to the tens of thousands in mammals (196,
216). Considering the enrichment of lipid biosynthesis enzymes at PM-ER MCSs, |
hypothesized that PM-ER MCSs regulate lipid biosynthesis by coordinating the
interconnected biosynthetic pathways. Here | will discuss the major lipid classes and

how their synthesis and regulation are interconnected.
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2.3.1. The basic components of complex lipids are fatty acids (FA)

Despite the large chemical variety of lipids in yeast and mammals, they all have
the same key carbon precursor, is Acetyl-Coenzyme A (CoA). Acetyl-CoA is the primary
building block used to make fatty acids (FA), which ultimately becomes complex
glycerophospholipids and sphingolipids, or are used to make sterols (217). FA are
carboxylic acids of varying carbons chain lengths (4-26) and degrees of saturation (217,
218). An organism’s FA repertoire is the main contributor to lipidome diversity and
complexity. FA can be acquired by de novo synthesis, hydrolysis/turnover of complex
lipids/lipidated proteins, or exogenous uptake (219). Yeast have a relatively simple FA
repertoire producing only saturated or mono-unsaturated FAs between 10-26 carbon
long chains (220). The major classes of FA are C16:1 (palmitoleic acid), and C18:1
(oleic acid), C16 : 0 (palmitic acid) and C18:0 (stearic acid); while the minor FA are
C14:0 (myristic acid) and C26:0 (cerotic acid) (220).

In yeast, de novo synthesis of FA is initiated in the cytosol and mitochondria by
Acc1p and Hfa1p, respectively, by converting acetyl-CoA to malonyl-CoA. Malonyl-CoA
serves as the building block for further elongation by FA synthase (FAS) (221, 222).
Most medium and long chain FA are produced by the cytosolic FAS complex, consisting
of six Fas1p and six Fas2p subunits (223). In contrast, the mitochondrial FAS complex
(Cem1p, Oar1p, Htd2p, Etr1p and Ppt2p) plays a smaller role in FA synthesis (217).
Synthesis of very long chain FA (VLCFA) occurs in the ER membrane by the elongases,
Elo1-3p, which are required for sphingolipid production (224, 225). Desaturation of FA is
catalyzed by the acyl-CoA A9-desaturase Ole1p in the ER (226). Through these
processes, yeast can produce many different FA species which contribute to a diverse

lipidome.

2.3.2. Glycerophospholipid biosynthesis and regulation

Glycerophospholipids are amphipathic molecules consisting of two fatty acids
and a phosphate head group attached by a glycerol backbone. In an aqueous
environment, glycerophospholipids form bilayers with the hydrophilic head groups facing
the aqueous environment and the hydrophobic FA tails forming the membrane core
(196). In yeast and mammals, the major glycerophospholipids (phospholipids) are

phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI),

28



phosphatidylserine (PS) and their precursor phosphatidic acid (PA) (218). Each of the
major phospholipids have a distinct molecular geometry depending on i) FA tail length, ii)
saturation, and iii) head groups size (196). These properties affect the width, curvature,
and fluidity of lipid bilayers (227). For instance, PC and PI are primarily cylindrical lipids
that form a flat lipid bilayer; PE, PS, and PA are instead conically shaped, inducing
negative curvature (11, 196, 227, 228). For this reason, PE and PS are primarily found
on the inner leaflet of organelle membranes (Fig 1.6) (196, 229-231).
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Figure 2.6. Lipid synthesis and steady-state composition of cell membranes.

The lipid composition of different membranes varies throughout the cell. The lipid compositional
data (shown in graphs) are expressed as a percentage of the total phospholipid (PL) in mammals
(blue) and yeast (light blue). As a measure of sterol content, the molar ratio of cholesterol (CHOL;
in mammals) and ergosterol (ERG; in yeast) to phospholipid is also included. The figure shows
the site of synthesis of the major phospholipids (blue) and lipids that are involved in signaling and
organelle recognition pathways (red). The major glycerophospholipids assembled in the
endoplasmic reticulum (ER) are PC, PE, PI, PS, and PA. In addition, the ER synthesizes
ceramide (Cer), galactosylceramide (GalCer), cholesterol and ergosterol. The Golgi lumen is the
site of synthesis of sphingomyelin (SM), complex glycosphingolipids (GSLs) and yeast inositol
sphingolipid (ISL) synthesis. Approximately 45% of the phospholipid in mitochondria (mostly PE,
PA, phosphatidylglycerol (PG), and cardiolipin (CL)) are autonomously synthesized by the
organelle. Bis-monoacylglycerol-phosphate (BMP) is a major phospholipid of mammalian late
endosomes. PI(3,5)P2; PI(4,5)P2, PI(3,4,5)Ps, PI4P, PI3P has distinct organelle localizations.
Reprinted by permission from Springer Nature, Nature Review Molecular Cell Biology, Membrane
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lipids: where they are and how they behave, van Meer G., Voelker D., and Feigenson G. W,
2008 (196).

Each organelle membrane has a different glycerophospholipid composition,
which can change based on growth conditions and cell cycle (Fig 1.6) (217, 232). Under
standard growth conditions, whole cell homogenate normally consist of 20.3% PI, 14.0%
PE, 14.3% PC, 8.3% PA, and 1.8% PS (220). Intracellularly, PC is a major lipid in the
ER, nuclear envelope, mitochondrial, vacuole, and endosomal membranes; in contrast
the PM has relatively low amounts of PC (Fig 1.6) (233). In fact, the PM is highly
enriched for PS, and the primary store of PS in the cell (217). It was commonly believed
that PC was the dominate glycerophospholipids in yeast (233); however, Pl has also
been shown to be the major lipid, constituting up to 30% of the entire lipidome (220,
232). This revelation is mirrored in the functional importance of Pl, which will be
discussed in depth later. In addition to the subcellular lipidomes, each bilayer leaflet has
a specific lipid environment. For example, the PM outer leaflet consists primarily of
sphingolipids and PC, while the inner leaflet consists of PE, PS, PIPs (234). Even
though there is a broad diversity of lipid concentrations across the cell, most
glycerophospholipids, are synthesized in the ER. The two main de novo synthesis
pathways are the CDP-DAG pathway and the Kennedy pathway; both are highly

conserved and interconnected (Fig 1.7).

1.3.2.1: Dynamic balance of PA and DAG regulates glycerophospholipid
biosynthesis

In eukaryotic cells, PA is an essential precursor to glycerophospholipids and
stored neutral lipids (235). The CDP-DAG pathway uses PA as a precursor to produce
PS, PC, PE, PI, cardiolipins (CL) and complex sphingolipids (Fig 1.7). However, PA is
also rapidly and reversibly dephosphorylated to diacylglycerol (DAG) which is either
converted to TAG for lipid storage or used to make PE and PC via the Kennedy pathway
(Fig 1.7). Therefore, the dynamic balance of PA and DAG is tightly linked to membrane

composition and energy storage regulation.

In yeast, PA synthesis occurs in two steps: i) first Sct1p and Gpt2p convert
Glycerol-3 Phosphate to lyso-PA (236), ii) then Slc1p, or its homolog Ale1p, convert
lyso-PA to PA (237) (Fig 1.7). PA can be dephosphorylated to produce DAG by the PA
phosphatase Pah1p, or the broader lipid phosphatases Lpp1p and Dpp1 (238—-241).
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Pah1p accounts for nearly all PA phosphatase activity related to glycerophospholipid
and TAG synthesis (239). Under normal conditions, Pah1 is phosphorylated by the
Pho85p-Pho80 protein kinase-cyclin complex or the cyclin-dependent kinase Cdc28p,
causing it to be cytosolically localized (242). Dephosphorylation of Pah1p by the ER-
resident Nem1p/Spo7p phosphatase complex causes Pah1p to become membrane-
bound and activate (241, 243, 244). Phosphorylated Pah1p is normally rapidly degraded,
allowing for stringent enzymatic regulation (245). DAG levels are also modulated by the
DAG kinase, Dgk1p, which phosphorylates DAG back to PA (246). Although, PA (CDP-
DAG pathway) and DAG (Kennedy pathway) both contribute directly to PC/PE synthesis
pathways, growth conditions and available nutrients (ie. choline/ethanolamine)

determine which pathways are more active (247).
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Figure 2.7. Phospholipid and triacylglycerol biosynthesis in the yeast.

Pathways for the synthesis of glycerolipids and their subcellular localization. Phospholipids and
TAG share DAG and PA as common precursors. In the de novo synthesis of phospholipids, PA
serves as the immediate precursor of CDP-DAG, a precursor to Pl, PG, and PS. PS is
decarboxylated to form PE, which undergoes three sequential methylations resulting in PC. PA
also serves as a precursor for PGP, PG, and ultimately CL. Alternatively, PA is
dephosphorylated, producing DAG, which serves as the precursor of PE and PC in the Kennedy
pathway. DAG also serves as the precursor for the TAG and can be phosphorylated,
regenerating PA. The names of the enzymes discussed are summarized in Table S2. Lipids and
intermediates are boxed, with the most abundant lipid classes boxed in boldface type. Enzyme
names are indicated in boldface type. The abbreviations not found in the text are: MAG,
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monoacylglycerol; Gro, glycerol; DHAP, dihydroxyacetone phosphate, PG, phosphatidylglycerol;
PGP phosphatidylglycerol phosphate; CL* precursor cardiolipin; MLCL, monolyso-cardiolipin; CL,
mature cardiolipin; PMME, phosphatidylmonomethylethanolamine; PDME, phosphatidyl-
dimethylethanolamine; FFA, free fatty acids; Cho, choline, Etn, ethanolamine, Ins, inositol; Cho-P,
choline phosphate; CDP-Cho, CDP-choline; Etn-P, ethanolamine phosphate; CDP-Etn, CDP-
ethanolamine; Nucl, nucleus; Mito, mitochondria; G/E/V, Golgi, endosomes, vacuole; Pex,
peroxisomes; Cyt, cytoplasm. Reprinted by permission from Genetics Society of America,
Genetics, Henry S., Kohlwein S. D., and Carman G. M., 2012.

1.3.2.2: CDP-DAG pathway

The CDP-DAG pathway can generate all the major yeast glycerophospholipids
and is the main source of PE and PC under standard growth conditions (in nutrient-rich
media at 30°C) (Fig 1.7, 1.8; Table S2) (247). Because some lipids are synthesized
outside of the ER membrane, the CDP-DAG pathway requires the rapid flow of lipids
between organelles (248). Therefore, the CDP-DAG pathway is heavily integrated with
MCSs and non-vesicular lipid transport. In the first enzymatic step, PA is converted to
CDP-DAG by the CDP-DAG synthase, Cds1p in the ER membrane (Fig 1.7, 1.8) (249-
251). CDP-DAG is then used to generate, PS by the PS synthase Cho1p, or Pl which
will be elaborated on below (58, 252, 253). PS is then either trafficked to its destination —
primarily the PM — or it can be converted to PE. The latter reaction occurs in the
mitochondrial or Golgi/vacuolar membranes and is catalyzed by the PS decarboxylase
Psd1p or Psd2p, respectively (254). The transfer of PS to the mitochondria occurs at
ER-Mitochondria MCSs and may be redundantly facilitated by the EMC and ERMES
tether complexes (Fig 1.8) (18). The majority of PE is produced in the mitochondria
while ~30% is synthesized in the Golgi/vacuole (255, 256). PE is then transferred back
to the ER membrane where it can be methylated thrice to produce PC. The first
methylation is catalyzed by Cho2p while the second and third methylations are carried
out by Opi3p (257-260). In yeast, Opi3 localizes to PM-ER MCSs and it has been
proposed to work in trans to the PM membrane to rapidly adjust PM PC levels in an

Osh3p dependent manner (177).
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Figure 2.8. MCSs enable metabolic flux through different compartments for PL and
TAG syntheses.
This figure outlines several lipid biosynthetic pathways and their locations. The MCSs bridging the
gaps between the different compartments are indicated. PA is the key lipid precursor for the
synthesis of TAG and PLs taking place at the nuclear envelope (NE)/ER (green). TAG is sorted
into LDs (pink) connected to the ER by the seipin complex. Most of the reactions for PL synthesis
take place at the ER. PS decarboxylation mediated by Psd1 and generating PE occurs in the
mitochondria (purple) with transport of PS and PE indicated by arrows across these
compartments. Transports of Pl, PC, and PA (for the synthesis of the specific mitochondrial lipids
PG and CL) into mitochondria are also indicated by arrows from the ER and into mitochondria.
ER-mitochondria encounter structure (ERMES) and ER membrane protein complex (EMC) are
represented as boxes connecting both compartments. An alternate route through the vacuole
(yellow) bridging ER and mitochondria is shown. Vacuole and NE/ER are connected indirectly by
vesicle traffic through the endomembrane system, as well as by the NVJ contact site. The
vacuolar and mitochondrial patch (vVCLAMP) contact site is represented as a box connecting both
compartments. Reuse of JLR content must include the following: This research was originally
published in the Journal of Lipid Research. Fernandez-Murray, J. P., McMaster, C. R. Lipid
synthesis and membrane contact sites: a crossroads for cellular physiology. J. Lipid Res. 2016;
Vol 54 (10):1789-1805. © the American Society for Biochemistry and Molecular Biology or © the
Authors.

1.3.2.3: Kennedy pathway

CDP-DAG pathway mutants have choline and ethanolamine auxotrophy
phenotypes, which lead to the discovery of an alternative PE and PC synthesis pathway
dependent on choline and ethanolamine (256, 260). The Kennedy pathway is an
alternative PC and PE biosynthesis pathway that utilizes choline and ethanolamine (Fig
1.7, 1.8; Table S2). Exogenous choline and ethanolamine are imported by the PM
choline/ethanolamine transporter Hnm1p (261). In the cytosol, the choline kinase Cki1p
and the phosphocholine cytidylyltransferase Pct1p convert free choline to CDP-choline
(262, 263). The final and rate-limiting step of the Kennedy pathway is the conjugation of
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DAG to CDP-Choline to produce PC , catalyzed by the choline phosphotransferase,
Cpt1p (264). Similarly, in PE synthesis, ethanolamine is converted to CDP-ethanolamine
by Eki1p and Ect1p (265, 266), then conjugated to DAG to make PE by Ept1 (267). PE
synthesized by the Kennedy pathway can enter the CDP-DAG pathways to generate PC
via Cho2p and Opi3p. Mutant cells which are defective for both PE and PC branches of
the Kennedy pathway can only produce PC and PE through the CDP-DAG pathway
(247). However, unlike CDP-DAG mutants, Kennedy pathway mutants do not have any
auxotrophic phenotypes (247, 267). In the absence of exogenous choline and
ethanolamine the Kennedy pathway still produces PC and PE albeit at a reduced rate
(268). In this case, the choline required for PC synthesis is derived from the yeast
phospholipase D homolog, Spo14p (Pld1p), by hydrolysis of PC into choline and PA
(269-271). Currently, a corresponding PE specific phospholipase enzyme has yet to be
described, though CDP-ethanolamine is a byproduct of sphingolipid metabolism and will

be discussed more later (218).

1.3.2.4: Phosphatidylinositol biosynthesis

The CDP-DAG pathway also contributes to Pl synthesis. The phosphatidylinositol
synthase Pis1p completes with Cho1p for CDP-DAG in the ER membrane (272, 273).
Pis1p generates Pl by attaching inositol to CDP-DAG (Fig 1.7). Inositol is obtained either
exogenously by the myo-inositol transporters Itr1/2p, or by de novo synthesis (274).
Inositol is synthesized by the inositol-3-phosphate synthase Ino1p, and by the inositol
monophosphatase Inm1p, converting glucose-6-phosphate into inositol (275-277). PI
can be further modified by kinases and phosphatases to produce phosphatidylinositol
phosphates (PIPs), which have a variety of functions (Fig 1.10). Additionally, Pl is used

as a substrate to synthesize complex sphingolipids (Fig 1.11).

1.3.2.5: Cardiolipin synthesis

Mitochondria have their own specific subset of lipids which are locally
synthesized from precursors acquired from the ER. PA generated in the ER is
transported to the mitochondria, then used to make the mitochondria specific
phosphatidylglycerol (PG) and cardiolipin (CL) (Fig 1.7, 1.8) (248). In the mitochondria,
PA is converted to CDP-DAG by the mitochondrial CDP-DAG synthase TAM41. CDP-
DAG is then converted to PG by Psg1p and Gep4p (278, 279). PG is converted to CL by
the CL synthase Crd1p, Cld1p, and Taz1p (248, 280, 281).
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1.3.2.6: Glycerophospholipid turnover

Turnover of lipids is an important component to lipid homeostasis; and essential
process that maintains membrane composition and energy stores. The majority of
phospholipid turnover is catalyzed by phospholipases and lipid phosphatases. The four
yeast phospholipase B homologs, PIb1p-3p and Nte1p, removed fatty acids from
glycerophospholipids with varying degrees of specificity (282—285). Nte1p primarily
targets PC in the ER membrane; throughout the cell, PIb1 and PIb3p target PC and PE,
and PI, respectively. The glycerophosphocholine (GroPCho) produced by Nte1p, is
further metabolized by the GroPCho-phosphodiesterase Gde1p to produce choline,
which is recycled back into the Kennedy pathway (286). The soluble phospholipase C
homolog Plc1p, central to many signaling pathways, targets PI1(4,5)P. to produce DAG
and Inositol 3-phosphate (287, 288). As previously discussed, the phospholipase D
homolog, Spo14p, which catalyzes the hydrolysis of PC to produce choline and PA.

1.3.2.7: Neutral lipid synthesis and turnover

Shuttling lipids into LDs is an important biological process helping to maintain
cellular energy stores and membrane lipid concentrations. When cells enter stationary
phase they no longer require lipids for growth; to avoid waste, lipid biosynthesis is turned
off and lipids are shuttled into LD for storage (64, 217, 218). This process is tightly
regulated by the dynamic balance of PA and DAG in the ER membrane. After PA is
converted to DAG by Pah1p, DAG is acylated by the ER-resident acyltransferases,
Dgalp and Lro1p, to produce TAG (Fig 1.7) (289—-292). Dga1p uses a diverse subset of
acyl-CoA species to esterify DAG, whereas Lro1p transfers acyl chains from PE and PC
to DAG producing TAG and lyso-PE/lyso-PC, respectively (67, 290, 291, 293, 294). The
ER resident sterol acyltransferases, Are1p and Are2p, marginally contribute to TAG
synthesis, however, their primary role is to produce sterol esters (295-297). Cells
incapable of generating TAG and sterol esters (dga7A Iro1A are1A are2A; 4A) are
completely devoid of LDs but are viable, suggesting that lipid storage is dispensable in
dividing cells (64, 244, 297). When cellular conditions change, and TAG must be
liberated from LD, it is converted to back to DAG to be circulated back into lipid
biosynthesis or converted to monoacylglycerol (MAG) for further metabolism (Fig 1.7). It
is hypothesized that DAG recirculation occurs during the transition from stationary to
logarithmic growth phases by Ice2p, the ER transmembrane protein and PM-ER tether

protein, suggesting a dual role for Ice2p and possible coordination between MCSs (178).
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1.3.2.8: Transcriptional regulation of glycerophospholipid biosynthesis

In yeast, many glycerophospholipid biosynthesis genes are controlled by the
UASvo promoter element which is regulated by lipid precursor levels, such as inositol,
choline, and PA (Fig 1.9) (218, 235, 298-302). Ino2p and Ino4p form a heterodimer
transcription factor which binds to the UAS;no sequence and induces transcriptional
activation (303—-307). In the presence of inositol and choline Opi1p translocates to the
nucleus, repressing UASvo by inhibiting Ino2p-Ino4p activation (298, 300, 301, 304,
308). In the absence of inositol, Opi1p is physically sequestered to the ER by binding
Scs2p, thereby allowing transcription from the UASno promoter(42, 301). Of all the
UASno containing genes, INOT is the most stringently regulated (218, 298-300).
Considering Ino1p facilitates inositol synthesis, ino7A mutant cells have inositol
auxotrophy phenotypes (303, 309). Similarly, mutant cells missing UASnvo transcriptional
activation machinery (ie. ino2A and ino4A) or proteins required for Opi1p nuclear
exclusion (ie. scs2A) also have inositol auxotrophy phenotypes (42, 301, 303, 309-312).
Inversely, opi1A mutant cells have increased INO7T transcription and overproduce inositol
(303, 309).

(b)

Inositol

Figure 2.9. Regulation of phospholipid biosynthesis in yeast.

Regulation of INO1 transcription. Transcriptional activation of INO1, as with that of other
phospholipid biosynthesis enzymes (e.g. as depicted in Figure 1.8), requires the cis-regulatory
element UASino, which serves as a binding site for the Ino2p—Ino4p activator complex. In the
presence of inositol, the Opi1p repressor suppresses INO1 transcription by binding to the DNA-
bound Ino2p. Dissociation of Opi1p from Ino2p relieves its inhibitory effect and promotes
transcriptional activation. This occurs upon inositol deprivation or under UPR-inducing conditions,
that stimulate Hac1 synthesis (see text). It seems that the signal for repression is not inositol itself
but rather phosphatidic acid (PA) levels. PA accumulates in the absence of inositol and stabilizes
the localization of Opi1p in the ER, where it interacts with Scs2p. Upon inositol addition, PA levels
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decrease, and Opi1p is released from the ER and rapidly translocates to the nucleus, where it
inhibits transcription. Thus, the translocation of Opi1p to and from the nucleus is crucial for INO1
transcription. Sequestering of Opi1p by Scs2p would, therefore, relieve the inhibitory effect that
Opi1 has on INO1 transcription. Reprinted by permission from Elsevier, Trends in Cell Biology,
Lev S., Halevy D. B., Peretti D., and Dahan N. 2008.

Glycerophospholipid biosynthesis regulation is also tightly linked to the unfolded
protein response (UPR), a conserved intracellular signaling cascade activated by ER
stress (313). In response to ER stress, such as an accumulation of misfolded proteins in
the ER lumen, the UPR increases lipid synthesis and the expression of ER protein
folding machinery to restore ER homeostasis (314). Prolonged activation results in cell
death (314). In yeast, ER stress is monitored by the transmembrane sensor Ire1p which
senses the levels of unfolded proteins in the ER lumen (315). Upon activation, Ire1p
cleaves the HAC1 pre-mRNA intron permitting the translation of the Hac1p transcription
factor, in turn activation transcription of UPR target genes (316, 317). Deletion of many
lipid biosynthesis genes or the restriction of inositol causes UPR induction in yeast and
mammals (318—-324). It has been shown that ire7A and hac7A mutant cells, which have
defective UPR activation, cannot sustain INO7 expression in media lacking inositol
(322). This defect can be suppressed by the deletion of OPI/1 suggesting that the UPR
regulates the UASnvo transcription system (Fig 1.9) (322). However, cells treated with
tunicamycin, which stimulates the UPR, or with constitutively active UPR, do not
increase INOT transcription in the presence of inositol (325). It should be noted that the
UPR program appears to be adaptable and might remodel differently to different
stresses (326). Interestingly, cells lacking six of the PM-ER tether proteins (A-tether)
have significant lipid defects and show constitutive UPR activation (16, 29). Therefore,
the link between the UPR and lipid biosynthesis is highly complex and requires further

exploration.

2.3.3. Phosphatidylinositol Phosphates regulation in yeast

Pl is a major structural lipid to all membranes in the cell. However, Pl is unique
because it can be phosphorylated and dephosphorylated at the D-3, -4, and -5 carbons
of the inositol ring to generate 7 distinct phosphatidylinositol phosphate (PIP) species.
Yeast only produce four of the possible species: phosphatidylinositol-4-phosphate
(P14P), phosphatidylinositol-4,5-bisphosphate (Pl(4,5)P2), phosphatidylinositol-3-
phosphate (PI3P), and phosphatidylinositol-3,5-bisphosphate (PI(3,5)P.) (Fig 1.10).
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PI3P, PI4P, and PI(4,5)P. are the major species and account for ~30% of total PIPs
each, while PI(3,5)P, makes up less than ~5% (327, 328). Mammals produce all seven
species with each PI4P and PI(4,5)P, accounting for approximately 40-45% of total PIPs,
while PI3P, phosphatidylinositol-5-phosphate (PI5P), phosphatidylinositol-3,4-
bisphosphate (PI1(3,4)P2), PI(3,5)P2, and phosphatidylinositol-3,4,5-trisphosphate
PI1(3,4,5)P: make up the remaining 10-20% (Fig S1) (328). This thesis focuses on PIP
regulation in yeast, however, the regulation and synthesis of the remaining metazoan-

specific PIPs are summarized in Table S3 and Fig S1.
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Figure 2.10. Phosphatidylinositol phosphates (PIP) synthesized in yeast and the
corresponding phosphatases and kinases.

PIP metabolism in the yeast Saccharomyces cerevisiae. The execution points of the yeast Pl

kinases and PI phosphatases that regulate the synthesis and turnover of PIPs, respectively, are

identified. Reprinted by permission from Elsevier, Progress in Lipid Research, Phosphoinositide

phosphatases in cell biology and disease, Liu Y., and Bankaitis V. A., 2010.

The interconversion of PIP species is tightly regulated by PIP kinases and
phosphatases. Because PIPs are precisely spatially and temporally controlled, they act
both as area codes for different organelle membranes and as time stamps for various
processes (Fig 1.6). Many proteins physically interact with PIP headgroups using
conserved PIP-binding domains, such as the PH and C2 domains previously discussed,
which regulate protein localization and activity (329). For example, the PM-ER tether
proteins Tcb1p-3p and Ist2p are embedded in the ER and bind to PI(4,5)P; at the PM to

facilitate membrane tethering (38, 161). Additionally, some PIPs are metabolized by
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phospholipases, generating second messenger molecules during signaling cascades
(330). Collectively, PIP diversity and regulation allows them to dually act as membrane
structure components as well as regulators of many biological processes and signaling

pathways.

1.3.3.1: Phosphatidylinositol-4-phosphate (PI4P)

P14P is primarily concentrated in the Golgi and PM, the bulk of which is
generated by Pl 4-kinases that phosphorylate Pl at D4 (Fig 1.6, 1.10)(327, 331). Yeast
have three Pl 4-kinases, Pik1p, Stt4p, and Lsb6p, which all have mammalian homologs
(P14Kllb, Pl4Kllla, PI14KIl respectively) (331-334). Stt4p and Lsb6p localize to the PM
while Pik1p primarily localizes to the Golgi and, transiently, to the nucleus (327). It has
been proposed the Pik1p and Stt4p are the major Pl 4-P kinases, accounting for 45%
and 40% of PI4P in the cell respectively, while Lsb6p plays a minor role (327, 331, 333).

Although each Pl 4-kinase performs the same enzymatic reaction, each affects
distinct cellular processes. Pik1p activity regulates Golgi and endosomal PI4P levels,
and is essential for vesicular trafficking (333, 335-340). Lsb6p has been implicated in
regulating the yeast endocytosis and actin patch formation (341). Stt4p is responsible for
generating PM PI14P and regulates cell polarization, protein recruitment, cell signaling
and non-vesicular transport of lipids (52, 62, 133, 200, 338). Stt4p activation is regulated
by the peripheral PM protein Efr3p, the scaffolding protein Ypp1p, and the PM
transmembrane protein Sfk1p, all of which are conserved in mammals (342—-344). Efr3p
and Ypp1p are required for Stt4p PM recruitment, then Ypp1p is replaced with Stk1p to
facilitate Stt4p activation (345).

PI4P turnover is mediated by the ER-resident PIP phosphatase Sac1p, and the
soluble synaptojanin phosphatases Inp52p-53p (SjlI2-3p) (139, 327, 332, 346, 347). In
yeast, loss of SAC1 results in accumulation of PI4P at the PM and increase total PI4P
levels 8-fold (139). Interestingly, cells lacking the major primary PM-ER tether proteins
(Atether) have a 10-fold increase in PI4P (16). Considering that deletion of all
synaptojanins in yeast (inp51A inp524 inp53A) does not affect levels (348), this strongly
suggests that PM-ER MCSs are regulators of Sac1p. It has been shown that Osh4p is
an activator of Sac1p, and deletion of SAC17 can suppress the synthetic lethality caused
by hyperactivating Osh4p (OSH4"F) (131, 139). Furthermore, cells lacking all seven
OSHs (oshA) or all Pl 4P-phosphatases (sac1A4 inp52A inp534) yield a 21 fold and 28

39



fold increase in PI4P levels, respectively (139). This suggests that OSHSs are not just
regulators of Sac1p, but the global regulators of PI4P. It has been proposed that Sac1p
can directly regulate PM PI4P by reaching across PM-ER MCSs and working in trans at
the PM (139). However, this mechanism has recently been contested with evidence
suggesting that the flexible linker region of the mammalian SAC1 is not long enough to
work in trans and can only facilitate cis activity at the ER membrane (201). The
previously discussed counter-transport model postulates that anterograde lipid transport
is powered by retrograde PI4P transport to the ER (Fig 1.5) (200). In this model, Sac1p
rapidly metabolized ER PI4P to maintain a steep concentration gradient. Although the
trans vs cis activity models are inherently not mutually exclusive, the counter-transport

model is dependent on the latter.

1.3.3.2: Phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2)

In both yeast and humans, PI(4,5)P; is primarily localized to the PM cytoplasmic
leaflet (Fig 1.6, 1.10) (328). Yeast can only generate PI1(4,5)P. through the PM resident
P14P 5-kinase Mss4p (349, 350), which is conserved in mammals (PIP5Ka, PIP5Kf3, and
PIP5Ky) (327, 331). In yeast, PI(4,5)P.is either dephosphorylated by the soluble PIP 5-
phosphatases (Inp52p, Inp53p), or metabolized by phospholipase C (330, 347, 348).
P1(4,5)P;is required as a second messenger in many different signaling pathways which
regulate cell growth, polarization, movement, stress response, cell survival and
endocytosis (351-355). Many of these functions are facilitated by lipid-protein
interactions with PI(4,5)P2 (329, 331). Alternatively, PI(4,5)P,can be metabolized by
phospholipase C during Ca?* signaling. In response to a variety of stimuli, Plc1p or
PLC31, in yeast and humans respectively, hydrolyzes the inositol headgroup from
Pl1(4,5)P, to generate 1,4,5-triphosphate (IP3) and DAG (330, 356). Both act as second
messengers (330). IP3 has many downstream effectors, the best characterized being
interactions with calcium channels in the ER (330). Upon IP3 binding the channels
rapidly released of Ca?* into the cytosol (330). In higher metazoans, PI(4,5)P is also

essential for the PI3K/Akt signaling cascade (357).

1.3.3.3: Phosphatidylinositol-3-phosphate (PI3P) and Phosphatidylinositol-
3,5-bisphosphate (PI(3,5)P2)

PI3P is essential for mediating endosomal trafficking, and so is primarily found in

the early/late endosome and vacuolar/lysosomal membranes (Fig 1.6) (327, 328). In
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yeast, PI3P is generated by the conserved Pl 3-kinase Vps34p which phosphorylates PI
at D3 (Fig 1.10) (358, 359). Vps34p activation is dependent upon binding the protein
kinase Vps15p (359, 360). The Vps34-Vps15 complex then recruits other proteins to
regulate endosomal sorting and autophagy (361, 362). In yeast, PI3P is
dephosphorylated to Pl by the myotubularin PIP 3-phosphatase Ymr1p and the
synaptojanins (Inp52p, Inp53p) (363).

PI3P can also be phosphorylated by the Pl 5-kinase Fab1p (PIKfyve in
mammals) to make PI(3,5)P2, which is reversed by the PIP 5-phosphatase Fig4 (Fig
1.10) (364-368). PI(3,5)P2 is a minor PIP species (0.1% of total Pl) and is strictly
localized to the vacuole/lysosome where it regulates endosomal trafficking and
vacuolar/lysosomal function (Fig 1.10) (196, 369-372) Fab1p kinase activity is
dependent on the physical interaction with the scaffolding protein Vac14p and regulator
Atg18p (371, 373, 374). Although Fig4 mediates PI(3,5)P2 turnover, FIG4 mutants show
reduced PI(3,5)P: levels suggesting that Fig4p is required for Fab1p activation (368,
371, 375, 376). It has been suggested that Fig4p physically interacts with the Fab1-

Vac14 kinase complex which couples PI(3,5)P2 synthesis and turnover (371).

2.3.4. Sphingolipid biosynthesis and regulation in yeast

Sphingolipids play essential roles as membrane structural elements and
signaling molecules (377). Sphingolipids are primarily localized to the extracellular leaflet
of the PM where they modulate lipid bilayer chemical properties or serve as secondary
messengers for several signaling pathways that regulate cell-cell communication, cell
cycle and growth, ER stress response, apoptosis, autophagy, and protein stability and
localization (66, 377-379). Like glycerophospholipids, sphingolipids consist of two fatty
acid tails but instead of glycerol, serine is used to generate the sphingiod base backbone
(196). Sphingolipids tend to have longer saturated or trans-unsaturated FA tails - relative
to glycerolphospholipids - that form tall, narrow cylinders causing them to pack tightly
and leave interdigitation between leaflets which favor sterol binding (196). Also, it is
hypothesized that sphingolipid headgroups shield sterols from the aqueous environment
which cause them to preferentially mix (380). Sphingolipids and sterols have a higher
packing density than glycerophospholipids resulting in a more rigid membrane (196). /In
vitro, sphingolipids and sterols can laterally segregate in lipid bilayers and self-assemble

into microdomains (381). This suggested that sterols, sphingolipids and specific
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transmembrane/lipidated proteins may form similar micro-domains called lipid rafts in
vivo (382, 383). However, the explicit existence of lipid rafts, as well as their regulation
and function are still debated. In addition to establishing membrane rigidity and lateral
segregation, sphingolipids and sterols also contribute to membrane curvature and have
been shown to affect vesicular membrane trafficking (384). Although yeast and
mammals have a divergent set of complex sphingolipid species, many of the

biosynthetic pathways and their downstream regulatory functions are conserved (378).

1.3.4.1 Sphingolipid biosynthesis in yeast

The first step in sphingolipid synthesis is the production of long-chain bases
(LCB) (Fig 1.11). LCB de novo synthesis beings in the ER by the serine
palmitoyltransferase (SPT) complex consisting of Lch1p and Lcb2p which conjugates
serine to palmitoyl-CoA to produce 3-ketohidydrosphingosine (3-KDS) (Table S4)(217,
385, 386). This reaction can be inhibited by the antibiotic drug myriocin (387). SPT is
part of the larger conserved SPOTS complex (SPT, Tsc3p, Orm1p/2p, Sac1p) which
regulates this initial step of sphingolipid biosynthesis (388). Orm1p and Orm2p are
negative regulators of SPT, while Sac1p is a repressor of Orm1p and Orm2p resulting in
SPT activation (377, 388).

LCBs are intermediate sphingolipid metabolites and essential regulators of
sphingolipid biosynthesis (378). 3-KDS is reduced by Tsc10p to produce the LCB,
dihydrosphingosine (DHS) (Fig 1.11) (389). DHS is hydroxylated by Sur2p to produce
phytosphingosine (PHS) (390). Both DHS and PHS can be phosphorylated for
degradation or converted to ceramide. LCB phosphorylation is mediated by the
sphingoid kinases Lcb4p or its homolog Lcb5p (391). LCB-phosphates can be degraded
by Dpl1p, forming an ethanolamine-1-phosphate by-product that can enter PE synthesis
via the Kennedy pathway (217, 392). The conversion of LCBs to ceramide also takes
place in the ER. The ceramide synthase complex, consisting of Lag1p, Lac1p, and
Lip1p, catalyze an acyl-CoA-dependent acetylation of DHS or PHS with very long chain
fatty acids (VLCFA) to yield dihydroceramide (DHCer) and phytoceramide (PHCer),
respectively (393, 394).

Ceramides are simple sphingolipids which lack headgroups (378). The transition
from ceramide to complex sphingolipids occurs in the Golgi, therefore, ceramide must be

transferred from the ER to the Golgi. It has been hypothesized that ceramide transfer
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occurs at ER-Golgi MCSs (57). In mammals, non-vesicular transport of ceramide is
mediated by the well-characterized ceramide LTP, CERT (90, 189, 395). A non-vesicular
transport mechanism exists in yeast, however, the regulatory mechanisms surrounding it
remains largely unknown. Yeast also heavily rely on COPII-mediated vesicular transport
of ceramide which may be regulated by Osh proteins (57, 396). Mutant cells lacking all
OSHs (oshA) or have defective COPIl-mediated vesicular transport (sec18-1%) show

significant decreases in complex sphingolipids (396).

In yeast, complex sphingolipids are generated by the sequential addition of
inositol headgroups to ceramide. This reaction catalyzed by the inositol
phosphorylceramide (IPC) synthase complex consisting of Aur1p and Kei1p (Fig 1.11)
(397-400). The Aur1p-Kei1p complex transfers the inositol headgroup from Pl to PHCer
which produces IPC and DAG (400). IPC is then mannosylated by the mannosyl-IPC
(MIPC) complex consisting of Sur1p, Csg2p, and Csh1p (401). Finally, MIPC can have
another inositol phosphate group attached by Ipt1p to produce M(IP).C (402). All
complex sphingolipids are metabolized by the inositolphosphosphingolipid
phospholipase C, Isc1p, which produces ceramide (403). Cells lacking the PI4P
phosphatase SAC1T or cells starved from inositol have decreased complex sphingolipid
levels and accumulate LCBs and ceramide suggesting a block in biosynthesis (404,
405). This may be caused by an insufficient amount of Pl substrate for complex
sphingolipid biosynthesis (404). Interestingly, both sac? and osh3 mutant cells are
resistant to myriocin which inhibits the first step of sphingolipid synthesis (29, 388, 396,
406). This resistance may be caused by an accumulation LCB and ceramide precursors,

reducing the need for additional LCB synthesis.

The initial steps of sphingolipids synthesis are well conserved between yeast and
mammals, however, after the production of LCBs, mammalian and yeast sphingolipid
biosynthesis diverge. In the ER ceramide either be converted to ceramide
phosphoethanolamine and galactosylceramide (GalCer) in the ER membrane, or it can
be transported to the Golgi to make sphingomyelin (SM) and glucosylceramide (GluCer)
(60, 196, 407). Mammalian cells have a significantly broader diversity of sphingolipids
species, producing over a 1000 different sphingolipid species, while yeast only produce
three different complex sphingolipids with limited chain length and saturation diversity

(379, 408, 409). However, many of the biosynthetic steps are functionally conserved and
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combined with their genetic tool and relative simplicity, yeast is still an optimal system to

study sphingolipid biosynthesis.
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Figure 2.11. Schematic of sphingolipid metabolism in the yeast.

The biosynthetic network of sphingolipid synthesis in the yeast with the most important
intermediates, end products, and enzymes is shown. For a detailed description, see text. P,
phosphate; PP, pyrophosphate; CoA, Coenzyme A; VLCFA, very long-chain fatty acid. Reprinted
by permission from American Society of Cell Biology, Molecular Biology of the Cell, TORC1-
regulated protein kinase Npr1 phosphorylates Orm to stimulate complex sphingolipid synthesis.
Shimobayashi M., Oppliger W., Moes S., Jeno., P., and Hall M., 2013.

1.3.4.2: Target of Rapamycin Complex (TORC) signaling network regulation
of sphingolipid biosynthesis

One of the most well-defined mechanisms of regulating sphingolipid biosynthesis
is through the Target of Rapamycin Complex (TORC) signaling network. The TORC
network is a highly conserved signaling pathway which regulates cell growth,
protein/lipid biosynthesis, and metabolism in response to intracellular and extracellular
cues (410). This network is nucleated by the Ser/Thr kinase Tor1p or its homolog Tor2p.
Tor1p/2p are a part of two distinct complexes: i) TORC1, which is sensitive to
rapamycin, and ii) TORC2 which is not (410). TORC1 and TORC2 independently and
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distinctly regulate sphingolipid biosynthesis through Orm1p/2p (411, 412). TORC1 acts
as a negative regulator of sphingolipids biosynthesis while TORC2 is a positive regulator
(389, 413-416). In response to low ceramide or LCB levels, TORC2 activates the
downstream kinase Ypk1p which directly phosphorylates and inhibits Orm2p and in turn
activates the SPT (388, 417-420). TORC1 inhibits Orm1p and Orm2p phosphorylation
by inactivating the starvation-activated kinase Nprip (411, 412, 416).

As will be discussed in later chapters, cells lacking all PM-ER MCSs have
significant sphingolipid defects. Considering the role Sac1p and PIPs play in
phospholipid regulation, and the role PIPs play in TORC pathways regulation, it is
possible that PM-ER MCS may regulate sphingolipid synthesis by modulating Sac1p
activity and/or TORC pathway activation (404, 421). For instance, the primary tethers
TCB3 and ICE2 genetically interact with Rag small GTPase homolog and TORC
activator GTR2, and the TORC2 nucleating kinase TORZ2 (422). Future research will
elucidate how PM-ER MCSs regulate sphingolipid biosynthesis and if they interact with
the sprawling TORC signaling network.

2.3.5. Sterols biosynthesis and regulation in yeast

Sterols are synthesized in the ER; however, ER sterols account for only 0.5-1%
of total cellular sterols (423). Most sterols are concentrated in the PM, where they form
complexes with sphingolipids and proteins as previously discussed (Fig 1.6). Sterols are
also well established as regulators of vesicular trafficking, cell signaling and
transcriptional activation (133, 338, 424, 425). It is well established that sterols are
rapidly trafficked in the absence of vesicular transport (425), though the mechanisms
and regulation surrounding this non-vesicular transport pathway remain to be eluded
(425). Sterols have important structural roles in maintaining membrane integrity and
manipulating bilayer chemical properties (196). The major membrane sterol in mammals
is cholesterol, while the major yeast sterol is ergosterol (196). The structure of
cholesterol differs from ergosterol by two additional C4-C7 and C22-C23 double bonds,
and a methyl group at C24 (426). With that in consideration, in the absence of ergosterol

yeast can use cholesterol with no aberrant growth defects (29, 427-429).
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1.3.5.1: Sterol uptake pathways

Cellular sterol levels are maintained through de novo synthesis, internalization or
a combination of both depending on the organism. Several steps of sterol synthesis are
dependent on oxygen or heme, which also requires oxygen for synthesis (428-430).
Therefore, de novo sterol synthesis is an aerobic process and under normal growth
conditions, all sterols are de novo synthesized in yeast (429). If yeast cells are grown
anaerobically or no longer produce heme, by mutating the heme biosynthesis enzyme
HEM1, then the yeast will internalize extracellular sterols to compensate (429, 431, 432).
Internalization is regulated by the PM ABC transporters, Aus1p, and Pdr11p (433, 434).

Inversely, insects do not synthesize sterols at all and solely rely on sterol
internalization (435). Mammalian cells are somewhere in between, and simultaneously
use both pathways to accommodate their sterol requirements. Mammals can uptake
sterols in low-density lipoprotein (LDL) LDL-particles from the extracellular space which
is dependent on LDL-receptors at the cell surface (424). LDL is internalized by receptor-
mediated endocytosis and is eventually transported to the lysosome(436). Once in the

lysosome, sterol are released from the LDL particles and distributed throughout the cell.

1.3.5.2: Sterols biosynthesis in yeast

De novo Synthesis of ergosterol from acetyl-CoA requires sixteen successive
enzymatic reactions facilitated by twenty-three ergosterol biosynthesis enzymes called
Erg proteins (Fig 1.12). This pathway is remarkably well conserved between humans, S.
cerevisiae (Budding yeast) and S. pombe (fission yeast), except for several enzymatic
steps which result in cholesterol production instead of ergosterol (Fig 1.12). Fission
yeast are an important system to study sterol biosynthesis because they share a
conserved regulatory mechanism with metazoans, that is not present in budding yeast
(discussed below) (426).

Ergosterol synthesis begins with the condensation of three acetyl-CoA molecules
into 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) by Erg10p and Erg13p (Fig 1.12) (437,
438). HMG-CoA is then reduced to mevalonate by the HMG-CoA Reductase, Hmg1p,
and Hmg2p (426, 439). HMG-CoA reduction to mevalonate is the first rate-limiting step
and major checkpoint of ergosterol synthesis (426). Mevalonate is then converted to the

isoprenoid farnesyl pyrophosphate (FPP) by Erg8p, 12p, 19p, 20p and Idi1p (Fig 1.12).
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FPP is an essential isoprenoid precursor which can be converted to sterols, dolichols,

and ubiquinones, or for protein prenylation (440).
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Figure 2.12. Schematic of yeast and mammalian sterol biosynthesis:
Schematic of mammalian cholesterol biosynthesis and S. cerevisiae and S. pombe ergosterol
biosynthesis with major landmark derivatives depicted. Mammalian enzyme names are in blue, S.
cerevisiae are in orange, S. pombe are in green. Reprinted by permission from Elsevier, Progress
in Lipid Research, Regulation of HMG-CoA reductase in mammals and yeast, Burg J., and
Espenshade P., 2011

The conversion of FPP to squalene (SQ) is the first sterol-specific enzymatic
step. Two FPP molecules come together to form SQ by the SQ synthase Erg9 (441).
Inhibition of Erg9p specifically blocks ergosterol synthesis and leads to cell death (442).

However, lethality can be rescued by inducing exogenous sterol uptake (29). Therefore,
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cells which can transcriptionally modulate ERG9 are utilized to study the specific effects
of sterol depletion (443). Through a variety of demethylations, reductions, and
desaturations, SQ is converted to ergosterol by Erg1-7p, Erg11p, and Erg24-28p (426,
444, 445). At this point, ergosterol is rapidly transported throughout the cell, specifically

to the PM, which was discussed previously.

As discussed previously, PM-ER MCSs and PAMs were defined as
contaminating microsomal membrane factions enriched for phospholipid and sterol
biosynthesis enzymes (103). Therefore, in addition to potentially regulating non-vesicular
sterol transport, PM-ER MCS may also regulate sterol biosynthesis. One would
postulate that sensing sterol levels at the PM and transferring that information would be
essential for facilitating sterol homeostasis. Future research will determine if PM-ER

MCSs help facilitate that process.

1.3.5.3: Divergent models of sterol biosynthesis regulation

In mammals, sterol synthesis is regulated by the well-characterized Sterol
Regulatory Element Binding Protein (SREBP) complex (426, 446). In the absence of
cholesterol, SREBP transcriptionally upregulates more than 30 genes required for sterol
synthesis and sterol uptake, such as HMG CoA reductase and LDL-receptor,
respectively (426). SREBP is an integral ER protein which possesses a cleavable N-
terminal transcription factor domain. SREBP complexes with SREBP cleavage Activating
protein, Scap, and under normal sterol conditions, SREBP-Scap complex is retained in
the ER by Insig (426, 446). When sterols are low, the SREBP-Scap complex is
transported to the Golgi where SREBP is cleaved allowing its transcription factor to
translocate to the nucleus and activate transcription. While fission yeast have a

homologous system, budding yeast does not have an SREBP homolog.

Instead, in budding yeast, ergosterol biosynthesis regulation is mediated by the
transcription factors Hap1, Upc2p, and Emc22p. As previously mentioned, de novo
ergosterol synthesis is dependent on oxygen and heme. In response to oxygen and
heme level, Hmg1p is transcriptionally regulated by Hap1p (447). Hmg2p protein levels
are normally low and tightly controlled post-translationally by the ER-associated
degradation (ERAD) system (448, 449). Upc2p and Emc22p redundantly regulate sterols
by physically sensing sterol concentrations (450). Upon sterol binding, Upc2 and Emc22

are transcriptionally repressed (450). In sterol-depleted cells there are no sterols to bind
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Upc2p; therefore Upc2p undergoes conformational activation, translocates to the

nucleus and activates transcription (450).

2.4. Membrane Contact Sites in health and disease

Recently many components and regulators of PM-ER MCSs have been
implicated in human disease. Here | will discuss genes specifically associated with PM-
ER MCSs and disease, however, other MCSs have well-characterized roles in disease.
Interestingly, deletion of all E-Syts in mice resulted in no deleterious effects suggesting
that it is either working redundantly with other proteins or plays a minor role in
membrane association or lipid transfer relative to other systems (153, 157). Like in
yeast, the human VAPs are involved in many different cellular functions, therefore, their
association with several different human diseases is unsurprising (451). Genes
associated with lipid biosynthesis and regulation, particularly the regulation of PIPs, have
well-established roles in human disease but will not be discussed in depth. Interestingly,
all the human ORPs seem to be associated with human diseases, as summarized in
Table S5 (452). | will focus on the roles of ORP3, ORP5, ORP6 and ORP8 in human
disease because they distinctly localize to PM-ER MCSs.

2.4.1. Mutations in VAPB and ORPs associated with Amyotrophic
lateral sclerosis (ALS) 8

Protein aggregation is a common feature of many neurodegenerative diseases,
such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and
Amyotrophic lateral sclerosis (ALS) (453). Recently, several studies have linked MCSs
with neurodegenerative diseases, such as ER-mitochondrial MCSs in Alzheimer’s and
Parkinson’s disease (454, 455); NVJ in spinocerebellar ataxia 20 (SCAR20) (45) and
ER-endosome MCSs in Niemann Pick Type C (NPC) (456). PM-ER MCSs have been
specifically associated with an autosomal dominant form of ALS (ALS8). ALS is a
heterogeneous progressive motor neuron degeneration disease characterized by loss of
motor neurons in the spinal cord, brainstem, and motor cortex (457). ALS8 is a slow and
progressive disorder characterized by fasciculation, cramps and postural tremor (457). A
common driving mutation found in ALS8 has been mapped to the highly conserved P56
residue of VAPB (VAPBP%6%) (457). VAPBP®®® is a dominant negative mutation and has
been suggested to sequester wild type VAPB into insoluble aggregates (458). Several
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independent studies have shown that expression of VAPBP%S in cultured cells cause the
formation of insoluble aggregates that localized to the cytosol (457), non-ER
compartments (459), or immobile tubular ER clusters (458, 460). Photobleaching
experiments suggest that the VAPBP%S proteins are mostly immobile in these
aggregates while ultrastructural analysis revealed that the VAPBP%S aggregates consist
of tubules continuous with the ER (458). Considering the universal function of the VAPs,
the precise pathology of ALS8 is still debated. It has been suggested that VAPBP%6S
mediated aggregation causes neurodegeneration through UPR desensitization, or

though chronic and progressive lipid biosynthesis/transport defects (451).

Recently, it has been shown that overexpression OSBP and ORP3, which both
bind VAPB (43), can suppress phenotypes associated with the VAPBP®S mutation (461,
462). Although OSBP has a well-established intracellular localization, ORP3 can localize
to PM-ER MCSs (463). ORP6 also localizes to PM-ER MCSs, has been associated with
Alzheimer’s disease, however the extent of this association is unknown (463, 464).
Further investigation into ORP and VAP function at PM-ER MCSs will likely provide

insight into neurodegenerative diseases.

2.4.2. Mutations in VAP and ORPs are associated with cancer

PIP regulation is essential for many different cellular functions, including cell
growth, proliferation, and survival (347, 465). It is clear that MCSs, specifically between
the PM and ER, play a large role in regulating the interconversion of PIPs (16, 29, 139).
Therefore, it is unsurprising that PM-ER MCSs are associated with some cancers.
Overexpression of VAPB has been shown to promote breast tumor cell proliferation, by
inappropriately activating the commonly mutated oncogenic PI3K/Akt signaling network
(466). PI4P levels at the Golgi cause by defective SAC1 has been associated with
breast cancer cells progression (467). Both PM-ER MCS resident ORPs and proposed
PS/PI4P counter-transporters, OPR5 and ORP8, have been implicated in cancer. ORP8
may act as a tumor suppressor by suppressing the Wnt pathways gastric cancer cells
(468). Loss of ORP8 is also associated with apoptosis resistance caused by reduced
Fas-ligand receptors at the cell surface (469). Inversely, overexpression ORP5 is
associated with metastatic pancreatic and lung cancer development (470, 471). ORP3,
which binds VAPA, has been demonstrated to stimulate the oncogenic R-Ras signaling

network (141). Additionally, there has been a swell of evidence showing that
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misregulation of lipid metabolism and biosynthesis has severe implications on cancer
progression and metastasis (472). Collectively, this suggests that PM-ER MCSs can
affect cell growth, proliferation, invasiveness, and survivability; all of which can be

exploited by a cancer cell.

2.4.3. PM-ER MCSs exploited in viral entry and replication

During viral infection, viruses exploit endomembrane to build complex viral
replication machinery and facilitate viral expansion. Some of the proteins exploited also
facilitate PM-ER MCS. Positive-sense RNA viruses, such as Hepatitis C virus (HCV) and
human rhinoviruses (HRV) can manipulate PI4P and cholesterol regulation to facilitate
virus entry and replication (465, 473, 474). HCV, specifically, can displace SAC1 and
recruit P14 kinases to increase local PI4P concentration necessary for viral replication
(475). Several mammalian ORPs, namely OSPB and ORP4, are required for enterovirus
and HCV replication (476, 477). OSBP, SAC1, and both VAPs (VAPA/B) are implicated
in Aichi Virus replication (478). Ishikawa-Sasaki et al. suggest that Aichi Virus directly
target and recruit cholesterol transport machinery through protein-protein interaction
resulting in the formation of MCS between the ER and Aichi virus replication organelles
(478). Recent evidence has shown that E-Syt1 and E-Syt3 negatively modulate Herpes
Simplex Virus-1(HSV-1) viral release into the extracellular milieu, cell-to-cell viral spread,
and viral entry (479). These phenomena are also seen in plant positive-strand RNA
viruses (480). While using yeast as a tombusvirus infection model, it was shown that
viral replication requires the glycerophospholipid biosynthesis machinery, namely the
Scs2p and Opi1p transcriptional regulation complex; and OSHSs (480, 481). Considering
the direct role PM-ER MCS play in regulating lipid homeostasis, membrane structure,
and association, and PIP regulation, they present an attractive target to exploit during

membrane dependent processes.
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2.5. Hypothesis and specific aims:

The primary goal of this thesis is to experimentally test the functions of PM-ER
MCSs, specifically their role in the non-vesicular transport of sterols and regulation of
lipid homeostasis. Previous work performed by the Emr lab identified the first six primary
tether proteins in yeast (16). In their work, they generated a strain lacking the genes for
all six tether proteins (Atether) (16). However, by their own admission, Atether cells still
had detectable directed membrane association. This suggested the existence of another
undiscovered tether protein. | hypothesized that the ER-resident transmembrane protein
Ice2p was the undiscovered primary PM-ER MCS tether protein and that deleting ICE2
in Atether cells would significantly reduce the remaining directed membrane association.
We predicted that ice2A Atether (A-s-tether) cells would lack all directed membrane
association and pose an optimal system to test PM-ER MCSs functions.

In collaboration with the Menon lab at Weill Cornell Medical College, we
hypothesized that PM-ER MCSs are regulators for lipid biosynthesis and non-vesicular
transport of sterols. We predicted that in the absence of all directed PM-ER membrane
association, non-vesicular transport of sterols and lipid biosynthesis would be reduced.
To test these hypotheses, our collaborators and | used a combination of cell biological,

genetic, and biochemical approaches.

Additionally, the current definition of what constitutes a tether protein is
ambiguous. To clarify this definition, | propose that tethers can be defined as either
“Primary” or “Secondary” tethers proteins. Primary tether proteins are necessary for
membrane association under normal growth conditions; secondary tether proteins are
sufficient to induce membrane association when overexpressed but are otherwise
dispensable. As proof of concept, | hypothesized that the ER-resident Yeast Start
Homolog, Ysp2p, and the PA phosphatase Pah1p are secondary tethers. To test this
hypothesis, | used a combination of cell biology and genetics to determine the affect
YSP2 and PAH1 overexpression had on PM-ER membrane association, and growth
defects, in cells lacking PM-ER MCSs.
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Chapter 3. Endoplasmic reticulum-plasma
membrane contact sites integrate sterol and
phospholipid regulation
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Abstract

Tether proteins attach the endoplasmic reticulum (ER) to other cellular membranes,
thereby creating contact sites that are proposed to form platforms for regulating lipid
homeostasis and facilitating non-vesicular lipid exchange. Sterols are synthesized in the
ER and transported by non-vesicular mechanisms to the plasma membrane (PM) where
they represent almost half of all PM lipids and contribute critically to the barrier function
of the PM. To determine whether contact sites are important for both sterol exchange
between the ER and PM and inter-membrane regulation of lipid metabolism, we
generated A-super-tether (A-s-tether) yeast cells that lack six previously identified
tethering proteins (yeast extended synaptotagmin (E-Syt), VAP, and TMEM16-
anoctamin homologs) as well as the presumptive tether Ice2. Despite the lack of ER-PM
contacts in these cells, ER-PM sterol exchange is robust, indicating that the sterol
transport machinery is either absent from or not uniquely located at contact sites.
Unexpectedly, we found that the transport of exogenously supplied sterol to the ER
occurs more slowly in A-s-tether cells than in wild-type cells. We pinpointed this defect to
changes in sterol organization and transbilayer movement within the PM bilayer caused
by phospholipid dysregulation, evinced by changes in the abundance and organization
of PM lipids. Indeed, deletion of either OSH4, which encodes a
sterol/phosphatidylinositol-4-phosphate (P14P) exchange protein, or SAC7 which
encodes a PI4P phosphatase, caused synthetic lethality in A-s-tether cells due to
disruptions in redundant PI4P and phospholipid regulatory pathways. The growth defect
of A-s-tether cells was rescued with an artificial "ER-PM staple," a tether assembled from
unrelated non-yeast protein domains, indicating that endogenous tether proteins play
non-specific bridging functions. Finally, we discovered that sterols play a role in
regulating ER-PM contact site formation. In sterol-depleted cells, levels of the yeast E-
Syt tether Tcb3 were induced and ER-PM contact increased dramatically. These results
support a model in which ER-PM contact sites provide a nexus for coordinating the
complex inter-relationship between sterols, sphingolipids, and phospholipids that

maintain PM composition and integrity.
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3.1. Introduction

Most lipids are synthesized in the endoplasmic reticulum (ER) and distributed to
other membranes by non-vesicular mechanisms. These mechanisms act in conjunction
with lipid metabolic networks to maintain the unique lipid profile of the plasma membrane
(PM) and subcellular organelles and enable rapid membrane lipid remodeling in
response to signals and stresses (181, 482, 483). An attractive hypothesis is that non-
vesicular lipid transport and lipid biosynthetic and regulatory pathways intersect at ER-
PM membrane contact sites (MCSs), where protein tethers retain the ER and PM within
~15-60 nm of each other (16, 30, 103, 202, 484, 485). In this view, ER-PM MCSs would
serve as a nexus, coordinating requirements in the PM for lipids with their production in
the ER (202, 483). How this coordination is accomplished is not well understood. Here
we report on the interplay between sterol and phospholipid homeostasis at ER-PM
MCSs.

Cholesterol - and its yeast counterpart ergosterol - are synthesized in the ER and
transported by non-vesicular mechanisms to the PM (486, 487) where they are found at
high concentrations corresponding to ~40 mole percent of PM lipids, i.e. one out of every
2-3 lipids in the PM is a sterol. The spontaneous exchange of sterols between
membranes is slow in vitro and undetectable in vivo, primarily because sterol desorption
from the membrane is energetically expensive (183, 488, 489). To move sterols
efficiently between the ER, PM and other membranes, cells make use of sterol transport
proteins (STPs) whose proposed function is mainly to reduce the energy barrier for
sterol desorption, thereby extracting sterols into a binding pocket within the protein for
transit through the cytoplasm (488). STPs may operate freely in the cytoplasm, or at
MCSs. Soluble and membrane-bound STPs might work in parallel to provide redundant
mechanisms for sterol exchange. As transport is predicted to be rate-limited by the
desorption step rather than diffusion of the STP-sterol complex through the cytoplasm of
(488), the proximity of the ER to the PM at an MCS may not determine the sterol
transport rate unless STPs are restricted to these sites. Because a number of sterol
biosynthetic enzymes are enriched in PM-associated ER membrane fractions (103) it is
attractive to consider that the biosynthetic and transport machinery may co-localize to
ER-PM MCSs, effectively channeling sterol between compartments (202) to facilitate

sterol homeostasis.
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The identity of STPs is controversial and the role of MCSs in sterol transport is
unexplored. STP candidates in yeast include members of two protein families: soluble
Osh proteins (related to mammalian oxysterol-binding protein (OSBP)(133)) and
membrane-bound Lam proteins (members of the StARkin superfamily of Steroidogenic
Acute Regulatory Transfer (StART) proteins (190, 490)). Osh4 binds sterols and
phosphatidylinositol-4-phosphate (PI4P) (132) and by toggling between its sterol and
Pl14P bound states, it has been shown to transport sterol against a concentration
gradient between vesicle populations in vitro (62). While this activity may account for
certain aspects of sterol homeostasis, Osh4p is not required for retrograde sterol
transport (491), nor is it essential for the high rate of sterol exchange between the ER
and PM as evinced by robust sterol transport in cells where all seven OSH genes are
inactivated (oshA) (184). The seven Osh proteins share overlapping essential activities
(192), but because Osh6 and several other Osh proteins do not bind sterols (136, 140,
194), sterol transport is not a function shared by the entire family. Lam proteins each
have one or two sterol-binding StARkin domains. The purified domains have been
shown to catalyze sterol exchange between vesicles in vitro (212, 492). Lam1p-Lam4p
are integral ER membrane proteins located at the cell cortex where they might function
as sterol transporters similar to the mammalian StARkin STARD3, which is anchored to
endosomal membranes and has been suggested to facilitate endosome-ER cholesterol
transfer (493). Although elimination of Lam proteins does not inhibit the bidirectional
transport of newly synthesized ergosterol between the ER and PM, sterol organization at
the PM is altered (211). If Osh and Lam proteins catalyze ER-PM sterol transport then
they must do so redundantly with each other and/or with additional STPs yet to be

identified. Our results address this point.

In addition to their proposed role in sterol homeostasis, ER-PM MCSs are known
to be involved in phospholipid biosynthesis and turnover. Phosphatidylcholine (PC) is
synthesized via Cho2p and Opi3p-mediated methylation of phosphatidylethanolamine
(PE). Opi3p is an ER-localized membrane protein in yeast that has been proposed to act
in trans at ER-PM MCSs to convert PM-localized PE to PC (177). In the absence of
Opi3p function (either through lack of the enzyme or disruption of ER-PM MCSs), cells
rely on the Kennedy pathway through which PC is synthesized from choline taken up
from the growth medium. It has been proposed that phosphoinositide turnover also

occurs at ER-PM MCSs, where the ER-localized PI4P phosphatase Sac1 may act in
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trans to turnover PI4P synthesized in the PM (16). These examples highlight the
possibility that ER-PM MCSs may contribute to a wide range of reactions that underlie

cellular phospholipid homeostasis.

In yeast, ~45% of the PM retains a closely associated cortical ER (cER)
membrane (10, 16), and this association requires a number of tethering proteins that
staple the ER and PM together (16, 38, 125, 161, 177). Six ER-PM tethering proteins are
currently known (Fig 1A): the three tricalbins (Tcb1p-3p), which are yeast homologues of
the extended synaptotagmin (E-Syt) family of membrane tethers; Ist2p, a member of the
TMEM16-anoctamin family of ion channels and phospholipid scramblases; and the yeast
VAP (VAMP-associated protein) homologues Scs2p and Scs22p. Several of these
tethers appear to be Ca?*-regulated in mammalian cells, and from their embedded
location within the ER membrane, a number of them make contact with the PM through
associations with phosphoinositides and/or other phospholipids (30, 104, 130, 160, 163,
485, 494). By eliminating all six of these tethering proteins, Manford et al. (16) created
Atether yeast cells in which large sections of the PM are devoid of cortically associated
ER membrane. However, as these authors noted, additional unknown tethers must still
exist in Atether cells given that small regions of cER were still associated with the PM
(16). Consistent with this conclusion, the localization of Lam1p-Lam4p close to the PM
near presumptive MCSs is unaffected in Atether cells (211). These results suggest that
the elimination of the six tether proteins is not sufficient to remove all ER-PM contacts,
and that additional proteins/mechanisms must exist to account for the remaining ER-PM

association.

In order to eliminate residual cER in Atether cells, we focused on lce2p, an
integral ER membrane protein (Fig 1A) with established roles in cER inheritance (125,
175), ER-PM contact (125, 177), phospholipid synthesis from stored neutral lipid (177,
178) and ER quality control (495). Ice2p was first shown to facilitate cER redistribution
and inheritance along the PM from mother cells into daughter buds (175). In cells lacking
both /ICE2 and SCS2, cER association at the PM is disrupted more than for each of the
single mutants (125, 177). The defect in ER-PM membrane association in scs2Aice2A
cells is linked to dysfunctional PC synthesis, likely because the Opi3p methyltransferase
is no longer able to act on its PM-localized lipid substrate in trans at contact sites (177).
When cells enter stationary phase, Ice2p has another function in which it generates a

bridge between the ER and lipid droplets (178). This membrane attachment has been
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proposed to play a role in channeling droplet-generated diacylglycerol to the ER for
phospholipid synthesis when cells resume growth (178). Curiously, the ERAD substrate
CPY™* is stabilized in ice2A cells compared with wild-type (WT) cells, pointing to a direct
or indirect role for Ice2p in ER-associated degradation (495). We reasoned that because
of its various ER functions, specifically including the generation of ER-PM contacts

during mitosis, Ice2p might account for the residual cER in Atether cells.

If ER-PM contact is necessary for non-vesicular sterol transfer, the rate of ER-
PM sterol exchange and/or PM sterol organization would be inhibited by the elimination
of all ER-PM MCSs. Likewise, if MCSs serve as regulatory interfaces to coordinate
pathways for phospholipid metabolism in the ER and PM, then removing ER-PM MCSs
would be predicted to alter cellular phospholipid profiles. We now report that disruption
of ICE2 in Atether cells sharply reduces ER-PM associations to the predicted frequency
of randomly finding untethered ER in the vicinity of the PM. The availability of these A-
super-tether (A-s-tether) cells now permits direct tests of hypotheses concerning how
ER-PM MCSs impact non-vesicular sterol exchange and inter-membrane lipid

regulation.

We now report that the bidirectional movement of sterols between the ER and
PM is unaffected in A-s-tether cells, indicating clearly that the sterol transfer machinery
in yeast is either absent from or not uniquely localized to ER-PM MCSs. Nonetheless,
sterol pools within the PM bilayer of A-s-tether cells are dramatically altered, and the rate
of transbilayer sterol movement within the PM is slowed. We discovered that these
defects were associated with changes in the organization and composition of PM lipids
and could be largely reversed by supplementing cells with choline, or by expressing a
non-specific artificial ER-PM tether. Phospholipid dysregulation in the PM was revealed
by changes in the levels of sphingolipids and other PM lipids, as well as by the
accumulation of PI4P at the PM of mother A-s-tether cells. Interestingly, A-s-tether cells
were inviable when they also lacked Osh4p or Sac1p. After testing the associated roles
of Osh6p and the ER-membrane association of Sac1p, we conclude that Osh4p and ER-
PM MCSs are redundant regulators of PI4P and phospholipid homeostasis. Finally, we
found that ER-PM MCS formation is responsive to cellular sterol levels, whereby the
tether protein Tcb3p is induced in sterol-depleted cells resulting in a dramatic increase in

membrane association. These results suggest that ER-PM contact sites are dynamic
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interfaces that adjust and respond to lipid metabolism to maintain PM composition and

organization.
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Figure 3.1. Quantitative disruption of ER-PM contacts in A-s-tether cells.

A. Proposed topology of ER membrane proteins involved in establishing ER-PM contact sites.
The yellow dot indicates the N-terminus of the protein. The tricalbins (Tcb1p/2p/3p) associate with
the PM through lipid-binding C2 domains and possess a synaptotagmin-like mitochondrial-lipid-
binding protein (SMP) domain that is implicated in the exchange of phospholipids and
diacylglycerol between the PM and ER (104). Ist2 is a member of the TMEM16 family of ion
channels and lipid scramblases. It interacts with the PM via its C-terminal P1(4,5)P2-binding
polybasic region (++)(161). The yeast VAMP (vesicle-associated membrane protein)-associated
proteins (VAPs) Scs2p/22p interact with the PM indirectly, likely through Osh proteins (or other
proteins) that possess an FFAT motif capable of binding to the major sperm protein (MSP)
domain of the VAPs (42, 128, 129), and a PH domain that interacts with phosphoinositides at the
PM. Ice2p facilitates cER inheritance from the mother cell along the PM into the bud (125, 175);
the ICE2 and SCS2 genes have a negative genetic interaction (177). B. Representative images
of WT (SEY6210), Atether (ANDY198), and A-s-tether (CBY5838) cells expressing the ER marker
RFP-ER (pCB1024). The PM-associated ER (arrowheads) at the cell cortex (outlined in yellow)
observed in WT cells was largely absent in the Atether and A-s-tether mutants, which exhibited
prominent extra-nuclear cytoplasmic ER (arrows). Scale bar = 2 ym. C. Quantification of RFP-ER
localization comparing the percentage of WT and mutant cells exhibiting cortical ER-PM
fluorescence (n > 140 cells). D. Electron micrographs of WT, Atether, and A-s-tether cells. Inserts
correspond to magnifications of boxed regions at the cell cortex, showing PM-associated ER
(arrowheads). Cortical PM-associated ER (magenta) was reduced in Atether cells and all but
eliminated in A-s-tether cells. Extra-nuclear/cytoplasmic ER (blue) is prominent in the tether
mutant cells. E. Left; Quantification of cER expressed as a ratio of the length of PM-associated
ER per circumference of PM in each cell (n = 41 cells; bars are mean + S.E.M.). Right;
Comparison of the cumulative distribution of cER/PM ratios for Atether (purple) versus A-s-tether
(red) shows a significant decrease in cER across the entire population of cells. ** p < 0.01 by
Kolmogorov-Smirnov (KS) and by Wilcoxin Rank Sum tests. See Supplementary Fig S1 for
further details. F. Models of the 3-D organization of ER membranes within WT and A-s-tether
cells constructed from sections imaged by focused-ion beam tomography: cER (green) in
association with the PM (magenta); and nuclear ER (yellow).

3.2. Results

3.2.1. Yeast cells without ER-PM contact sites

Despite the dramatic reduction in ER-PM contact sites caused by the elimination
of six tether proteins, the extent of cER in Atether cells (16) is both significant and
heterogeneous, with >35% of the cells possessing fluorescently labeled ER in the vicinity
of the PM (Fig 2.1B, 2.1C) and individual cells displaying as much as 20% of the
average cER found in WT cells (Fig 2.1D, 2.1E and Fig 2.2 ). Residual cER in Atether
cells is also evinced by the cortical localization of GFP-tagged Ysp2p/Lam2p/Ltc4p
(hereafter called Lam2p; Fig 2.4) and other Lam proteins (211). These observations
suggest that there are additional mechanisms for generating ER-PM association (485).
Because the gene encoding the ER membrane protein Ice2 (Fig 1A) has a negative
genetic interaction with SCS2, and Ice2p plays roles in maintaining cER structure and

mediating the inheritance of cER from mother cells into daughter buds (125, 175), we
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hypothesized that Ice2p may contribute to ER-PM association and that its presence in

Atether cells could account for the residual cER seen in these cells.
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Figure 3.2. Histograms of the cER/PM ratio for WT, Atether, and A-s-tether cells.

WT (SEY6210), Atether (ANDY198), and A-s-tether (CBY5838) cells were processed for electron
microscopy and the cER/PM ratio was measured for each cell as described in Fig. 1 (panels D
and E). Frequency distributions were obtained using 10 bins in each case. A compares all three
strains, whereas B expands the region 0 < cER/PM < 0.15 to highlight significant differences
between the tether mutants. Note that the cumulative distributions shown in Fig. 1E are derived
from the raw, unbinned data with N = 41 for both mutants. The Kolmogorov—Smirnov (KS) test
gave Dmax = 0.41 and P = 0.001. The Wilcoxin Rank Sum test gave U = 1681 and a two-tailed
P-value of 0.0006.

To explore this possibility, we used confocal fluorescence microscopy to
determine the subcellular distribution of Ice2p-GFP in Atether cells (Fig 2.3). Ice2p-GFP
was observed throughout the ER, including cytoplasmic strands radiating from nuclear
ER towards the cell periphery (Fig 2.3A). Notably, Ice2p-GFP fluorescence was
observed at the cell cortex, visualized by co-expressing the PM marker RFP-Ras2 (Fig
2.3A). Optical sections focused at the cell surface showed a concentration of Ice2p-GFP
fluorescence at remaining ER cortical spots that were visualized using the fluorescent
pan-ER marker RFP-ER (dsRED-SCS2220-24%) (Fig 2.3B). This localization pattern
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resembles that of Scs2p, and differs from that of the tricalbins and Ist2p that are
restricted to ER-PM MCS spots (16, 38, 125, 496). These data suggest that Ice2p is
correctly localized to contribute to ER-PM tethering. To eliminate residual cER in Atether
cells we therefore deleted /ICEZ2 in tandem with the other Atether mutations. We
predicted that the resulting A-s-tether cells would be largely devoid of ER-PM contact

sites and this was indeed the case.

We confirmed the near absence of PM-associated cER in A-s-tether cells as
follows. First, expression of the pan-ER marker RFP-ER revealed that, unlike WT and
Atether cells where cortical fluorescence was observed in 100% and >35% of cells,
respectively, fewer than 10% of A-s-tether cells had fluorescence at the cell cortex (Fig
2.1B, 2.1C). Whereas cortical fluorescence in WT cells and many Atether cells occurred
in the form of linear strands running parallel to the cell perimeter in equatorial views (Fig
2.1B, arrowheads), the occasional fluorescence seen at the cortex of a small fraction
(<10%) of A-s-tether cells was in the form of punctae, possibly corresponding to the
ends of ER tubules or coincidental positioning of the ER near the PM in the focal plane
chosen for imaging (Fig 2.1B, arrows). Second, whereas GFP-Lam2p is localized
exclusively in cortical punctae in WT and Atether cells (~15 cortical punctae per cell, on
average, for both strains), cortical expression of Lam2p is considerably reduced in A-s-
tether cells (~4 cortical punctae per cell, on average; Fig 2.4A, 2.4B) even though the
expression level of the protein is unaffected (Fig 2.4C). Third, cER association along
the PM in A-s-tether cells was all but absent as quantified by measuring the cER/PM
length ratio in equatorial views of individual cells obtained by transmission electron
microscopy (Fig 2.1D). The average cER/PM ratio was 0.48 and 0.04 in WT and Atether
cells, respectively (16), but only 0.017 in A-s-tether cells (Fig 2.1E). The decrease in the
cER/PM ratio in A-s-tether versus Atether cells was statistically significant (Fig 2.1E,
right panel), representing not only a ~60% lower average value but also a considerable
tightening of the distribution of cER/PM values (Fig 2.1E and Fig 2.2A). Finally, we
generated 3D models of WT and A-s-tether cells by reconstructing images obtained with
a focused ion beam-scanning electron microscope (FIB-SEM). These models (Fig 2.1F)
illustrate that the extensive cER coverage of the PM in WT cells is clearly absent in A-s-
tether cells where a spaghetti-like accumulation of cytoplasmic tubular ER is observed

instead. We estimate that the low amount of cER in A-s-tether cells (Fig 2.1E and Fig
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2.2B) can be accounted for by the random chance of finding untethered ER at the cortex
(Materials and Methods).

lce2-GFP, RFP-Ras2

top middle bottom

RFP-ER

lce2-GFP

Figure 3.3: Ice2 localizes to the ER and is found at cortical ER sites.

A. Ice2-GFP in Atether cells (CBY6220) was observed at nuclear ER and in ER tubules that
extend to the cell periphery, as demarcated by RFP-Ras2 (pCB1204). In this strain, the remaining
cortical attachments of ER to the PM contain Ice2-GFP (arrowheads). B. Serial optical sections
focused at the top, middle, and bottom of Atether cells expressing lce2-GFP and the ER marker
RFP-ER (pCB1024). The merged images of Ice2-GFP and RFP-ER fluorescence superimposed
onto corresponding DIC whole cells images indicates complete co-localization. At optical sections
near the cell cortex, Ice2-GFP was present as discrete spots (arrows) in equal or greater
fluorescence relative to RFP-ER, consistent with ER-PM MCSs.
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Figure 3.4. Localization of Lam2 in WT and tether mutants.
A. GFP-Lam2 was expressed from a plasmid (pGFP-Lam2) in WT (SEY6210), Atether
(ANDY198), and A-s-tether (CBY5838) cells. The cells were stained with CellMaskTM Orange for
5 min to mark the PM before fluorescence microscopy. Arrowhead: fluorescence in the cell
interior. Scale bar =5 pym. B. Frequency distribution indicating the number of fluorescent cortical
dots in WT, Atether), and A-s-tether cells expressing GFP-Lam2. More than 90 cells of each
strain were scored and the distribution was plotted using a bin size of 2. The average number of
cortical dots per cell was 16, 14 and 4 for WT, Atether and A-s-tether, respectively. C. Anti-GFP
immunoblots indicated that GFP-Lam2 levels were unaffected in Atether and A-s-tether cells as
compared to wild type, using anti-GAPDH as the loading control.

A-s-tether cells grow normally on rich media but poorly on minimal media (Fig
2.5B, 2.5E), suggesting that the lack of ER-PM contact sites disrupts cell metabolism. If
this were indeed the case, then an artificial ER-PM tethering protein might allow the cells
to grow normally. Several of the natural ER-PM tethers, e.g. Tcb1p-3p and Ist2p (Fig
2.1A), have a modular architecture and we used this design principle to assemble an

artificial tether ("ER-PM staple") from unrelated non-yeast proteins. As building blocks
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for the ER-PM staple we used: (i) two ER-anchoring trans-membrane domains from
herpes virus mK3 E3 ubiquitin ligase; (ii) extended helices from mammalian mitofusin 2
to span the gap between the PM and ER; and (iii) the C-terminal polybasic region from
mammalian Rit1 (RitC) that targets the PM (Fig 2.5A). We fused green fluorescent
protein (GFP) to the N-terminus in order to visualize the ER-PM staple in cells.
Expression of the ER-PM staple from the yeast actin promoter largely rescued the
growth defect of A-s-tether cells cultured on solid medium (Fig 2.5B), indicating that the
artificial staple is a functional substitute for the endogenous tether proteins.
Fluorescence microscopy revealed that the ER-PM staple localizes to cER in both WT
and A-s-tether cells, consistent with the idea that it generates ER-PM contact sites albeit
fewer than endogenous tethers (Fig 2.5C, 2.5D). The overall distribution of the ER-PM
staples was similar in WT and A-s-tether cells, although the staples in A-s-tether cells
aggregated in larger spots with greater fluorescence. The finding that a wholly
heterologous construct can replace endogenous tether proteins in rescuing the poor
growth of A-s-tether cells indicates importantly that the tethers (Fig 2.1A) perform a non-
specific bridging function relevant to cell growth that is exclusive of any tether-specific
activities. A further conclusion from this result is that the proposed lipid transfer function
of the SMP domains of the tricalbins (Fig 2.1A)(155) is not required for cell growth,

consistent with observations in HelLa cells and mice lacking E-Syts (153, 157).

Figure 3.5. Slow growth of A-s-tether cells is rescued by expression of an artificial
ER-PM tether or choline.

A. The “ER-PM staple" has a modular architecture consisting of an N-terminal GFP, an ER
anchor comprising two transmembrane domains and a lumenal loop from herpes virus (MVHG8)
mK3 E3 ubiquitin ligase, two helices from mitofusin 2 that are predicted to adopt an antiparallel
arrangement ~9 nm long, and the polybasic domain from RitC that targets the PM.B. Tenfold
serial dilutions of WT (SEY6210) and A-s-tether (CBY5838) cells, transformed with either the
vector control (YCplac111) or a plasmid expressing the artificial staple (pCB1185), spotted on
solid growth medium and incubated for 2 days at 30°C.C. Differential Interference Contrast (DIC)
images of WT and A-s-tether cells and the corresponding spinning disc confocal fluorescence
microscopy images showing the co-localization of RFP-ER (pCB1024) and the GFP-marked
artificial staple (pCB1185) at three different optical focal planes. Scale bar = 5 ym. D.
Quantification of the staple distribution within mother and buds, and at cortical ER (cER) versus
internal cytoplasmic ER.E. Choline-dependent growth of A-s-tether cells. WT, Atether (ANDY198),
and A-s-tether (CBY5838) cells were streaked onto solid growth medium supplemented with 1
mM choline chloride as indicated, and incubated for 3 days at 30°C.F. Quantification of ER-RFP
localization in WT and A-s-tether cells with and without 1 mM choline represented as a ratio of the
length of PM-associated ER per circumference of PM in each cell (n > 50 cells; error bars
represents S.E.M.).G. Lipid composition of WT, Atether and A-s-tether cells represented as a
normalized mole percentage relative to WT (set to 1.0). The data represent the mean + s.e.m.
derived from the analysis of 5 independent samples.
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3.2.2. ER-PM contacts have multifactorial effects on several lipid
biosynthetic pathways

Why would the absence of ER-PM tethers cause cells to grow slowly, with growth
rescue being achieved by an artificial tether? Tavassoli et al. (177) suggested that the
ER-anchored phospholipid methyltransferase Opi3p acts at ER-PM contact sites, in

trans, to generate a pool of PC at the PM that is necessary for growth. If Opi3p is unable
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to act on the PM, as would be expected for cells lacking ER-PM contact sites, then a
choline supplement must be provided to generate the necessary PC via the Kennedy
pathway (177). Indeed, we found that A-s-tether cells achieve normal growth when the
medium is supplemented with choline (Fig 2.5E). Importantly, the extent of cER was not
detectably different in choline-grown A-s-tether cells (Fig 2.5F). We conclude that
choline supplementation bypasses the requirement for ER-PM contact sites to support

cell growth.

Figure 3.6. OPI3 and CHO2 affect choline-sensitive growth defects of A-s-tether
cells.
A. Deletion of CHO2 or OPI3 in A-s-tether cells results in a synthetic growth defects when the
cells are cultured without addition of choline to the growth medium. WT (SEY6210), A-s-tether
(CBY5838), cho2A A-s-tether (CBY6267) and opi3A A-s-tether cells (CBY6271) were streaked
onto selective solid media with or without 1 mM choline, and incubated for 2 days at 30°C. B.
Increased expression of Opi3 suppresses choline-sensitive A-s-tether growth defects. WT and A-
s-tether cells transformed with either the vector control (pRS416) or a plasmid expressing OPI3
from a constitutively active promoter (pOPI3) were streaked onto solid growth media
supplemented with or without 1 mM choline as indicated, and incubated for 2 days at 25°C.
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Consistent with these findings, the deletion of either OPI3 or CHOZ2 in A-s-tether

cells severely exacerbated the growth defect of the cells unless choline was provided
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(Fig 2.6). However, in the absence of choline, OPI3 overexpression effectively
suppressed the choline-dependent growth defect of A-s-tether cells (Fig 2.6B),
potentially by providing an alternative route to generate PC pools at the PM. Unlike
choline supplementation to the growth medium, the addition of ethanolamine or inositol,
which promote PE and Pl synthesis respectively, did not rescue A-s-tether growth
defects (Fig 2.7).
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Figure 3.7. Ethanolamine and inositol supplementation do not suppress A-s-tether
growth defects.

WT (SEY6210), Atether (ANDY198), and A-s-tether (CBY5838) cells were streaked onto solid

growth media supplemented with 1 mM ethanolamine (A) or 75 uM inositol (B) as indicated, and

incubated at 30°C for 2 or 3 days, respectively.

The ability of choline to rescue the poor growth of A-s-tether cells, and the
functional requirements of A-s-tether cells for CHOZ2 and OPI3, suggested that PC
synthesis/levels might be dysregulated in these cells. Surprisingly, whole cell lipidomics
(Fig 2.5G) revealed that PC levels were only ~20% lower in A-s-tether cells compared
with WT cells, but the relative amounts of a number of other lipids, notably PE, PS and
the yeast sphingolipids IPC and MIPC were considerably reduced. Reduced levels of
these lipids were also found in Atether cells that grow almost as well as WT cells, but the
lipid compositional effects were generally more pronounced in A-s-tether cells. For
example, we found the mole percentage of IPC content in Atether cells to be ~67% of
that in WT cells, whereas in A-s-tether cells the level of this lipid fell to ~40% of that in
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WT cells. Increases in some lipids were also measured, most notably DAG which was
1.3-fold higher in A-s-tether compared with WT cells. These results suggest a possible
threshold effect in which the lipid compositional changes in A-s-tether cells have a

severe impact on growth, whereas the somewhat lesser changes in Atether cells do not.
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Figure 3.8. Lipidomics analyses of A-s-tether cells.

A. Comparison of the lipid composition of A-s-tether cells grown in the absence or presence of 1
mM choline. B. Comparison of the lipid composition of A-s-tether cells and A-s-tether cells
expressing an artificial tether ('staple'). The cells were grown in synthetic medium without choline.
C. Comparison of the lipid composition of A-s-tether cells and osh4A A-s-tether expressing Osh6.
In all panels, lipid compositions are presented as a normalized mole percentage relative to WT
(blue dotted line set to 1.0). The data represent the mean + s.e.m. derived from the analysis of 5
independent samples. Erg, ergosterol, EE, ergosteryl ester, MAG, monoacylglycerol, DG,
diacylglycerol, TG, triacylglycerol, Cer, ceramide, IPC (inositol phosphorylceramide); MIPC
(mannosylinositol phosphorylceramide); PA (phosphatidic acid); PC (phosphatidylcholine); PCe
(ether phosphatidylcholine); PE (phosphatidylethanolamine); mPE (monomethyl PE); mmPE
(dimethyl PE); PG (phosphatidylglycerol); Pl (phosphatidylinositol); PS (phosphatidylserine), LPC
(lyso PC), LPE (lyso PE), LPI (lyso PI).
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Comparison of the lipid composition of A-s-tether cells cultured with or without
choline supplementation revealed changes that could be predicted based on the
deployment of the Kennedy pathway because of the availability of choline (Fig 2.8A).
Thus, PC and PS levels increased in the choline-supplemented cells, bringing the levels
of these lipids closer to those in WT, whereas levels of mono- and dimethyl-PE (mPE,
and mmPE, respectively) fell. Choline supplementation of A-s-tether cells also resulted in
an increase in MIPC levels, though other sphingolipids and their precursors were only
slightly affected. Unlike lipid compositional changes seen upon choline addition, rescue
of A-s-tether growth defects by the artificial tether indicated a different mechanism. The
lipidomic profile of A-s-tether cells expressing the artificial tether was more consistent
with a restoration of normal phospholipid synthesis through the CDP-DAG pathway (Fig
2.8A). The artificial tether increased PS, Pl, and mmPE levels, though levels of PC were
not appreciably changed from A-s-tether cells cultured without choline. The artificial
tether also affected storage lipids: esterified ergosterol and triacylglycerol (TG) showed
especially large increases as a proportion compared to WT. To our surprise, expression
of the artificial tether in A-s-tether cells did not restore levels of sphingolipids or their
immediate precursors. We conclude that the molecular basis of growth rescue in A-s-
tether cells by choline and the artificial tether is multifactorial and is likely finely tuned to
the precise pools and relative abundance of several lipids depending on the mode of

suppression.

3.2.3. Retrograde transport of sterols is defective in A-s-tether cells

To determine whether ER-PM contact sites play a role in sterol exchange
between the two membranes, we compared the rate of retrograde transport of
dehydroergosterol (DHE) from the PM to the ER in WT, Atether and A-s-tether cells
using a previously described assay (Fig 2.9A) (184, 497). DHE is a fluorescent sterol
that is widely used as a reporter of intracellular sterol transport and distribution (498); it
is particularly appropriate as a sterol reporter in yeast cells as it is a closely related to
ergosterol, and as effective as ergosterol in supporting the growth of hem14 cells that
cannot synthesize sterols (184). To load DHE into the PM, the cells are incubated under
hypoxic conditions to overcome "aerobic sterol exclusion" which represses endogenous
sterol synthesis in favor of exogenous sterol import. When the DHE-loaded cells are

transferred to aerobic conditions, ergosterol synthesis resumes and DHE is displaced
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from the PM. On reaching the ER, DHE becomes esterified by ER-localized sterol
acyltransferases. The extent of esterification - detected by the appearance of lipid
droplets containing fluorescent DHE or direct measurement of DHE esters by HPLC
analysis of lipid extracts from the cells (184) - provides a measure of retrograde

transport.

Figure 3.9. Retrograde transport of exogenously supplied DHE is slowed ~4-fold in
A-s-tether cells; rescue by expression of an artificial ER-PM tether or
choline.

A. Schematic illustration of the retrograde sterol transport assay. The assay measures transport-

coupled esterification of exogenously supplied dehydroergosterol (DHE). Cells are incubated with

DHE for 36 h under hypoxic conditions to load the sterol into the plasma membrane (PM)(step 1,

mediated by the ABC transporters Aus1 and Pdr11). Further incubation (chase period) after

exposing the cells to air results in the exchange of DHE between pools in the PM (step 2) and its
transfer to the endoplasmic reticulum (ER) (step 3) where it is esterified (step 4) by the sterol

esterification enzymes Are1 and Are2. DHE esters that are sequestered in lipid droplets (LD). B.

Representative images of WT, Atether and A-s-tether cells obtained immediately after DHE

loading (chase time = 0 h) and 2 h after incubation under aerobic conditions. The puncta seen in

the 2 h chase images correspond to LDs. Scale bar = 10 ym. C. DHE esters were quantified at
different times during the aerobic chase period by analyzing hexane/isopropanol extracts of the
cells by HPLC equipped with an in-line UV detector. The data are represented as percentage of

DHE ester recovered (= DHE ester/(DHE + DHE ester)). Linear regression of the data points

between 1-2 h indicates relative slopes of 1 (for WT and Atether cells) and 0.24 + 0.05 for A-s-

tether cells (also see panel D). D. Transport-coupled esterification of exogenously supplied DHE.

The bar chart presents the mean + S.E.M. (n = 3) of the relative rate of DHE esterification after

the 1 h lag period at the start of the aerobic chase. The mean esterification rate for WT cells is set

at 1.0. E. Incorporation of DHE into the PM (corresponding to step 1 in panel A), quantified using
fluorescence images acquired immediately after the hypoxic incubation period. The area,
integrated fluorescence and the Corrected Total Cell Fluorescence (CTCF) was calculated for
individual cells using Image J. At least 40 cells were analyzed. CTCF = integrated density - (area
of selected cell x mean fluorescence of background reading). The box and whiskers plot shows
the mean of the measurements, with whiskers ranging from the minimum to the maximum value
measured. F. Microsomes from WT and A-s-tether cells were assayed for their ability to esterify

[3H]cholesterol (supplied as a complex with methyl-p-cyclodextrin) on addition of oleoyl-CoA.

Esterification, assessed by organic solvent extraction and thin layer chromatography, proceeded

linearly for at least 10 min. The bar chart shows the mean + S.E.M. (n = 4) of ACAT (acyl CoA:

cholesterol acyl transferase) activity as the rate of production of cholesteryl ester (CE) per mg
microsomal protein per minute. This measurement corresponds to step 4 in panel A. G. The
amount of ergosterol in WT and A-s-tether cells (nmol per OD600 of cell suspension) was
measured by lipid extraction and HPLC at the start and end of the aerobic chase period. This
measurement corresponds to step 3a in panel A (see text for details).
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At the start of the chase period, DHE fluorescence was observed as a ‘ring stain’
in WT, Atether and A-s-tether cells (Fig 2.9B), indicating insertion of the fluorescent
sterol into the PM (184, 434). After a 2 h incubation (‘chase’) under aerobic conditions,
fluorescence was concentrated in lipid droplets in WT and Atether cells, but the same
punctate fluorescence was not observed in A-s-tether cells (Fig 2.9B). To quantify
retrograde transport, the amount of imported DHE that was converted into DHE esters
was measured at different times following the aerobic chase (Fig 2.9C). DHE
esterification proceeds linearly after a lag period of ~1 h during which the cells adapt to
aerobic conditions allowing resumption of ergosterol synthesis (184). Compared to WT
or Atether cells, we observed a ~4-fold decrease in the rate of transport-coupled
esterification of DHE in A-s-tether cells (Fig 2.9B, C). This reduction in esterification rate
was not seen in the progenitor strains Atether or ice2A, and could be restored to WT
levels by expressing the ER-PM staple, or by growing the cells in choline (Fig 2.9D, Fig
2.10). The latter result (i) suggests that sterol transport between the PM and ER does
not depend on ER-PM MCSs as these structures are equally absent in A-s-tether cells
grown with or without choline (Fig 2.5F), and (ii) argues against a recent proposal [54]
that the sterol acyl transferases Are1p and Are2p act in trans at ER-PM MCSs, directly
receiving sterols from the ABC transporters Aus1p and Pdr11p, thereby eliminating the

need for STP-mediated sterol transport between the PM and ER.

Figure 3.10. Retrograde transport of exogenously supplied DHE in A-s-tether cells
supplemented with choline.
A. Representative images of choline-grown WT and A-s-tether cells obtained immediately after
DHE loading (chase time = 0 h) and 2 h after incubation under aerobic conditions. The puncta
seen in the 2 h chase images correspond to LDs. B. DHE esters were quantified at different times
during the aerobic chase period by analyzing hexane/isopropanol extracts of the cells by HPLC
equipped with an in-line UV detector. The data are represented as percentage of DHE ester
recovered (= DHE ester/(DHE + DHE ester)). C. Incorporation of DHE into the PM of choline-
grown cells, quantified using fluorescence images acquired immediately after the hypoxic
incubation period as detailed in Fig 3E. 50 cells were analyzed. The box and whiskers plot shows
the mean of the measurements, with whiskers ranging from the minimum to the maximum value
measured. D. Microsomes from choline-grown WT and A-s-tether cells were assayed for their
ability to esterify [3H]cholesterol on addition of oleoyl-CoA as described in Fig 3F. The bar chart
shows the mean + S.E.M. (n = 3) of ACAT (acyl CoA: cholesterol acyl transferase) activity as the
rate of production of cholesteryl ester (CE) per mg microsomal protein per minute. E. The amount
of ergosterol in choline-grown WT and A-s-tether cells (nmol per OD600 of cell suspension) was
measured by lipid extraction and HPLC at the start and end of the aerobic chase period. Each
data point represents a triplicate measurement (the error bars are contained within the symbol
used for plotting).
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Transport-coupled esterification of DHE is a complex process that can be
separated into a series of discrete mechanistic steps (Fig 2.9A): 1 - insertion of DHE into
the PM, requiring the ABC transporters Aus1p and Pdr11p; 2 - equilibration of DHE
amongst PM sterol pools, e.g. pools located in the outer and inner leaflets; 3 - non-
vesicular transport of DHE from the cytoplasmic face of the PM to the ER (3a), a process
that requires resumption of ergosterol synthesis (3b) as the cells recover from hypoxia,
and transport of ergosterol to the PM (3c¢); and finally, 4 - esterification of DHE at the ER
by the ACAT enzymes Are1p and Are2p. Defects in one or more of these steps could
account for the slow-down in DHE esterification seen in A-s-tether cells. We verified that
DHE loading (step 1) (Fig 2.9E) and ACAT activity (step 4) (Fig 2.9F) were similar in WT
and A-s-tether cells grown in the absence of choline, and the same was true when the
cells were grown in the presence of choline (Fig2.10C, D). However, the level of
endogenous ergosterol in A-s-tether cells at the start of the aerobic chase was higher
than in WT cells on a per cell basis, although it reached the same value at the end of the
chase indicating that ergosterol re-synthesis (step 3b) occurs normally (Fig 2.9G). No
difference between ergosterol content and re-synthesis was seen when the cells were
grown in the presence of choline (Fig2.10E). As ergosterol synthesis is largely abolished
under hypoxic conditions, the ergosterol content of each cell diminishes with each cell
division and is replaced in our protocol by DHE. Because A-s-tether cells grow slowly in
the absence of choline, the ergosterol 'wash-out' is less complete for these cells than for
WT cells. The presence of a significant amount of residual ergosterol in A-s-tether cells
at the start of the aerobic chase could conceivably reduce the rate at which newly
synthesized ergosterol is able to displace DHE from the PM, resulting in an apparently
slower DHE esterification rate and obscuring information on whether sterol transport
between the PM and ER is indeed affected. Thus, our results suggest that the slow rate
of esterification observed in A-s-tether cells could be due to a defect in steps 2 (DHE
equilibration within the PM) and/or 3 (sterol (DHE and ergosterol) exchange between the
PM and the ER) (Fig 2.9A).

3.2.4. Bidirectional exchange of newly synthesized ergosterol
between the ER and PM is normal in A-s-tether cells

To test directly whether sterol exchange between the ER and PM is affected in A-
s-tether cells, one of the possibilities suggested by our results on retrograde sterol

transport (Fig2.9C, D) we used a pulse-chase protocol (Fig 2.11A) to compare the rate
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at which newly synthesized ergosterol is transported from the ER to the PM (184, 489).
The assay was performed as described previously, using [*H]methyl methionine to
pulse-radiolabel ergosterol in the ER (184). Aliquots of cells taken at different chase time
points were homogenized, and the PM was separated from the ER and other internal
membranes by sucrose gradient centrifugation. For each time point, the specific
radioactivity of [*H]ergosterol (SR = scintillation counts (cpm) + absorbance at 280 nm)
was determined for the unfractionated cell homogenate and specific fractions after
resolving the corresponding lipid extracts by HPLC, and the relative specific radioactivity

for each fraction (RSRfaction = SRraction ¥ SRee) Was calculated.

Figure 3.11. Bidirectional transport of ergosterol from the ER to the PM is
unaffected in A-s-tether cells.
A. Outline of the transport assay. B. Characterization of sub-cellular fractions. Top, Immunoblots
using antibodies against Pma1 (PM), Dpm1 (ER) and Vph1 (vacuole). Fraction 2 is designated
ER* to indicate that it contains membranes in addition to ER membranes. Data correspond to
fractionation of a homogenate of WT cells prepared at the end of the labeling pulse. Middle,
Quantification of Dpm1 and Pma1 in fractions prepared from homogenates of WT and A-s-tether
cells taken after a 30-min chase period. The blots were quantified by ImagedJ. Bottom,
Quantification of ergosterol in the different fractions from the middle panel. C. WT and A-s-tether
cells were processed as in panel A. The specific radioactivity (SR) of ergosterol in each fraction
([3H]ergosterol (cpm) + ergosterol mass as determined from HPLC-UV absorbance) was
normalized to the SR of the total homogenate at each time point to obtain a relative specific
radioactivity, RSR. The figure shows RSR versus time (t = 0 min is the start of the labeling pulse).
The lower portion of the graph (solid symbols) is based on 3-4 independent experiments); the
upper portion (open symbols) is based on 2-5 independent experiments). The lines are mono-
exponential fits of the data that plateau at RSR = 1. D. Transport of ergosterol in A-s-tether cells
with block in vesicular transport. Mid-log cultures of WT, sec18-1ts (CBY2859), A-s-tether
(CBY5838) and A-s-tether sec18-1ts (CBY5851) cells were grown at 24°C, shifted to the
restrictive temperature of 37°C for 20 min, pulse-labeled with [3H]methyl-methionine for 4 min
and chased for 15 min at the same temperature. The bar chart shows the RSR of the PM fraction
from samples taken at the end of the pulse and chase periods. Data are mean + S.E.M. (n = 3).
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Identical subcellular fractionation profiles were obtained with WT and A-s-tether
homogenates (Fig 2.11B), displaying clear separation of the PM from internal
membranes as judged by immuno-blotting using antibodies against organelle-specific
proteins. The quality of the fractionation was exactly as reported in a previous study
where a wide spectrum of antibodies was used to confirm the separation of the PM from
other membranes (184). The maijority of ergosterol was recovered in the PM fraction
from WT cells, as expected, and this was also the case for A-s-tether cells indicating that
the subcellular distribution of ergosterol is not affected by the absence of ER-PM contact

sites (Fig 2.11A, bottom panel).

We analyzed fractions 7 (PM) and 2 (ER-enriched; we designated this fraction
ER* to indicate that it contains other intracellular membranes (Fig 2.11B). The results
are shown in Fig 2.11C. For both WT and A-s-tether cells, RSR for ER* was high (>2.0)
on completion of the labeling pulse because [*H]ergosterol is synthesized in the ER,
before declining over the chase period to reach a value of 1.0. Conversely, RSR for the
PM started at a low level (<0.5; the non-zero value indicates that [*H]ergosterol is
transported to the PM even as it is being synthesized during the pulse-labeling period)
and increased to 1.0 by the end of the chase. The final RSR values of 1.0 for both
fractions indicate equilibration of the ergosterol pulse between the ER and PM as
previously reported (184, 489, 499). Mono-exponential fits of the data indicate that
[*H]ergosterol is exchanged between the ER and PM with a half time of ~10 min for both
WT and A-s-tether cells. Thus, the exchange of newly synthesized ergosterol between

the ER and PM is normal in A-s-tether cells.

We considered the possibility that conventional vesicular transport might deliver
sterols to the PM to compensate for the possible failure of non-vesicular modes of
transport in A-s-tether cells. To test this possibility, we constructed a A-s-tether sec18-1%
strain that eliminates both exocytosis and ER-PM contact at elevated temperatures.
Sec18p is required for exocytosis and most modes of vesicular trafficking (500, 501) and
the sec18-1' conditional mutation blocks vesicular transport of secretory proteins and
lipids to the PM (500, 502). Whether on its own or in the context of the A-s-tether
mutations, the sec78-1" allele does not allow cells to grow at 37°C, and A-s-tether
sec18-1 cells do not even grow at 30°C (Fig 2.12). However, the combined growth
defects of the A-s-tether mutations and sec78-7 at 30°C are additive as would be

predicted for unrelated pathways, and do not correspond to a synergistic interaction as
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would have been observed between mutations disrupting convergent pathways. After
culturing at 23°C, strains were incubated for 20 min at 37°C and pulse labeled with
[*H]methyl-methionine followed by a 15 min chase. The calculated RSRs of
[*H]ergosterol in PM fractions showed no significant differences between WT, sec78-1,
A-s-tether, or A-s-tether sec18-1 cells, indicating that ergosterol exchange between the
ER and PM is unaffected in all of these strains (Fig 2.11D). These results indicate that
secretory vesicles do not provide a compensatory sterol transport mechanism in A-s-

tether cells.

A-s-tether [ B SIE
A-s-tether sec78-71 kL X JE-EL
23

Figure 3.12. Growth of strains carrying the sec78-1 allele.

Tenfold serial dilutions of WT (SEY6210), sec18-1ts (CBY2859), Atether (ANDY198), A-s-tether
(CBY5988) and A-s-tether sec18-1ts (CBY5851) cultures were spotted on synthetic complete
medium and incubated at the indicated temperatures for 3 days.

We conclude that the exchange of newly synthesized ergosterol between the ER
and PM does not require ER-PM contact sites. This result has two clear implications.
First, the sterol transfer machinery in yeast is either absent from or not uniquely localized
to ER-PM MCSs. This suggests that contact site-localized proteins such as Lam1-Lam4
are not essential for sterol exchange between the PM and ER; these proteins may act
redundantly with soluble STPs or play other roles in intracellular sterol homeostasis
(211). Second, yeast cells do not possess soluble STPs capable of lowering the energy
barrier for sterol desorption by >10 ksT, which would make intracellular sterol transport
diffusion-limited rather than desorption-limited (488). Thus, non-vesicular sterol transport
in yeast is likely mediated by cytoplasmic STPs that lower the energy barrier for
desorption by a more typical ~2-3 kT (488) and that are present in a sufficient number

per cell to account for the measured sterol exchange rate (488).
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3.2.5. Does Osh4 account for sterol transport in the absence of ER-
PM contact sites?

Osh4p is one of the subset of Osh proteins capable of binding sterols, and it is
present in high levels in yeast at >30,000 copies per cell (503). Although elimination of
Osh4p had no effect on sterol transport as measured via assays of sterol import (491) or
ER-PM sterol exchange (Fig 2.13), we tested whether Osh4p might nevertheless
provide a compensatory sterol transport mechanism to allow normal ER-PM sterol
exchange in A-s-tether cells where the absence of ER-PM contact sites would prevent
any putative membrane-bound STPs from reaching their target membrane. Consistent
with a possible redundancy between Osh4p and ER-PM contact sites in sterol transport,
we discovered that osh4A Atether cells grew poorly and osh4A A-s-tether cells were
inviable (Fig 2.15A). In contrast, deletion of the putative sterol transporter encoded by
LAM2 had no impact on A-s-tether cells whether cultured with or without added choline
(Fig 2.14). This result is consistent with the fact that the A-s-tether mutations
compromise Lam2p function by eliminating its proximity to the cell cortex (Fig 2.2), and
therefore no further effect would be anticipated on eliminating expression of the protein
itself. Expression of Scs2p from a plasmid rescued osh4A A-s-tether cell lethality, but
choline supplementation did not (Fig 2.15A). This result suggests that an ER-PM tether
is required to restore viability to these strains; tether-independent, choline-induced,
phospholipid synthesis is either irrelevant to osh4A A-s-tether synthetic lethality or
choline supplementation is simply insufficient to overcome the severity of the

phospholipid defect.
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Figure 3.13.Normal transport of newly synthesized ergosterol to the PM in osh4A
cells.
Transport of newly synthesized ergosterol to the PM in WT (SEY6210) and osh4A (HAB821) cells
was measured by pulse-chase radiolabeling as described in Fig. 3, using MBCD extraction rather
than PM isolation to quantify transport. A pulse of [3H]ergosterol was generated in the ER by
labeling cells for 4 min with [3H-methyljmethionine. Samples were chased for the indicated times.
At each chase point, an aliquot of cells was removed, dosed with energy poisons, placed on ice
and incubated with MBCD. Following incubation, the sample was centrifuged and the MBCD-
containing supernatant was removed from the cell pellet. Ergosterol was recovered from MBCD-
ergosterol complexes as well as from the cell pellet by extraction with hexane/isopropanol, and its
specific radioactivity was determined by HPLC (UV detection). The ratio of the specific
radioactivity of ergosterol in MBCD-ergosterol complexes versus the cell homogenate (relative
specific radioactivity, RSR) provides a measure of transport. Data points represent the mean +
S.E.M of three independent experiments, each of which comprised duplicate measurements at
the indicated time points.
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Figure 3.14. LAM2 deletion does not impact growth of Atether or A-s-tether.

WT (SEY6210), Atether (ANDY198), A-s-tether (CBY5838), lam2A Atether (CBY6150), and
lam2A A-s-tether cells (CBY6150) were streaked onto selective solid media with and without 1
mM choline and incubated for 2 days at 30°C.
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Figure 3.15. Functional interactions between ER-PM tethers and PI4P regulators
A. OSH4 deletion in A-s-tether cells results in synthetic lethality. WT (SEY6210), Atether
(ANDY198), A-s-tether (CBY5838), osh4A Atether (CBY5940), and osh4A A-s-tether cells
(CBY5988) were transformed with an episomal copy of the SCS2 tether gene (+ [SCS2];
pCB1183) and streaked onto selective solid media with and without choline supplementation. The
presence of the SCS2 gene provides an ER-PM tether that confers robust growth, even in the
absence of all other tether genes. On growth medium selecting against the SCS2 plasmid (-
[SCS2]), osh4A A-s-tether cells were inviable with or without choline. B. OSH6 expression
suppresses the synthetic lethality of osh4A in A-s-tether cells. WT and osh4A A-s-tether cells
containing an episomal copy of SCS2 were transformed with either the high-copy vector control
(YEplac181), OSH4 (pCB598), or OSH6 (pCB1266) and streaked onto solid growth media. On a
medium selecting against the SCS2 plasmid, OSH4 or OSH6 expression suppressed osh4A A-s-
tether synthetic lethality, whereas vector control did not. C. Representative images of WT,
Atether, and A-s-tether cells by DIC with corresponding fluorescence microscopy showing the
localization of the PI4P sensor GFP-2xPHOSH2 (pTL511). Scale bar = 2 ym. D. Bar graphs
quantifying the number of GFP-2xPHOSH?2 fluorescent Golgi spots (lower and upper boundaries
of boxes correspond to data quartiles; the white bar indicates the median; lines represent the
range of spots/cell) and the percentage of GFP-2xPHOSH2 fluorescent mothers detected in WT,
Atether and A-s-tether cells. E. SAC1 deletion in A-s-tether cells results in a synthetic lethal
interaction. WT, Atether, sac1A Atether (CBY6142), A-s-tether and sac1A A-s-tether cells
(CBY6146) were transformed with an episomal copy of SCS2 and streaked onto selective solid
media with and without choline supplementation. On a medium that selects against the SCS2
plasmid, sac1A A-s-tether cells were inviable whether or not choline was added.

To test if osh4A A-s-tether synthetic lethality results from defects in intracellular
sterol transport, we generated a conditionally viable strain that combines A-s-tether
mutations with a temperature-sensitive osh4-1 allele (443). At 36°C, osh4-1 osh4A A-s-
tether cells do not grow, and so we measured DHE transport from the PM to the ER 1
hour after switching to the inactivating temperature. When OSH4 is inactivated in A-s-
tether cells in this manner, DHE transfer and esterification were found to be the same as
in A-s-tether cells (Fig 2.16). We conclude that the elimination of OSH4 has no further

impact on sterol transport from the PM to the ER in A-s-tether cells.

Each of the seven OSH genes can provide the essential requirement for the
entire family of OSH genes (192). Even though they are defined as 'oxysterol-binding
protein homologs', not all Osh proteins are able to bind sterols but all likely bind PI4P
(134, 197). Thus, Osh6 binds PI4P and PS in a mutually exclusive fashion, but cannot
bind sterols (136, 194). As another way to determine if the osh4A A-s-tether synthetic
lethality relates to the sterol- versus P14P-binding activities of Osh4, we therefore tested
if Osh6p could functionally replace Osh4p in this context. As shown in Fig 2.15B,
expression of Osh6p from a multi-copy plasmid rescued the growth defect of osh4A A-s-
tether cells. Plasmid-based expression of Osh6p was important for growth rescue as the

chromosomally expressed protein, present at fewer than 2000 copies per cell (503), was
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not able to support growth. Lipidomics analysis of osh4A A-s-tether cells rescued with
multicopy OSH6 did not reveal an obvious mode of suppression by changes in lipid
metabolism (Fig 2.8C). Compared to A-s-tether cells, levels of most sphingolipid
precursors and phospholipids (including PS) were unchanged in the OSH6-rescued cells
or showed minor reductions. The minor reduction in free ergosterol measured in A-s-
tether cells was restored to WT levels in OSH6-rescued osh4A A-s-tether cells, and
ergosterol ester levels doubled over WT. These results are consistent with a model in
which Osh4p and ER-PM tethers function redundantly and independently, but in an

important function revolving around PI4P with indirect effects on sterol metabolism.

60-
. BWT
% 40- @ A-s-tether
Li‘j @ A-s-tether osh4A osh4-1
T
Q 20-
X

0

0 25 50 75 100

Figure 3.16. Elimination of Osh4 function in the A-s-tether strain does not
exacerbate the slow rate of esterification of exogenously supplied
DHE.
WT (SEY6210), A-s-tether (CBY5838) and osh4-1 osh4A A-s-tether (CBY6031) were inoculated
from a saturated overnight culture into fresh media (complete synthetic media for WT and A-s-
tether and the same medium without leucine for osh4-1 osh4A A-s-tether) supplemented with 20
pug/ml DHE and 0.5% Tween:ethanol. The cells were incubated under hypoxic conditions for 36 h
at 30°C, before being transferred to 37°C for 1 h (continuing in hypoxic conditions) and then
chased aerobically for the indicated time-points at 37°C. DHE esterification was measured as
described in Fig 3.

To explore this model further, we used the PI14P marker GFP-PH%"? to compare
the distribution of PI4P in WT and A-s-tether cells. It had been previously reported that
P14P was dysregulated in Atether cells (16) and we anticipated that this phenotype might
be exacerbated in A-s-tether cells. WT cells showed PI4P concentrated at the PM only in
buds and also localized to the Golgi apparatus (Fig 2.15C, D); this distribution, was

disrupted in A-s-tether cells where PI4P was evenly distributed throughout the PM in
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both mother cells and buds (Fig 2.15C, D). The intensity of PI4P staining in the PM of A-
s-tether mother cells was greater than that seen for Atether cells (Fig 2.15C, D). To test
if the artificial staple could correct the PI4P accumulation/depolarization phenotype,
GFP-PH%" and the ER-PM staple were both expressed in A-s-tether cells (Fig 2.17).
Although at a gross level the artificial tether did not restore normal PI4P polarization,
Pl4P was absent at the immediate cortical sites where the staple interacted with the PM,
suggesting a potentially local corrective effect. The addition of choline to A-s-tether cells
had no impact on GFP-PH®s" depolarization (100% of A-s-tether cells cultured with or
without choline had equal GFP-PH®" fluorescence in mother and bud PM, compared to
4.7% of WT cells grown with no added choline and 3.6% of WT cells with choline; n
>104 cells), indicating that ER-PM MCS regulation of PI4P in the PM is distinct from the
role of MCSs in PC metabolism. Taken together, our results suggest that the synthetic
lethality of the A-s-tether mutations with osh4A is associated with dysregulation of PI4P

homeostasis.

Figure 3.17. Altered PI4P distribution in A-s-tether cells is not corrected by
expression of the artificial ER-PM staple.
A. Wild-type (SEY6210) cells expressing an mCherry-tagged version of the artificial RFP-staple
(RFP-staple; pCB1188) and co-transformed with the PI4P sensor GFP-2xPHOSH2 (pTL511), as
shown by DIC and fluorescence confocal microscopy. Scale bar = 5 um. B. Fluorescent images
of A-s-tether cells (CBY5838) co-expressing GFP-2xPHOSH2 and the artificial RFP-staple. The
boxed region represents an enlarged region shown in the inset where gaps in the uniform PM
Pl4P fluorescence coincide with the presence of the artificial RFP-staple. Scale bar =5 ym. C.
Quantification of mother cell GFP-2xPHOSH2 fluorescence at the PM observed as a percentage
of all wild-type and A-s-tether cells (n > 100 cells).
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Osh4p and several other Osh proteins have been shown to be upstream

regulators of the PI4P phosphatase Sac1p, inducing its activity and thereby affecting

PI4P levels in several cellular membranes including the PM (131). Sac1p is an ER-

membrane protein that interacts with most of the ER-PM tethers deleted in the A-s-tether

strain (16), placing it in a position to act across ER-PM contact sites to dephosphorylate

PM-localized PI4P. If Osh4p acts through Sac1p in the same pathway, then sac7A might

also be synthetically lethal in A-s-tether cells. This was indeed the case (Fig 2.15E),
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consistent with the model that Osh4p and Sac1p function in a PI4P regulatory pathway
operating alongside ER-PM tethers. One possibility is that Sac1p itself provides limited
tethering, a function that might be induced by the absence of the other tethers in A-s-
tether cells. However, expressing the soluble enzymatic domain of Sac1p (Sac1'°?%p)
without its ER membrane-binding domain suppressed sac1A A-s-tether lethality (Fig
2.18). This result indicated that Sac1p does not act as a tether, and that Sac1
dependence on MCSs can be partially bypassed if Sac1p is released from the
membrane so that it can access PI4P in the PM. Because Osh4p acts in vitro as a
soluble PI4P transport protein (62), it might function in cells to extract and transport PI14P
from the PM to Sac1 in the ER. We tested if the requirement for Osh4-mediated PI4P
transport could be circumvented if Sac1p was freed from the ER membrane to diffuse to
the PM to dephosphorylate PI14P. However, soluble Sac1'%??p expressed from a
multicopy plasmid did not rescue osh4A A-s-tether lethality, indicating that the
requirement for Osh4p cannot be bypassed by liberating Sac1p from the ER (Fig 2.18).
Thus, in the context of ER-PM MCSs, Osh4p might play an important role in Sac1

regulation, but clearly has other independent functions as well.

Figure 3.18. The membrane-detached enzymatic SAC1'°22 domain suppresses
the synthetic lethality of sac1A A-s-tether but not oshA A-s-tether
cells.

(A) WT (SEY6210) and sac1A A-s-tether (CBY6146) cells expressing an episomal copy of SCS2

(pSCS2) were transformed with the vector control (YCplac111) or plasmids expressing SAC1

(pPRS415 SAC1), SAC11-522 (pRS415 SAC11-522), or SAC11-522expressed from a high-copy

plasmid (pRS425 SAC11-522). Cells were streaked onto solid growth media containing 5’-FOA

(to select against strains that cannot growth without SCS2), supplemented with and without 1 mM

choline, for 3 days at 30°C; SAC1 and high-copy SAC11-522suppressed sac1A A-s-tether

synthetic lethality, regardless of choline addition. (B) WT and osh4A A-s-tether (CBY5988) cells
containing an episomal copy of SCS2 were transformed with the vector control, or plasmids
expressing SAC1, SAC11-522, or high-copy SAC11-522. Cells were streaked onto solid 5’-FOA-
containing media with and without 1 mM choline and incubated for 3 days at 30°C. In the
absence of SCS2, neither SAC1 nor SAC11-522 expression suppressed osh4A A-s-tether
synthetic lethality.
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3.2.6. Altered lipid organization in the PM of A-s-tether cells

We have shown that the absence of ER-PM contact sites does not affect sterol
exchange between the ER and PM (Fig 2.11C), and that this lack of effect is not due to
compensatory sterol transport by secretory vesicles (Fig 2.11D) or by the single most
abundant sterol binding protein in yeast, Osh4p (Fig 2.15B). We can therefore pinpoint
the cause of slow transport-coupled esterification of exogenously supplied DHE in A-s-

tether cells to step 2 in the scheme depicted in Fig 2.9A, i.e. the exchange of sterol
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between sterol pools within the PM lipid bilayer. To investigate this point, we tested the
growth of A-s-tether cells in the presence of three drugs that report on the lipid

organization of the PM: nystatin, duramycin, and edelfosine.

Nystatin is an ergosterol-binding polyene antimycotic compound. Nystatin
resistance is observed in viable sterol biosynthesis mutants and some mutants, such as
osh4A (497), that disrupt sterol organization within the PM. Conversely, many mutants
with altered lipid composition and/or PM organization exhibit nystatin sensitivity (497,
504). On nystatin-containing medium, A-s-tether cells exhibited an exacerbated growth
sensitivity compared to Atether cells, and both strains were more sensitive than WT or

nystatin-resistant osh4A cells (Fig 2.19A).

Figure 3.19. Alterations in ergosterol pools and dynamics at the PM in A-s-tether
cells.
A. Sensitivity of A-s-tether cells to nystatin. Tenfold serial dilutions of WT (SEY6210), osh4A
(HAB821), Atether (ANDY198) and A-s-tether (CBY5838) cultures spotted onto solid rich medium
containing no nystatin, 1.25 pyM (+), or 2.5 yM (++) nystatin, and incubated for 3 days at 30°C. B.
Tenfold serial dilutions of WT, Atether, and A-s-tether, lem3A (CBY5194) cultures were spotted
onto solid rich media containing no drug, 5 yM duramycin, or 60 uM edelfosine, and incubated for
2 days at 25°C and 30°C. The lem3A strain is known to be duramycin-sensitive and was used as
a positive control. C. Tenfold serial dilutions of WT, Atether, A-s-tether, and osh3A (JRY6202)
cultures were spotted onto solid rich media containing no drug or 0.5 pg/mL myriocin, and
incubated for 2 days at 30°C. The osh3A strain is known to be myriocin-resistant and was used as
a positive control. D. Assay to measure the proportion of cellular ergosterol that is extracted by
MBCD. The PM of a yeast cell is shown, with outer (green) and inner (blue) leaflets delineated.
Incubation of cells with MBCD on ice results in extraction of ergosterol from the outer leaflet. The
sample is centrifuged to recover MBCD-ergosterol complexes in the supernatant. Ergosterol is
extracted from the cell pellet and supernatant with hexane/isopropanol and quantified by HPLC
(UV detection). E. The MBCD-accessible pool of ergosterol (quantified as in panel D) is ~20-fold
greater in A-s-tether cells versus WT cells, and partially restored to WT levels in cells expressing
the ‘ER-PM staple’. The statistical significance of the difference between the measurement of WT
cells and each of the different A-s-tether samples is p < 0.0001, and between the A-s-tether
samples is p = 0.0205 (*) and 0.436 (not significant, ns). F. Assay to measure transport of newly
synthesized ergosterol from the ER to the MBCD-accessible pool. Cells are pulse-labeled with
[3H]methyl-methionine to generate [3H]ergosterol in the ER, and chased as described in Fig 3.
After a 30-min chase period, energy poisons are added and cells are placed on ice and incubated
with MBCD. The ratio of the specific radioactivity of ergosterol in MBCD-ergosterol complexes
versus that of the cell homogenate (relative specific radioactivity, RSR) provides a measure of
transport. G. Transport of newly synthesized ergosterol from the ER to the MBCD-accessible
pool. The bar chart shows RSR values for the different samples. The dotted line indicates the
average RSR (~0.82, averaged over both WT and A-s-tether samples) after 30 min of chase for
the PM fraction as described in Fig 3. The statistical significance was determined by one-way
ANOVA (***p = 0.0003, **p = 0.0027, *p = 0.043).

91



WT
osh4A
Atether
A-s-tether

+nystatin +nystatin

B
WT
Atether o
A-s-tether SPPC
lem3A
WT
Atether o
A-s-tether 25°C
fem3A
+duramycin +edelfosine
C
g @ &
Atether LR & 1.
A-s-tether i
osh3A K X K I
+myriocin
D F
outer MBCD
leaflet P MBCD
0 . 0|0
. MBCD- l_l MBCD-
ergosterol PM ergosterol
inner (]
leaflet ER
o ergosterol o ergosterol
o [3H]ergosterol
E . G
8_ —
3 ns. o
© 29 0.84--------
£ ® L 83 o
35 & £ 06
5 < 4 55 |l
g7 QP 0441
2 3 Q8
o 2] ﬂ s© 0.2 ﬂ
o 1 —~ o
2 ole[C1EL I o %go.oWTQ -
A & A+ - - |vector ()
*\\é;@e'&\@ - + - |staple ;@3\@ ,2’:@(2\‘2’
S - - +|choline R
v A-s-tether X

92



Duramycin is a lantibiotic that disrupts cell growth by directly binding PE in the
outer leaflet of the PM. As PE is principally located in the cytoplasmic leaflet of the PM,
duramycin sensitivity indicates changes in PE bilayer asymmetry as seen in the
phospholipid-flippase mutant lem3A. The growth of WT, Atether, and A-s-tether cells was
not significantly affected by duramycin (Fig 2.19B) indicating that transbilayer
phospholipid asymmetry is unaffected. We next tested edelfosine, a cytotoxic
lysophosphatidylcholine analogue whose activity in yeast is modulated by PM
phospholipid flippase activity, and by sterol and sphingolipid pathways. A flippase defect
confers edelfosine resistance (505), whereas changes in the lipid composition and
physical properties of the PM confer edelfosine sensitivity (506). A-s-tether cells
displayed acute cytotoxicity to edelfosine compared to WT or even Atether cells (Fig

2.19B) consistent with changes in PM properties.

Based on the sensitivity of A-s-tether cells to edelfosine (Fig 2.19B), as well as
the significant reductions in their sphingolipid levels revealed by lipidomics analyses (Fig
2.5G), we considered the possibility that the cells would exhibit a growth phenotype in
response to the sphingolipid synthesis inhibitor myriocin (Fig 2.19C). Indeed, previous
work had shown that elimination of the three tricalbins alone causes myriocin sensitivity
(38). Unexpectedly, both Atether and A-s-tether cells were myriocin-resistant (Fig
2.19C). These results suggest that myriocin toxicity in A-s-tether cells is mitigated by
compensatory alterations either in membrane composition or in the sphingolipid
biosynthesis apparatus. Taken together, the results of our drug screening experiments
indicate that changes in PC and sphingolipid organization in A-s-tether cells might

indirectly modulate sterol pools within the PM.

The perturbation in PM lipid organization revealed by drug tests (Fig 2.19A-C)
was not evident in measurements of the ergosterol 'status' of the cell (Fig 2.20). Thus,
when comparing WT and A-s-tether cells, we found no significant difference in the
fraction of total cellular ergosterol that was recovered in detergent-insoluble membranes
(DIMs) (Fig 2.20F), a crude read-out of the extent to which ergosterol associates with
phospholipids and sphingolipids containing saturated acyl chains (184, 489). Likewise,
there were no significant differences in the total ergosterol content of the cells (Fig
2.20A), the ergosterol/phospholipid ratio (Fig 2.20B) or the fraction of cellular ergosterol

located in the PM (Fig 2.11B). Because these bulk measurements are unlikely to be
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responsive to nuanced changes in lipid composition and organization, we chose a more

sensitive technique to probe ergosterol organization at the PM.
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Figure 3.20. Analysis of bulk lipids in WT, Atether and A-s-tether cells.

A-C. Quantification of ergosterol, ergosterol:phospholipid molar ratio and ergosteryl ester in WT
(SEY6210), Atether (ANDY198), and A-s-tether (CBY5838) cells. Lipids were extracted and
quantified as described in Materials and Methods. D. Quantification of the number of lipid droplets
per cells (n > 100 cells counted for each strain). E. The specific radioactivity (SR) of ergosterol
after labeling cells for 4 min with [3H-methyllmethionine was determined by HPLC as described in
Fig. 3 and normalized to that of WT cells (set arbitrarily to 1.0). F. Detergent-insoluble
membranes (DIMs) were prepared by incubating cells with ice-cold Triton X-100. The proportion
of ergosterol in DIMs versus whole cells was quantified solvent extraction followed by HPLC
analysis.
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Methyl-B-cyclodextrin (MBCD) extracts only a very small fraction, <0.5%, of total
cellular ergosterol from the outer leaflet of the PM of WT cells under our standard
conditions (184, 489), indicative of the unusual physical properties of the yeast PM (184,
489, 507-509). When PM lipid organization is perturbed, then the amount of MBCD-
extractable sterol can increase dramatically as seen as in oshA osh4-1% cells and
sphingolipid-deficient lcb1-100° cells at the non-permissive temperature (184, 489). We
compared the MBCD-extractability of ergosterol in WT cells versus the tether mutants
(Fig 2.19D). As reported previously, the proportion of ergosterol extracted from WT cells
by MBCD is ~0.25% of total cellular ergosterol (184, 489); a similarly low level of
extraction (<1%) was obtained with Atether cells (Fig 2.19E). However, in A-s-tether
cells, the MBCD-accessible ergosterol pool in the PM was >5%, ~20-fold greater than for
WT cells, consistent with a major change in the PM lipid bilayer that enabled greater
extraction of ergosterol. This effect was largely reset by expression of the ER-PM staple
and completely restored to WT levels by supplementing the growth medium with choline
(Fig 2.19E). The ability of both the ER-PM staple and choline to restore PM lipid
organization as revealed by MBCD-extractability of ergosterol parallels their ability to
correct the slowdown in retrograde transport of DHE (Fig 2.9D). Thus, these results are
consistent with the idea that the reduced rate of transport-coupled esterification of DHE
is due to perturbations of the PM lipid bilayer that delay the access of exogenously
supplied DHE to cytoplasmic STPs (Fig 2.9D, step 2). The ability of choline to provide
the same corrective effect as the ER-PM staple without inducing membrane contacts
indicates that the role of tethers in this context is to support normal phospholipid and/or

sphingolipid homeostasis, and thereby membrane organization.

Although the exchange of ergosterol between the ER and PM as a whole was
unchanged in A-s-tether cells (Fig 2.11C, D), we investigated if the movement of
ergosterol within the PM bilayer might be affected. Non-vesicular transport of newly
synthesized [*H]ergosterol deposits ergosterol molecules in the cytoplasmic leaflet of the
PM. At a minimum, these molecules must exchange with the outer leaflet pool of
ergosterol before they fully equilibrate with PM ergosterol pools and become accessible
to MBCD (Fig 2.19F). We tested if the exchange of ergosterol within the PM was
affected in A-s-tether cells by measuring the rate at which newly synthesized ergosterol
becomes accessible to MBCD extraction. We used [*H]methyl-methionine to pulse-label

ergosterol in the ER and then chased the cells for 30 min. The samples were subjected
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to MBCD extraction and, in parallel, samples were taken for subcellular fractionation to
isolate the PM (as in Fig 2.11B). Both the MBCD extract and the PM fraction were
processed with organic solvents to extract ergosterol for HPLC analysis and
measurement of RSR. The RSR for the PM fraction after a 30-min chase was ~0.8 for
both WT and A-s-tether cells (Fig 2.19G, dashed line), as expected (Fig 2.11C).
However, the RSR for MBCD-extracted ergosterol in WT cells was ~0.65 (Fig 2.19G,
WT), indicating a slight delay in the transport of ergosterol within the PM to the MBCD-
accessible pool in the outer leaflet consistent with our previous report (184, 489). This
delay was considerably greater in A-s-tether cells where the MBCD-extracted ergosterol
had an RSR of only ~0.15 after a 30-min chase (Fig 2.19G, A-s-tether). Expression of
the ER-PM staple reduced the delay significantly such that the RSR increased to ~0.3 in
A-s-tether cells chased for 30 min (Fig 2.19G, A-s-tether + staple). We conclude that (i)
the transfer of ergosterol from its site of arrival at the cytoplasmic leaflet of the PM to the
outer leaflet pool from which it can be extracted by MBCD is slower than the rate at
which ergosterol exchanges between the ER and PM as a whole as reported previously
(184), and (ii) the intra-PM movement of ergosterol, from the inner to the outer leaflet, is
dramatically slower in A-s-tether cells compared with WT cells. Taken together with the
fact that the abundance of characteristic PM lipids, e.g. inositol-P-ceramide (IPC),
mannosyl-IPC (MIPC) and PS in A-s-tether cells differs significantly from WT cells (Fig
2.5G), it seems likely that the changes in ergosterol organization in the PM and the rate
of exchange between ergosterol pools in the PM are an indirect consequence of

changes in PM phospholipid and sphingolipid composition.

3.2.7. Membrane contacts between the ER and PM proliferate in
response to sterol depletion

We have shown that membrane contact between the ER and PM impacts the
abundance of PM lipids (sphingolipids, PE, PS (Fig 2.5G) and PI4P (Fig 2.15C) PM lipid
organization (Fig 2.19A, B, C, E) and the intra-PM movement of ergosterol (Fig 2.19G).
In turn, it is known that PM lipids play a role in the establishment of contact sites (Fig
2.1A): thus, phosphoinositides and PS in the PM provide anchors for ER-localized
Tcb1p-Tcb3p, Ist2p, and Scs2p (30, 104, 130, 160, 163, 485, 494). As sterols represent
a large fraction of PM lipids and are critical determinants of PM organization (486, 510),
we analyzed the potential role of sterols in establishing contact sites between the ER
and PM.

96



To test the dependence of MCS formation on ergosterol, we depleted yeast cells
of sterols and visualized cER-PM association by both transmission electron microscopy
and Tcb3p-GFP and RFP-ER distribution by fluorescence microscopy. Squalene
synthase (Erg9p) represents the first sterol-specific enzymatic step in the production of
all sterols, and inhibition of Erg9p specifically blocks sterol synthesis without directly
affecting other isoprenoids (511). In erg9A PYET_.ERGY cells, methionine addition to the
growth medium represses Erg9p expression and de novo sterol synthesis stops. To our
surprise, electron microscopy showed that sterol depletion in erg9A PYET_.ERG cells
resulted in a dramatic expansion of cER (Fig 2.21A) such that the inner face of the PM
was nearly completely covered with associated ER membrane (Fig 2.21B). This finding
was confirmed by confocal fluorescence microscopy in live Tcb3p-GFP-expressing cells.
In sterol-replete WT cells Tcb3p-GFP fluorescence exhibited a characteristic
discontinuous stitched pattern around the cortex (Fig 2.21C) (38). In ~90% of sterol-
depleted erg9A PMETS.ERGI cells, however, cortical fluorescence was essentially
contiguous (Fig 2.21C). Although sterol-depleted cells accumulate as G1-arrested
unbudded cells, G1-arrested cdc42-101 cells did not induce any change in Tcb3p-GFP
distribution, indicating that increased ER-PM contact is not due to G1 arrest per se (Fig
2.22). These results indicate that ER-PM membrane association is induced when cellular

sterol synthesis is blocked.

Figure 3.21. Sterol depletion induces both ER-PM MCS formation and Tcb3p tether
expression.
A. Electron micrographs of WT (CBY858) and erg9A PMETS-ERG9 (CBY745) cells before (- Met)
and after (+ Met) methionine repression of PMETS-ERG9 synthesis of sterols (methionine was also
added to WT). Inserts correspond to magnifications of boxed regions at the cell cortex showing
PM-associated ER (arrowheads); cER is highlighted in magenta. Scale bar = 2 ym. B.
Corresponding to panel A, quantification of cER length expressed as a percentage of the total
circumference of the PM in each cell section counted (n = 25 cells for each strain; error bars
show S.D.; p = 7.6 x 102 for the difference between WT and erg9A PMETS_.ERGY (+ Met)). C. WT
(CBY5836) and erg9A (CBY5834) cells with integrated TCB3-GFP and PMETS-ERG9 constructs in
the presence of methionine, which represses ERG9 expression and sterol synthesis in erg9A
cells. Scale bar =2 ym. D. Corresponding to panel C, representative immunoblots probed with
anti-GFP and anti-actin antibodies showing Tcb3-GFP levels in WT and sterol-depleted erg9A
PMETS.ERGY cells as compared to the actin (Act1) control. Relative to WT, Tcb3-GFP levels
increased 5.6 + 1.6 (mean £ S.D.; n = 5) fold in sterol-depleted erg9A PMETS-.ERGI. E. Continuous
Tcb3-GFP and ER-RFP fluorescence along the PM (arrowheads) dissipated with the addition of
exogenous cholesterol to sterol-depleted hem1A erg9A PMET3-ERGY cells (CBY5995 and
CBY5842 pCB1024, respectively). Intense ER-RFP nuclear fluorescence (arrows) also
diminished after cholesterol addition. The normal discontinuous dashed line of Tcb3-GFP and
ER-RFP around the cell cortex was unaffected in sterol-prototrophic hem1A cells (CBY5993 and
CBY5844 pCB1024, respectively), Scale bar = 2 ym. F. Quantification of contiguous association
between cER and the PM after cholesterol addition in hem1A, TCB3-GFP hem1A cells, and
sterol-depleted hem1A erg9A PMETS-ERGO cells and TCB3-GFP hem1A erg9A PMETS-ERGO cells.
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Following cholesterol addition to sterol-depleted hem1A erg9A PMETS-ERG cells, reductions in
cortical Tcb3-GFP localization were detected 1 h after cholesterol addition, with reductions in
cortical ER-RFP lagging slightly behind (n > 100).
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In addition to its altered distribution along the PM, Tcb3p-GFP fluorescence was
generally greater in sterol-depleted cells relative to WT, suggesting an induction of
Tcb3p protein levels in response to sterol reduction. This point was verified by analyzing
cell extracts prepared from both WT and erg9A PYET3.ERG sterol-depleted cells
expressing Tcb3p-GFP and determining relative levels of Tcb3p-GFP by SDS-
PAGE/immunoblotting using anti-GFP antibodies. When normalized to levels of the actin
(Act1p) internal control, Tcb3p-GFP protein levels were seen to be induced ~6-fold in
sterol-depleted cells compared to similarly treated WT cells (Fig 2.21D). In genome-wide
analyses of gene expression by DNA microarray, sterol depletion had no impact on
transcript levels of any of the tether genes; relative to WT cells, methionine repression of
de novo sterol synthesis in erg9A PYET_.ERG9 cells showed transcriptional changes
between 0.93-1.05 £ 0.03 (mean = S.D.; independent duplicate trials) for each of the
seven tether protein genes. These results indicated that Tcb3 protein levels are post-

transcriptionally regulated.
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Figure 3.22. ER-PM MCSs do not increase in unbudded arrested cells.

A. Discontinuous cortical Tcbh3-GFPp distribution was observed in WT (CBY5942) and cdc42-
101ts (CBY5944) cells incubated 1 h at 37°C, or at 30°C. Scale bar = 2 ym.B. Percentage of cells
with normal discontinuous Tcb3-GFP distribution versus continuous cortical localization along the
PM in WT and cdc42-101ts cells. Even after G1-arrest for 5 h at 37°C, Tcb3-GFP in cdc42-101ts
cells was indistinguishable from WT.
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Because of the long half-life of cellular sterols, an extended period is required
after ERG9 repression for complete sterol depletion. To determine how quickly sterol-
depleted cells recover their normal distribution of ER-PM association, ER-RFP and
Tcb3p-GFP redistribution was measured in response to exogenously added cholesterol.
Under standard culture conditions yeast does not import sterols from the medium as
discussed above (Fig 2.9), but the deletion of HEM1 permits cholesterol uptake (429). A
hem1A erg9A PMETS.ERG strain could grow after sterol depletion, but only when
exogenous cholesterol (or 8-aminolevulinic acid (3-ALA), the product of the Hem1p
enzyme) was supplemented to the growth medium (Fig 2.23). In hem1A cells, ER-RFP
and Tcb3-GFP distributions were the same with or without cholesterol supplementation
(Fig 2.21E). In sterol-depleted hem1A erg9A PMET>-.ERG cells, return to the normal
discontinuous stitched fluorescence of cortical Tcb3p-GFP commenced 1 h after
cholesterol addition, and the characteristic WT pattern was observed after ~4 h (Fig
2.21E, F). In these cells, recovery of normal ER-RFP morphology lagged behind the
restoration of the normal Tcb3p-GFP distribution (Fig 2.21F), consistent with the idea
that tethering complexes dictate changes in cER association. These results indicate that

tethering between the ER and PM responds to cellular sterol pools.

+3-ALA +cholesterol

WT A A A XS

erg9APYET_.ERG9 K 3 T XU
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Figure 3.23. Rescue of sterol-depleted hem1A erg9A PYET-ERG9 cells with
exogenous cholesterol.
Ten-fold serial dilutions of WT (with an integrated P¥ET-ERG9 construct; CBY918), erg9A PMET-
ERGY (CBY745), and hem1A erg9A PMET-ERG9 (CBY5844) cultures on synthetic solid medium
with (+Met) or without (-Met) methionine, containing (as shown) cholesterol, or 5-aminolevulinic
acid (+8-ALA), or neither. In the absence of 6-ALA supplementation, all hem1A strains require
methionine for growth and cholesterol uptake cannot occur under aerobic conditions without the
hem1A mutation. In the presence of methionine, which represses PMET-ERG9 expression and
sterol synthesis, hem1A erg9A PMET-ERGY cells grow (albeit slowly) with 25 ug/ml cholesterol
supplementation.
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3.3. Discussion

Membrane contact sites are widely hypothesized to facilitate non-vesicular lipid
exchange. We tested this hypothesis in the context of sterol exchange between the ER
and PM in yeast by creating A-s-tether cells that lack ER-PM membrane contacts. We
now report that these contact sites are not required for ER-PM sterol exchange but
rather function as regulators of PM lipid homeostasis, controlling the organization and
dynamics of sterols within the PM and acting redundantly with the OSBP homolog
Osh4p in an essential pathway related to PI4P homeostasis. We also report our
unexpected discovery that in the absence of sterol biosynthesis, ER-PM contact sites
proliferate such that the entirety of the PM is associated with ER due to increased
expression of tethers. These results invite a revision of current thinking about the role of
contact sites as hubs for lipid transport and reveal a reciprocal relationship between the
formation and function of contact sites on the one hand, and lipid homeostasis on the

other.

3.3.1. Ice2 is an ER-PM tether.

To create A-s-tether cells we eliminated /ICEZ2 in the previously described Atether
strain. The role of Ice2p in distributing ER along the PM between mother and daughter
cells during mitosis is well established (125, 175), hinting that it may play a direct role in
tethering ER to the PM. Ice2p is a polytopic ER membrane protein with a single
prominent cytoplasmic loop that has been implicated in associating the ER with lipid
droplets during the stationary phase of growth, and potentially channeling diacylglycerol
to the phospholipid biosynthetic machinery in the ER as cells resume growth (178). In
analogy to its proposed tethering role in stationary phase cells, we speculate that Ice2p
may play a role in bridging the ER and PM in rapidly dividing cells. Indeed, fluorescence
microscopy reveals that Ice2p is located at the cell cortex in Atether cells (Fig 2.4). As a
potential tether protein, the cytoplasmic loop of Ice2p may interact directly in trans with
the cytosolic face of the PM, or, similar to the Scs2p tether (16, 126), Ice2p might form a
bridge across the ER-PM interface via an interaction with another protein. If the latter
scenario is correct, then the mechanism of tethering by both Ice2p and Scs2p would
differ from that of the autonomous membrane attachments conferred by Ist2p and the E-

Syt homologs Tcb1p-Tcb3p (Fig 2.1A). Nevertheless, eliminating Ice2p in the context of
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Atether cells results in quantifiable reductions in ER-PM association beyond those
previously reported for Atether cells (Figs 2.1E and Fig 2.2), leading to clear functional
outcomes. For example, synthetic lethality of A-s-tether with osh4A or sac1A was not
manifested in the progenitor Atether strain, and only occurred with the additional deletion
of ICE2. Likewise, slowing of transport-coupled esterification of DHE (Fig 2.9C) and
increased extractability of ergosterol by MBCD (Fig 2.19E) were observed only after
deletion of /ICEZ2 in Atether cells. Taken together, these findings show that Ice2p is an

important contributor to ER-PM tethering and associated functions.

3.3.2. Normal ER-PM sterol exchange in the absence of contact sites.

We found that bidirectional sterol exchange between the ER and PM occurs at
the same rate in A-s-tether and WT cells indicating that ER-PM contact sites do not
contribute quantitatively to the mechanism of sterol movement between these two
membranes. If any elements of the sterol transport machinery are localized to ER-PM
MCSs, then their function must be subsumed by other sterol transport mechanisms in A-
s-tether cells. However, we show that in and of themselves, neither secretory vesicles
(Fig 2.11D) nor the cytoplasmic sterol binding protein Osh4p (Fig 2.15A, B) or the ER-
anchored Lam2 protein (Fig 2.14) provide this putative compensatory mechanism in A-s-
tether cells. Our results also make it clear that yeast cells do not possess STPs with the
ability to lower the energy barrier for sterol desorption to the point where transport
becomes a diffusion-limited rather than desorption-limited process (488). Thus, non-
vesicular sterol transport in yeast is likely mediated by unremarkable cytoplasmic STPs
(i.e. STPs that are able to lower the energy barrier for sterol desorption by only 2-3 kgT)
present in a sufficient number per cell to account for the measured sterol exchange rate

(488). The identification of these STPs is a focus of future work.

3.3.3. Altered sterol organization and dynamics in the PM of A-s-tether
cells.

Even though ER-PM sterol exchange was unaffected by the lack of ER-PM contact sites,
trafficking of exogenously supplied DHE to the ER was unexpectedly slow in A-s-tether
cells compared with WT cells (Fig 2.9C). Careful analysis of the various mechanistic
steps of the transport process (Fig 2.9A) revealed that the slow-down could be linked to

a dramatic lowering of the rate at which sterols equilibrate between the inner and outer
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leaflet of the PM in A-s-tether cells (Fig 2.19F, G). While this slow-down should not
affect the equilibration of DHE with PM sterol pools during the extended hypoxic loading
period used for this assay (Fig 2.9A, steps 1 and 2), it would affect the rate at which
newly synthesized ergosterol displaces DHE from the PM during the aerobic chase
thereby resulting in a slower rate of transport-coupled DHE esterification. We previously
reported that the appearance of newly synthesized ergosterol in the MBCD-extractable
ergosterol pool in the outer leaflet of the PM lags behind its arrival at the PM in WT cells
(Fig 2.19D, E), suggesting that equilibration of sterol across the yeast PM is
considerably slower than seen for cholesterol flip-flop in synthetic, liquid crystalline
membranes and in red blood cells (512-514). This may be a consequence of the
unusual properties of the yeast PM, exemplified by the slow lateral diffusion of both lipids
and proteins (508, 509) and the organization of PM proteins into a mosaic of domains
(515). In the case of A-s-tether cells, the rate of transbilayer sterol equilibration was ~5-
fold slower than for WT cells (Fig 2.19G), and this was reflected in changes in PM
bilayer organization as manifested in the nystatin and edelfosine sensitivity of these
cells, and the greater accessibility of sterols to MBCD extraction (Fig 2.19A, B, E).
Quantification of cellular lipids revealed reductions in PE, PS, and the sphingolipids IPC
and MIPC (Fig 2.5G). As these lipids generally reflect PM composition (516), we
propose that relative changes in lipid levels are the underlying cause of the disturbance

in the PM bilayer, resulting in a change in ergosterol dynamics.

3.3.4. PM phospholipid dysregulation in A-s-tether cells.

How do ER-PM contact sites affect PM lipid organization and intra-PM ergosterol
dynamics? Because the growth defect of A-s-tether cells was rescued by choline
supplementation (Fig 2.5E), which increases flux through phospholipid biosynthetic
pathways (517) without inducing contact site formation (Fig 2.5F), the primary defect in
cells lacking ER-PM contact sites appears to involve phospholipid regulation.
Remarkably, both choline and the artificial staple corrected most defects inherent to A-s-
tether cells (i.e. slow growth (Fig 2.5B); slow transport-coupled DHE esterification (Fig
2.11D); high MBCD-extractability of ergosterol (Fig 2.19E); slow rate of ergosterol
exchange between PM pools (Fig 2.19G)). These results indicate that the function of the
endogenous tethers, even those such as Tcb1p, Tcb2p and Tcb3p with lipid-transporting

SMP domains (155), might be largely structural in this context, i.e. the tethers provide a
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means of mechanical attachment of the ER to the PM, thereby enabling ER-localized
proteins such as the PC-synthesizing phospholipid methyltransferase Opi3p to act in

trans.

An exception to this general conclusion is that neither choline nor the artificial
staple were able to re-establish normal PI4P polarization in A-s-tether cells (Figs 2.15C,
D and Fig 2.17). PI4P dephosphorylation at the PM is proposed to be due to the ER-
localized Sac1p phosphatase acting in trans at ER-PM contact sites (139), although the
protein clearly also acts in cis (201). The inability of the artificial staple to facilitate PM
access for Sac1p might stem from either (i) an insufficient number or improper
positioning of membrane contacts established by the staple, and/or (ii) the inability of the
staple to provide a specific requirement for Sac1p activation, which is otherwise provided
by endogenous tethers (almost all tethers were identified by the virtue of specific
interactions with Sac1p (16), whereas the artificial tether would lack this ability). Our data
suggest that PM PI4P is reduced in the immediate vicinity of contact sites generated by
the artificial staple (Fig 2.17B), indicating that Sac1p might access PI4P locally at those
points. In contrast, endogenous tethers and their ancillary factors might further expand

cER-associated regions of the PM that are accessible to Sac1p.

In yeast, all phospholipids are synthesized from phosphatidic acid (PA) via the
CDP-diacylglycerol (CDP-DAG) pathway; PE and PC are also synthesized by the
Kennedy pathway using diacylglycerol (DAG) and salvaged or exogenously supplied
ethanolamine and choline (517, 518) (Fig 2.24). PA levels and the DAG:PA ratio are
critical in determining the amount of CDP-DAG available for phospholipid synthesis (Fig
2.24). The mole percentage of PA in A-s-tether cells is 20% lower than that in WT cells,
and the DAG:PA ratio is 2-fold greater (Fig 2.5G), indicating dysregulation of
phospholipid synthesis in the absence of ER-PM contact sites. Consistent with this,
levels of PS and PIl-derived sphingolipids are much lower in A-s-tether than in WT cells
(Fig 2.5G), although PI levels are unaffected (see below). As previously shown (177),
ice2A scs2A cells have a diminished ability to convert PS to PC via Opi3p-mediated
phospholipid methylation at ER-PM contact sites, necessitating choline supplementation
for normal growth. In A-s-tether cells, choline supplementation would not only bypass the
need for Opi3p, but also compensate for the lower overall rate of phospholipid synthesis
resulting from decreased PA levels by generating PC via the Kennedy pathway for

membrane growth. Lipidomic analysis of A-s-tether cells cultured with choline did in fact
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show restoration of PC to levels comparable to WT (Fig 2.8). These results are also
consistent with the choline-reversible synthetic growth defects observed when either
OPI3 or CHOZ2 is deleted in A-s-tether cells (Fig 2.6). Thus, ER-PM contact sites may
function as regulatory interfaces that coordinate the CDP-DAG and Kennedy pathways

to balance convergent mechanisms for phospholipid synthesis.
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Figure 3.24. Glycerophospholipid and sphingolipid biosynthetic pathways in
yeast.
See text for details

A-s-tether cells have a normal mole percentage of Pl and increased PI4P, yet
their content of inositol sphingolipids is ~60% lower than in WT cells (Fig 2.5G)
indicating dysregulation of phosphoinositide homeostasis due to loss of ER-PM contacts.
Total cellular Pl is generated predominantly by the CDP-DAG pathway and Sac1-
mediated dephosphorylation of PI4P (itself generated from PI) in separate cellular
locations, with both routes providing the biosynthetic precursor for complex inositol
sphingolipids (Fig 2.24). Brice et al. (404) reported that disruption of SAC1 alone
reduces Pl levels dramatically, and IPC and MIPC levels by >70%. The A-s-tether
mutations would reduce the Sac1p-mediated route for Pl production by distancing the

enzyme from its substrate in the PM (Fig 2.15C). However, sac1A and A-s-tether
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mutations are lethal when combined, likely due to limiting PI levels, indicating that A-s-
tether mutations must also inhibit Pl production from the CDP-DAG pathway. Normal PI
levels in A-s-tether cells may therefore be a consequence of preserving this lipid at the
expense of inositol sphingolipid production. It should be noted that Sac1p is also a
component of the SPOTS (SPT, Orm1p/2p, Tsc3p and Sac1p) complex that regulates
early steps in sphingolipid synthesis (377, 519). However, levels of ceramide, an early
precursor in sphingolipid synthesis, were essentially normal in A-s-tether cells (Fig
2.5G). It therefore seems unlikely that the SPOTS complex plays a direct role in ER-PM

contact site regulation of inositol sphingolipids.

3.3.5. Intersection of Osh4, Sac1 and ER-PM MCSs in PI4P
homeostasis.

While investigating whether normal ER-PM sterol transport in A-s-tether cells
could be due to the compensatory activity of soluble or membrane-bound STPs, we
discovered that the deletion of OSH4 was synthetically lethal with A-s-tether mutations
(Fig 2.15A). Lethality was not due to a sterol-related process because Osh6p, which
does not bind sterols, could rescue osh4A A-s-tether growth defects (Fig 2.15B).
Consistent with previous proposals that Osh proteins represent important regulators of
P14P (133, 139), the deletion of SACT in A-s-tether cells also resulted in synthetic
lethality (Fig 2.15E). Based on these findings we propose that Osh4p (and Sac1p)
functions in a parallel pathway alongside ER-PM contact sites for PI4P regulation.
However, expression of the soluble enzymatic domain of Sac1p did not suppress osh4A
A-s-tether lethality (Fig 2.18), suggesting that the downstream regulation of Sac1p is not
the only role Osh4 plays at ER-PM MCSs. The availability of A-s-tether cells now allows
further interrogation of the mechanism by which ER-PM MCSs function as interfaces for

regulating PI4P signaling and phospholipid metabolism.

Our results are consistent with the hypothesis that ER-PM contact sites constitute a
regulatory nexus to balance sterol and phospholipid concentrations to maintain PM
structure. In the absence of contact sites, the ratio of sterols to specific phospholipids
and sphingolipids is uncoupled, which negatively impacts PM organization, intra-PM
sterol dynamics, and PI4P levels. When sterols become limiting, post-transcriptional
induction of Tcb3p increases the extent of ER-PM association, potentially facilitating

compensatory changes to phospholipid synthesis to re-establish bilayer stability.
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Although the mechanisms that control Tcb3p levels in sterol-replete or sterol-depleted
cells are not known, it is interesting to speculate that the induction of a tether protein
may represent a new homeostatic mechanism for regulating PM composition and

structure.

3.4. Materials and Methods

3.4.1. Strains, plasmids, microbial and genetic techniques

Yeast strains and plasmids are listed in Supporting Information (Table 2.1 and 2.2,
respectively). Unless otherwise stated, yeast cultures were grown in synthetic complete
or YPD rich media at 30°C. All temperature-sensitive alleles were cultured at permissive
growth temperatures (30°C unless otherwise stated) and shifted to the restrictive
temperature of 37°C as specified. DNA cloning and bacterial and yeast transformations

were carried out using standard techniques (520).

For the choline and ethanolamine supplementation growth assays, yeast strains
were cultured in synthetic minimal media for 48 h, then streaked on to solid synthetic
complete media containing 1 mM choline chloride or 1 mM ethanolamine (Sigma-Aldrich
Chemicals, St. Louis, MO). Growth in response to inositol supplementation was tested
on synthetic minimal media containing 75 yM myo-inositol (Sigma-Aldrich Chemicals).
For the nystatin sensitivity plate assay, ten-fold serial dilutions of yeast cultures were
spotted onto solid synthetic media containing 2.5 yM nystatin (Sigma-Aldrich
Chemicals). Cell growth was also tested on solid rich media containing 60 uM edelfosine
(Cayman Chemical, Ann Arbor, MI), 5 uM duramycin (Sigma-Aldrich Chemicals), or 0.5
Mg/mL myriocin (Sigma-Aldrich Chemicals). To select against URA3-marked plasmids
(e.g. pCB1183), yeast cultures were grown on rich growth media then streaked onto a
synthetic solid growth medium containing 1 g/L 5-fluoroorotic acid (Gold Biotechnology,
St. Louis, MO). For assays of cholesterol uptake by cells lacking HEM1, yeast cultures
were spotted onto a solid synthetic medium lacking methionine, containing 25 ug/mli
cholesterol in 1% (vol/vol) Tween 80—ethanol (1:1 [vol/vol]) and 50 pg/ml 5-
aminolevulinic acid (5-ALA; Sigma-Aldrich Chemicals). For sterol depletion assays,
erg94 PYET3.ERGY cells were grown at 30°C for 10 h in synthetic media lacking

methionine and grown to mid-log phase before adding 100 mg/L methionine.
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DNA cloning and bacterial and yeast transformations were carried out using
standard techniques (520). The functional artificial tether fusion plasmids pCB1185 and
pCB1188 were derived from pRS416-P"*"’-eGFP-Myc-HMH-RItC, a kind gift from Tim
Levine (UCL Institute of Ophthalmology). To construct pCB1185, coding sequences from
pRS416-P"*"’-eGFP-Myc-HMH-RitC were amplified using
CACTCGAGTTATGGAGCAAAAGCTCATTTCTGAAGAG and
CAGGTACCCTATACTGAATCCTTTTTCTTACGGAAT primers, and the product was
digested with Xhol/Kpnl for subcloning in-frame with GFP under the control of an ACT1
promoter in a YCplac111 vector. To construct pCB1188, coding sequences from
pRS416-PY*"-eGFP-Myc-HMH-RitC were amplified using the primers:
CATCCGGACTTATGGAGCAAAAGCTCATTTCTGAAGAG and
CATCTAGACTATACTGAATCCTTTTTCTTACGGAATGG. The amplified product was
digested with Kpnl/Xbal and subcloned in-frame with coding sequences for mCherry

under the control of an ACT17 promoter in a YCplac111 vector.

All genomic manipulations were performed by integration of PCR amplified
product as previously described (521). All natMX4 and hphMX4 deletions were
generated by homologous recombination into the yeast genome of targeted P4339 and
pAG32 amplified products; transformants were selected for on YPD media containing
100 mg/L nourseothricin (Gold Biotechnology) and 400 mg/L hygromycin B (Toku-E,
Bellingham, WA), respectively. For growth of hem1A::natMX4 cells, selective growth
media contained 50 ug/ml 3-ALA. The sec18-1:URA3 temperature-sensitive allele strains
were isolated at 23°C after genomic recombination of the sec78-1:URA3 gene cassette
amplified from CBY2853 genomic DNA. All transformants were confirmed by genomic

PCR or genetic complementation assays.

Table 3.1. Yeast strains.
Unless otherwise referenced, all strains were created as part of this study.

Strain Genotype Reference

ANDY198 | MATa leu2-3,112 ura3-52 his3A200 trp1A901 lys2-801 suc2A9 ist2AA::hisMX6 | (16)
Scs2A::TRP1 scs22A::hisMX6 tcb1A::kanMX6 tch2A::kanMX6 tch3A::hisMX6
BY4741 MATa leu2AA0 ura3A0 his3A0 met15A0

CBY745 | MATa leu2A0 ura3A0 lys2A0 erg9A::kanMX4 HIS3::PMETS-ERGY (443)
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CBY858

MATa leu2A0 ura3AQ0 lys2A0 his3A::kanMX4

(443)

CBY918

MATa leu2A0 ura3A0 lys2A0 ERG9 HIS3::PYET-ERGY

CBY2859

SEY6210 sec18-1:URA3

CBY5194

BY4741 lem3A::kanMX4

CBY5804

SEY6210 ice2A::natMX4

CBY5834

CBY745 TCB3-GFP:URA3

CBY5836

CBY918 TCB3-GFP:URA3

CBY5838

ANDY198 ice2A::natMX4

CBY5842

CBY745 hem1A::natMX4

CBY5844

CBY918 hem1A::natMX4

CBY5851

CBY5838 sec18-1:.URA3

CBY5940

ANDY198 osh4A::URA3

CBY5942

MATa leu2-3,112 ura3-52 his3A200 lys2-801 CDC42:LEU2 TCB3-GFP:URA3

CBY5944

MATa leu2-3,112 ura3-52 his30200 lys2-801 cdc42-101:LEU2 TCB3-
GFP:URA3

CBY5980

ANDY198 osh4A::hphMX4 pCB1183

CBY5988

ANDY198 osh4A::hphMX4 ice2A::natMX4 pCB1183

CBY5993

CBY5844 TCB3-GFP:URA3

CBY5995

CBY5842 TCB3-GFP:URA3

CBY6031

ANDY198 osh4A::hphMX4 ice2A::natMX4 pCB1157

CBY6140

ANDY198 osh4A::hphMX4 ice2A::natMX4 pCB1266

CBY6142

ANDY198 sac1A::hphMX4

CBY6146

ANDY198 sac1A::hphMX4 ice2A::natMX4 pCB1183

CBY6150

ANDY198 lam2A::hphMX4

CBY6153

ANDY198 lam2A::hphMX4 ice2A::natMX4

CBY6220

ANDY198 ICE2-GFP.URA3
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CBY6267 | ANDY198 cho2A::hphMX4 ice2A::natMX4

CBY6271 | ANDY198 opi3A::hphMX4 ice2A::natMX4

HABB821 SEY6210 osh4A::HIS3 (522)
JRY6202 | SEY6210 0sh3A::LYS2 (192)
SEY6210 | MATa leu2-3,112 ura3-52 his3A200 trp1A901 lys2-801 suc2A9 (623)

Table 3.2. Plasmids
Unless otherwise referenced, all plasmids were created as part of this study.

Plasmid Description Source/Reference
p4339 pCRII-TOPO natMX4 C. Boone (University of Toronto)
pAG32 pFA6 hphMX4

pCB598 YEplac181 OSH4

pCB1024 (RFP-ER) | pRS416 PPHOS-RFP-SCS2220-244 (125)
pCB1157 YCplac111 osh4-1

pCB1185 YCplac111 PACT-GFP-Myc-HMH-RitC

pCB1188 YCplac111 PACT™-mCherry-Myc-HMH-RitC

pCB1204 YCplac111 RFP-RAS2

pCB1266 YEplac181 OSH6

pCB1277 YCplac111 PPHOS-RFP-SCS2220-244

pGFP-Lam2 pRS416 GFP-LAM2

pOPI3 pRS416 PPHO5-Myc-OPI3 (177)
pRS416 URA3 CEN (524)
pRS415 SAC1 pRS415 SAC1 (332)
pRS415 SAC1%522 | pRS415 PCPS-SAC11-522 (332)
pRS425 SACT1%522 | pRS425 PCPS-SAC11-522 (332)
pSCS2 pRS416 PPHO5-Myc-SCS2 (177)
pTL511 pRS416 PCPY-GFP-2xPHOSH2 (138)
YCplac111 LEU2 CEN (525)
YEplac181 LEU2 2u (525)

3.4.2. Transmission electron microscopy

Yeast cells were grown to mid-log phase and prepared (fixation, dehydration,

infiltration/embedding) as previously described (526). Minor changes were made to the
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infiltration schedule as follows: ethanol:resin (2:1) was incubated overnight while
ethanol:resin (1:1) was incubated for 5 h. For calculations of cER abundance in electron
micrographs, the ratio between PM and the length of PM associated with cER were
determined using ImagedJ (www. imagej.nih.gov/ij/index.html); cER was assigned as

previously described (14).

3.4.3. FIB-SEM

The resin block was microtomed to expose a clean face and then attached to a
metal SEM stub with carbon tape. The sides were coated with silver paint to increase
conductivity. The block was then sputter coated with a thin coat of Au/Pd and inserted
into the FIB/SEM. Areas of interest were identified by viewing with the electron beam at
25 keV. Serial Blockface Imaging: The area of interested was coated with 1 um thick Pt
in the microscope using the Pt deposition needle. The sample was tilted to 52 degrees
and a ~30 ym trench was cut in front of the area. The FEI Slice and View G2 program
was used for data collection, with the following parameters: Imaging at 2 keV; 50 pA
current; 30 ys dwell time; horizontal field width 17.74 um; tilt angle 60 degrees (cross-
sectional viewing angle -30 degrees); working distance 2.5 mm; TLD detector set to -
245V suction tube voltage for backscatter imaging. The slice thickness was set at 20 nm,
so the final voxel size was 8.66 nm in X, 10 nm in Y and 20 nm in Z. Image processing:
Raw images were aligned using the xfalign tool in IMOD (527). Images were then
corrected for density gradients using ImageJ software (528). The aligned and corrected
tiff images were imported into Amira for density-guided segmentation (FEI Software,
Hillsboro, OR) and display.

3.4.4. Fluorescence microscopy and live-cell imaging

Confocal fluorescence microscopy was performed as previously described(529).
For all experiments, yeast cells were grown to mid-log phase before visualization. GFP-
Staple (pCB1185) and mCherry-Staple (pCB1188) fusion proteins were imaged using
150 and 750 ms exposures, respectively. RFP-ER (pCB1024 and pCB1277) and RFP-
RAS2 (pCB1204) were imaged using a 750 ms exposure on the confocal. GFP-
2xPH%SH2 (pTL511) was imaged by confocal microscopy using a 250 ms exposure.
Tcb3p-GFP and Ice2p-GFP were imaged by confocal microscopy using 350 ms and 1.5

s exposures, respectively.
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Widefield fluorescence microscopy was performed as previously described [94].
GFP-2xPH%S"2 (pTL511) imaged by widefield epifluorescence was acquired using a 200
ms exposure, 30% arc lamp intensity and analog gain set to full. Bleed-through between
fluorescence channels was undetectable under the conditions used for image

acquisition. All contrast enhancement was kept constant for each series of images.

3.4.5. Sterol transport assays

Transport of exogenously supplied DHE from the PM to the ER was determined
as previously described (184, 497). Briefly, DHE was loaded into the PM of cells under
hypoxic conditions and its transport to the ER upon subsequent aerobic chase was
monitored by fluorescence microscopy and quantified by lipid extraction and HPLC to
determine the extent of conversion to DHE-ester. To quantify the initial fluorescence of
DHE-loaded cells, individual cells were outlined using Imaged then the corresponding
area and integrated density were measured to determine the Corrected Total Cell
Fluorescence (CTCF), as previously described (530)[95]; CTCF = (integrated density -
(area of selected cell x mean background fluorescence)). At least 40 cells were counted
(from 4 individual fields) for each strain. The ACAT (Acyl-CoA:sterol acyltransferase)
activity of the cells was assayed with microsomes using a modification of a published
procedure (531) as described (184, 497).

Biosynthetic sterol transport was measured using a pulse-chase labeling
procedure as previously described (184, 497). Briefly, cells were labeled with [*H]-
methyl-methionine for 4 min to generate a pulse of [*H]ergosterol in the ER, and
subsequently chased with unlabeled methionine. Transport was assessed after
subcellular fractionation to isolate the PM, or methyl-B-cyclodextrin (MBCD) extraction to
sample ergosterol in the outer leaflet of the PM. Ergosterol in cells, subcellular fractions,

and MBCD extracts was solubilized using organic solvents and quantified by HPLC.

3.4.6. Lipidomics

For lipidomics analysis, cells were grown to ODsoo ~0.8 and lipid were extracted with
chloroform:methanol (2:1). Yeast lipid extracts were prepared using a standard
chloroform-methanol mixture, spiked with appropriate internal standards, and analyzed

using a 6490 Triple Quadrupole LC/MS system (Agilent Technologies, Santa Clara, CA)
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(532). Glycerophospholipids and sphingolipids were separated with normal-phase HPLC
as described before (532), with a few changes. An Agilent Zorbax Rx-Sil column (inner
diameter 2.1 x 100 mm) was used under the following conditions: mobile phase A
(chloroform:methanol:1 M ammonium hydroxide, 89.9:10:0.1, v/v) and mobile phase B
(chloroform:methanol:water:ammonium hydroxide, 55:39.9:5:0.1, v/v); 95% A for 2 min,
linear gradient to 30% A over 18 min and held for 3 min, and linear gradient to 95% A
over 2 min and held for 6 min. Sterols and glycerolipids were separated with reverse-
phase HPLC using an isocratic mobile phase as before (532) except with an Agilent
Zorbax Eclipse XDB-C18 column (4.6 x 100 mm).

Quantification of lipid species was accomplished using multiple reaction
monitoring (MRM) transitions (532, 533) in conjunction with referencing of appropriate
internal standards: PA 17:0/14:1, PC 17:0/20:4, PE 17:0/14:1, PG 17:0/20:4, PI
17:0/20:4, PS 17:0/14:1, LPC 17:0, LPE 14:0, Cer d18:1/17:0, D7-cholesterol,
cholesteryl ester (CE) 17:0, 4ME 16:0 diether DG, D5-TG 16:0/18:0/16:0 (Avanti Polar
Lipids, Alabaster, AL). Quality and batch controls (534) were included to assess
instrument stability and reproducibility, and allow for correction of drift and other
systematic noise, e.g. biases correlated with analysis order and/or sample preparation.
Values are represented as mole fraction with respect to total lipid (mole percentage)
(532). All lipid species and subclasses were analyzed with one-way ANOVA followed by

a post hoc Bonferroni test.

3.4.7. Immunoblots

For analysis of Tcb3 protein expression, 10 ODsoo units of Tcb3p-GFP expressing cells
post sterol depletion were prepared as described by Ohashi et al. (535). Pellets were
resuspended in SDS sample buffer and boiled for 5 min before SDS-PAGE. Protein
transfer to nitrocellulose membranes and immunoblot conditions were as previously
described (536). To detect Tcb3p-GFP, immunoblots were incubated with a 1:1000 anti-
GFP antibody (ThermoFisher Scientific Inc., Waltham, MA) followed with 1:10,000 anti-
rabbit-HRP secondary antibody (Bio-Rad Laboratories, Mississauga, ON). Actin was
detected using 1:1000 anti-actin antibody (Cedarlane, Burlington, ON) followed with
1:10000 anti-mouse-HRP secondary antibody (ThermoFisher Scientific Inc.).
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For analysis of Ysp2 protein expression, 10 ODsoo units of GFP-Ysp2 expressing
cells were prepared and proteins extracted as above. To detect GFP-Ysp2, immunoblots
were incubated with 1:2000 anti-GFP antibody (Sigma-Aldrich Chemicals) followed by
1:10,000 anti-rabbit-HRP secondary antibody (Promega, Madison, WI). GAPDH was
detected using 1:10,000 anti-GAPDH antibody (ThermoFisher Scientific Inc.) followed
with 1:10000 anti-mouse-HRP secondary antibody (Promega).

3.4.8. Estimate of the random chance of finding ER at the cell cortex
in cells lacking tethers

We derive a rough estimate of the chance of finding cER at the cell cortex in
yeast cells that lack the ability to tether the ER to the PM as follows. Assuming that a
yeast cell has a volume of 65 um? (radius = 2.5 um)(537, 538), we estimate the volume
of a cortical shell defined by the reported distance (30 nm) at which the ER is retained at
the PM by tethers as 1.9 um3. As ~ 45% of the PM is associated with ER in WT cells
(Fig. 1E and references (10, 16)), the volume of the cortical shell that is occupied by ER
is 0.9 um3. If this amount of ER were to become untethered, then it could be found
anywhere in the total volume of the cell. Approximately 65% of the total cell volume is
available for this purpose, i.e. 42 um?®, as the rest is occupied by the nucleus and
organelles (539). Thus, the random chance of finding the dispersed complement of cER

anywhere in the cell, including the cell cortex, is 0.9/42 = 0.02 or ~2%.
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Chapter 4. Functionally defining Plasma
Membrane-Endoplasmic reticulum membrane
contact site secondary tether proteins

This chapter is adapted and expanded from a manuscript in preparation. The authors
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Evan Quon', Jesper Johansen', Christopher T. Beh'?

'Department of Molecular Biology and Biochemistry, Simon Fraser University, Burnaby,
British Columbia V5A 1S6, Canada

2Centre for Cell Biology, Development, and Disease, Simon Fraser University

| performed genetic manipulations to generate all recombinant yeast strains which
served as the basis for this publication. | performed all experiments and analysis except
for Figure 3.3B which was performed by Dr. Jesper Johansen and Figure 3.1A-D which

were courteously provided by Dr. Anant Menon.

Dr. Christopher Beh contributed to writing and editing of the manuscript.
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4.1. Introduction

Membrane Contact Sites (MCSs) are regions of close apposition between two
organelles that serve as interfaces for both direct exchanges of membrane constituents
and regulatory interactions. MCSs are seen within all eukaryotic cells and involve nearly
all membrane compartments (16, 27-29, 38, 93, 97, 158, 540, 541). A wide variety of
different tethering proteins bridge the gaps between membranes, including between the
ER and the PM. As a major biosynthetic site for lipids, the ER represents the source of
most membrane components. As the major resident site for lipids, the PM and the cell
cortex represent the target destination for most cellular membrane constituents. In
addition to vesicular transport from the ER, ER-PM MCSs provide another potential
“non-vesicular” conduit for lipid transfer critical for maintaining cortical size. Apart from
membrane transport, MCSs might also confer a "sensing nexus" wherein ER metabolic

production and PM requirements are balanced.

In yeast, a large proportion of the cytoplasmic face of the PM is covered by
closely associated ER membrane (10, 542). The physical attachment between these
membranes is partly mediated by ER integral membrane proteins that interact with the
cytoplasmic face of the PM, though for some tether proteins, the precise mechanism for
PM binding has yet to be determined. Some of these ER-PM tether proteins were
identified by Manford et al. (16), who postulated that tethers might directly interact with
the phosphatidylinositol-4-phosphate (P14P) phosphatase Sac1p and the VAP homolog
Scs2p. Sac1p is an integral membrane protein normally restricted to the ER that may or
may not regulate PM PI4P levels in trans at regions of close ER-PM apposition (139,
201, 543). Scs2p is also an ER membrane protein that had been previously implicated
as a mediator of ER-PM contact (125, 139). It was reasoned that if Scs2p were the only
ER-PM tether, then in scs2A cells Sac1p would be unable to reach across for PI4P turn-
over in the PM, phenocopying sac7A defects (16). A modest decrease in PM PI4P was
shown in cells lacking both SCS2 and its homolog SCS22, but not as dramatic as
observed in sac7A cells (16). These results suggested, in so far as ER regulation of
P14P is concerned, other tether proteins operate at ER-PM contact sites in addition to
Scs2p (and Scs22p). On the premise that unidentified tethers would be at contact sites
alongside Scs2p and Sac1p, where they might physically interact, a proteomic strategy

was successfully applied to discover the other ER-PM tether proteins (16)
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From a list of Sac1p- and Scs2p-interacting proteins determined by proteomic
analysis, the three tricalbins Tcb1p-3p were identified along with Ist2p as potential
tethers (16). All these integral membrane proteins had been independently found to
reside at regions of cortical ER that associate in frans with PM phosphoinositides, which
affirmed their involvement in ER-PM tethering (38, 161). Tricalbins represent yeast
homologs of mammalian extended synaptotagmins (E-Syts), which seem to play dual
roles in ER-PM lipid transfer and possibly in Ca2+ regulation (159, 544). Ist2p is a
multispan ER transmembrane domain proteins and a representative member of the
TMEM16-anoctamin family of ion channels and phospholipid scramblases (545).
Because they interact with both Sac1p and Scs2p at ER-PM MCSs, Ist2p and the
tricalbins could conceivably form one large protein complex with coupled functionalities.
Alternatively, these Sac1p and Scs2p-binding tether proteins might represent
independent complexes forming separate MCSs. Regardless, in yeast cells, the

elimination of the primary tether proteins caused a drastic reduction in ER-PM MCSs.

Based on the work by Manford et al. and ourselves (16, 29), we classified the
tricalbins, Ist2p, Ice2p, and Scs2p/22p as “primary tethers” (30) (Fig. 1.2). A primary
tether protein must adhere to two criteria under normal growth conditions: i) a primary
tether protein must localize to MCSs, ii) a primary tether protein is necessary for
membrane association (i.e. deletion of a primary tether gene must significantly reduce
membrane association). Elimination of any of these primary tethers reduces the
frequency of MCS formation as compared to wild-type cells, as observed by electron
microscopy or fluorescence microscopy using ER markers (Fig. 3.1). In Atether cells,
which lack six of these primary tethers, ER-PM association is greatly reduced (16). It
was noted, however, that ER-PM association does not entirely dissipate in Atether cells,
suggesting the presence of additional tethers. Indeed, even if all ER-PM tether proteins
are eliminated, random associations between untethered ER and the PM would still be
predicted as freed ER drifts through the cytoplasm near the cell cortex. Through simple
volumetric calculations, rough estimates can be made of residual stochastic ER-PM
associations remaining in cells lacking all tethering proteins. Using the cytoplasmic
volume determined for a prolate unbudded yeast cell (excluding volumes of major
organelles), and the volume occupied by the ER-association with the PM (40% cortical
coverage with a 35 nm thickness, corresponding to the average ER-PM gap distance),

the ratio of cortical ER:cytoplasm volumes is ~0.02. In other words, if untethered cortical
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ER disperses throughout the volume of the cytoplasm, 2% of this ER will be found
anywhere within the cytoplasm including near the PM. In Atether cells, the coverage of
PM with ER is significantly more than 2%, suggesting that some direct (non-stochastic)
membrane tethering still remains. Based on our rough calculations and observations that

ER-PM association remains in Atether cells, we searched for additional ER-PM tether(s).

Figure 4.1. Primary membrane tether proteins adhere to cortical ER membrane to
the cytoplasmic face of the PM
(A) Representative transmission electron microscopy (TEM) images of wild-type (SEY6210) and
(B) A-s-tether cells (CBY5838) showing the distribution of cortical ER (magenta) lining the PM,
and cytoplasmic ER (blue). N = nucleus, V = vacuole. (C) Representative wild-type and (D) A-s-
tether cells modeled from 3-D constructions of sections imaged by focused-ion-beam tomography
(FIB-SEM); cortical ER is shown in magenta, cytoplasmic ER in blue. V = vacuole, N = nucleus
(yellow). Note that the nucleus is partially hidden underneath the vacuole in the 3-D image of the
A-s-tether cell. (E) Super-resolution fluorescent microscopy of RFP-ER marking the nuclear,
cytoplasmic, and cortical ER. (F) Super-resolution 3-D model showing Tch3p-GFP fluorescence
at ER-PM MCSs

As previously defined (30), secondary tethers might fortify or expand the
association of membrane at pre-established contact sites, or they might induce
membrane contact in response to specific stimuli. Unlike the primary tethers deleted in
the A-s-tether strain, the elimination of secondary tethers from cells would not impact
ER-PM contact site formation. In contrast to primary tethers, secondary tethers would be

sufficient, but not necessary, to promote membrane association when overexpressed or
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induced. Secondary tether overexpression may also suppress defects (i.e. growth)
associated with the absence of MCSs. As demonstrated by the artificial membrane
staple, ER-PM contact is relatively non-specific, so the mechanism of any presumptive
secondary tether might also be quite general. To put flesh on the bones of this
conceptual model, | tested two candidate ER proteins (Ysp2/Lam2p and Pah1p)
previously implicated in MCS formation to determine if they meet the predicted criteria of

secondary tethers.

4.2. Results

Ysp2/Lam2p (hereafter referred to as Ysp2p) is one of six StART domain
homologs that are implicated in non-vesicular sterol transfer between the ER and other
cellular compartments (211, 212). In particular, Ysp2p-GFP localizes to spots consistent
with sites where the ER and PM are associated (Fig 3.2), though distinct from where
established primary tethers are observed (211). The deletion of YSP2 in wild-type,
Atether or A-s-tether cells had no negative impact on growth relative to the
corresponding parent strains, suggesting that Ysp2p is not functionally required for
growth as a primary tether (29). Because these results suggest that Ysp2p is not
necessary for ER-PM contact, Ysp2p does not meet the criterion of being a primary
tether. Considering Ysp2 appears to be present at ER-PM interfaces despite being
unnecessary for establishing membrane association, | hypothesize that Ysp2p may be a
secondary tether. Because YSP2 has a paralogue, LAM4, as well as four other LAM
homologs that might be functionally redundant, it could be argued that YSP2 would have
to be deleted together with other LAM genes to manifest a growth defect in Atether or A-
s-tether cells. However, all LAM genes are present in A-s-tether cells and only stochastic
associations between the ER and PM are seen. Ysp2p and the rest of the Lam proteins
are unlikely to play a major role in establishing ER-PM membrane contact, at least

during conditions of normal cell growth.
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Figure 4.2. Ysp2p localizes to the terminal ends of ER tubules.

(A) Wild-type (WT; SEY6210) and A-s-tether (CBY5838) cells transformed with vector alone
(pRS416), YSP2 (PYSP2 GFP-YSP2), or YSP2 expressed from the strong PHO5 promoter
(PPHO5-GFP-YSP2) were streaked onto solid growth medium (without choline
supplementation). Unlike the artificial membrane staple (or PAH1), YSP2 overexpression
did not suppress A-s-tether growth defects. (B) Confocal fluorescent microscopy images
of WT and A-s-tether cells expressing RFP-ER and either PYSP2-GFP-YSP2 or PPHO5-
GFP-YSP2 (overexpressed) shown at three different optical focal planes (top, middle,
bottom). The cell cortex/cell membrane is traced corresponding to DIC images of the
middle focal plane. Arrows represent Ysp2p at RFP-ER tubule ends at the cell cortex,
and arrowheads represent Ysp2p within the cell body at ER tubule ends and branch
points

YSP2 might not be necessary for establishing ER-PM contacts, but Ysp2p
overexpression appears to be sufficient to increase membrane association. As shown in
Fig 3.2, elevated expression of Ysp2p-GFP via transcription from a PHOS5 promoter
increased the number of cortical Ysp2p-GFP spots, which correlated with an increase in
ER association with the PM (as shown using the ER marker ER-RFP). Under these
conditions Ysp2p can promote ER-PM association, however, this activity is dependent
on pre-existing MCSs. In both Atether and A-s-tether cells, the removal of primary tether
proteins causes the frequency of Ysp2p-GFP puncta to dwindle to almost nothing (Fig
3.2) (29). Although these results meet other criteria predicted for secondary tethers,
there is an alternative explanation for Ysp2p-GFP cortical localization that does not
involve MCSs. Using 3-D fluorescence microscopy, | observed that ~60% of Ysp2p-
GFP, when expressed from its endogenous promoter, localized to spots either the distal
tips of ER tubules or to the junctions at branch points between ER tubules (12.2 + 4.5
Ysp2p-GFP spots per each cell; n = 10 cells); consistent with findings reported in a
previous study (211). Because the ER radiates from the nucleus out towards the PM, the
distal ends of the ER would extend to the cell cortex, MCSs notwithstanding. If Ysp2p
promotes ER tubule extension at its tips towards the PM, then Ysp2p might be a
regulator of ER morphology and thereby an ancillary determinant of ER-PM contact,

instead of a tether.

The yeast lipin homolog Pah1p is a phosphatidate phosphatase that converts
phosphatidic acid into diacylglycerol (239, 240). The overexpression of Pah1p was
previously found to suppress the partial choline auxotrophy of scs2A ice2A cells, and to
restore their moderate reduction in ER-PM membrane contact back to normal (177). At
first glance, this result suggested that membrane contact defects in scs2A ice2A cells

might be corrected by changes in Pah1p-dependent lipid metabolism. However, it was
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found that the Pah1p D398E substitution, a catalytically inactivate mutant, did not inhibit
Pah1p suppression of scs2A ice2A defects (177). To test if Pah1p or its D398E
catalytically inactive form can re-establish membrane association in a cell lacking all ER-
PM contact sites, PAH1 and pah1D398E were expressed in A-s-tether cells. Both Pah1p
and its catalytically dead mutant rescued A-s-tether growth defects on solid medium
lacking choline (Fig. 3.3A). Although Pah1p is mainly in the cytoplasm, when glucose is
limiting Pah1p is associated at contact sites between the ER/nuclear membrane and the
vacuole, and near ER-lipid droplet contact sites (244). In scs2A ice2A cells,
overexpression of both active and catalytically inactive Pah1p increase the number of
Tcb3p tethers between the cortical ER and the PM. Either Pah1p induces Tcb3p
expression or Pah1p augments existing Tcb3p-dependent membrane contact
(consistent with the role of a secondary tether). In A-s-tether cells, Tcb3p and all the
other primary tethers are eliminated so the mode of Pah1p suppression cannot involve
generating more pre-existing tether complexes. However, overexpression of Pah1p (or
its catalytically dead mutant) did restore cortical ER association with the PM in A-s-tether
cells (Fig. 3.3B). The most economical interpretation for this result is that Pah1p acts as
a secondary ER-PM membrane tether, similar to its role in mediating the association
between the ER and lipid droplets or the vacuole. However, it is also possible that Pah1p
activates or induces the expression of another secondary tether that re-establishes ER-
PM contact.
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Figure 4.3. Pah1p confers ER-PM tethering in A-s-tether cells.

(A) Wild-type (WT; SEY6210) and A-s-tether (CBY5838) cells transformed with vector alone
(YEplac181), PAH1 (pGH312), or pah1D398E (enzymatically dead mutation) (pGH312-D398E)
were streaked onto solid growth medium (without choline supplementation). Both PAH71 and
pah1D398E suppressed A-s-tether growth defects. (B) Merged DIC and spinning disc confocal
fluorescent microscopy images of WT and A-s-tether expressing RFP-ER and either vector alone,
PAH1, or pah1D398E. Arrowheads identify cortically localized RFP-ER.
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4.3. Discussion

PM-ER MCSs are facilitated by a group of highly conserved tether proteins which anchor the
ER to the PM. Under normal growth conditions, “Primary” tether proteins are required to
mediate PM-ER membrane association. Based on work by Manford et al., and ourselves, | have
classified the tricalbins, Ist2p, Scs2p/22p, and Ice2p as primary tether proteins in yeast (16).
Elimination of any of these primary tethers reduces the frequency of MCS formation as
compared to wild-type cells, as observed by electron microscopy or fluorescence microscopy

using ER markers.

Recent research has suggested that many proteins are capable of reaching across the 15-
60 nm gap between the ER and PM (16, 139, 177, 202, 211). | suggest that under non-standard
conditions, some of these proteins may act as “Secondary” tether proteins and may be able to
facilitate or augment membrane association when overexpressed or under specific growth
conditions (i.e. stationary phase). Deletion of secondary tethers would not affect PM-ER MCSs
under normal growth conditions, therefore they are not necessary for membrane association. To
better understand secondary tether proteins, | conducted proof of principle experiments on

previously suggested potential tethers.

4.3.1. Is Ysp2p a secondary tether protein?

Ysp2p is an ER protein consisting of two StART-link domains, a PHgram domain,
which belong to the PH domain superfamily, a polybasic region, and a transmembrane
domain (211). These features have propagated speculations that Ysp2p is a tether
protein and a sterol LTP (211). Considering Ysp2p is a cortically localized integral ER
protein and contains two potential membrane binding domains (PH and polybasic
region), makes Ysp2p being a tether protein an attractive hypothesis (211). Our analysis
shows that GFP-Ysp2p cortically localizes and YSP2 overexpression increased PM-ER
membrane association, suggesting that Ysp2p may be a secondary tether (Fig 3.2B).
However, overexpression of YSP2 was unable to suppress growth defects in A-s-tether
cells suggesting a lack of secondary tether functionality (Fig 3.2A). This does not

exclude Ysp2p from acting as a secondary tether protein or regulator of PM-ER MCSs.

Under normal growth conditions the cortical localization of established primary
tether proteins, such as GFP-Ist2p, GFP-Scs2p, Tcb3p-GFP, and Ice2p-GFP, primary
tethers appear to localize along the length of ER tubule (16, 29, 38, 129, 161, 175, 546).
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Comparatively, GFP-Ysp2p localizes to puncta adjacent to cortical ER junction and distal
tips (Fig 3.2B). Overexpression of GFP-Ysp2 did not increase cortical localization along
the ER tubule but did increase the number of puncta at the cortex. There are
approximately 41 residues between the transmembrane domain and the polybasic
region of Ysp2p, which may interact with the PM (202). This suggests that Ysp2p may
have an approximate linker span of ~16 nm, which is close to the lower limit of observed
PM-ER MCS gap width (10, 211). Ysp2 also contains a PH domain which is significantly
further away from the transmembrane domain (507 residues) than the polybasic region
and therefore may result in a significantly larger membrane gap (547). It has been
hypothesized that some tethers may operate as local regions where MCS gap width
matches the tether linker length (202). This is supported by evidence that shortening the
linker of Ist2p from 130nm to 20nm, redistributes GFP-Ist2p from extended cortical
tubular association to cortical puncta (548). Also, short linker length and cortical puncta
localization do not exclude a protein from acting as a potential tether, as seen in the
artificial membrane staple (29). Therefore, Ysp2p may function at discrete cortical
microdomains associated with ER tubules. The primary tether proteins E-Syt1 has been
shown to restrict the PM-ER MCS gap in response to extracellular calcium, suggesting a
functional difference between MCS gap width (148). It is possible that the PH domain
and polybasic region of Ysp2p may function similarly to modulate PM-ER MCS gap
width. Another possibility is that Ysp2p functionality is depending on MCS gap width

causing Ysp2p to preferentially localize to narrower PM-ER MCS microdomains.

The nature of this function remains to be discovered however several hypotheses
have been proposed. Recent evidence suggests that the Ysp2p homolog Lam6p
regulates ER-mitochondria MCSs, NVJ, and vacuole and mitochondria patches
(VCLAMP; vacuole-mitochondria MCS) size and coordination (213). It is possible that
Ysp2p may be functioning similarly to Lam6p and may be responsible for expanding and

regulating existing PM-ER MCSs.

Alternatively, it has been hypothesized that Ysp2p is an ER to PM sterol LTP
because it contains two StART-like domains (211). StART-like domain proteins
represent a large protein family including the endosomal membrane protein STARD3,
which capture cholesterol by its StART domain from the late endosome and transfer it to
the ER (190). Because STARD3 is restricted to the endosomal membrane, the

mechanism of transfer would necessitate cholesterol exchange where the ER and
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endosomes are closely associated. Ysp2p is a Yeast StART Protein (Ysp) homolog and
is therefore hypothesized to work similarly to STARD3 at ER-PM MCSs. Like STARD3
and other membrane-bound lipid transfer proteins, Ysp2p-mediated sterol transfer would
require MCSs for exchange. Like A-s-tether cells, measuring DHE esterification in ysp2A
mutants reveal retrograde sterol trafficking defects (211). However, whether the defect is
caused by disruptions in PM sterol composition, like in A-s-tether cells, or by reduced bi-
directional trafficking defects is unknown. | showed that ysp2A A—s-tether cells were
viable with no additional growth defects relative to A—s-tether cells (29). Directed
experiments testing the role of Ysp2p plays in the bi-directional transport of sterols
between the ER and PM in the absence of vesicular trafficking has yet to be performed.
However, | have shown that A-s-tether cells have minimal cortical GFP-Ysp2p cortical
localization and have no sterol transfer defects in the absence of vesicular trafficking
(Fig 3.2) (29). This suggests that Ysp2p may be functionally dependent on PM-ER

MCSs and may be working redundantly with another sterol transfer mechanism.

4.3.2. Is Pah1p a secondary tether protein?

Previous reports have shown that overexpression of WT and catalytically dead
PAH1 can suppress PM-ER association defects in scs2A ice2A mutants and increase
PM-ER association in WT cell (177). Here, | have shown that PAH1 overexpression is
capable of functionally suppressing A-s-tether growth defects and re-establishing PM-ER
membrane association in A—s-tether cells (Fig 3.3). Under exponential growth
conditions, Pah1p-GFP is primarily cytosolic then translocates to the NE during the post-
diauxic shift and stationary phase (244). During the post-diauxic shift, Pah1p-GFP
appears to localize to the NVJ, and shifts to NE-LD MCS during stationary phase (244).
Although Pah1p seems to be associated with MCSs, it does not seem to associate with
PM-ER MCSs under these conditions. Therefore, it is unknown if Pah1p directly re-
establishes PM-ER membrane association or by regulating another secondary tether. As
previously discussed, the Nem1p-Spo7p phosphatase complex activates Pah1p by
dephosphorylation resulting in membrane association (242, 244). However, the
catalytically dead Pah1p can bind membranes regardless of Nem1-Spo7p mediated
dephosphorylation (549). Therefore, the secondary tether function of Pah1p is likely

linked to its membrane association and not its phosphatase activity.
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The function of PAH1 is tightly regulated by the oppositional function of DGK1
(246). In wild-type cells, Dgk1p-GFP localizes to the NE and ER (246, 550, 551).
Recently evidence has shown that cells lacking the ability to generate TAG and SE
(dgad lroA, are14, are24; 4A) have a significant expansion of the nuclear, cytoplasmic
and cortical ER (244). However, all these phenotypes can be suppressed by deleting
DGK1 (244). This suggests that Dgk1p could also be a secondary tether and Pah1p
could be affecting PM-ER membrane association through DGK1 or vice versa. It has
been shown that overexpression of DGK1 causes increases membrane localization of
WT and catalytically dead Pah1p (549). However, deletion of PAH1 does not seem to
affect Dgk1p-GFP localization (550), and it is not known if overexpression of PAH1
causes increased Dgk1p membrane localization or DGK1 expression. It should also be
noted that overexpression of DGK7 and deletion of PAH7 causes proliferation of nuclear
and cytoplasmic ER (241, 246). If PAH1 overexpression causes a compensatory
overexpression of DKG1, then it could re-establish membrane association by increasing

ER volume, thereby increasing PM-ER stochastic association.

4.3.3. Definitions of secondary tether proteins

Unlike primary tether proteins, which directly contribute to membrane tethering,
secondary tether proteins could facilitate membrane association directly or indirectly. For
the direct model, specific growth, stress, or metabolic conditions would increase
secondary tether expression, stabilization or recruitment leading to increased PM-ER
membrane association. Additionally, many proteins play several roles depending on the
growth conditions or the environment, therefore, depending on the cellular requirements,
secondary tethers could be relocated, or re-purposed from other MCSs. An example
would be the primary tether Ice2p which acts as a PM-ER MCS tether during exponential
growth (30, 175) but acts as an ER-LD MCS tether during stationary phase (178).

It is possible that secondary tethers may not directly contribute to MCS initiation
but contribute to MCS stabilization and expansion. A potential example of this is the ER-
resident r-SNARE Sec22p which localizes to PM-ER MCSs and interact with the PM-
resident t-SNARE Sso1 (187). It has been suggested that Sec22p contributes to PM-ER
MCS expansion and stabilization (187). It should be noted that secondary tethers in this

category would require pre-existing MCSs to function and may not be able to re-

127



establish membrane association on their own. It is possible that Ysp2p may fit into this

category of secondary tether.

Indirect secondary tether models have a variety of mechanisms by which they
could act. Some secondary tether may modulate tethering by transcriptionally activating
other direct secondary tethers. For example, the zinc-regulated transcription factor Zap1
transcriptionally controls the expression of PAH1, which | have shown to be a secondary
tether (552). However, these may be more accurately described as “tether regulators” as
their mode of action becomes more removed from physical membrane association. An
indirect secondary tether could facilitate membrane association by manipulating the
morphology of the cell. For instance, DGK7 can expand the ER volume which may
increase stochastic association (246), or, the MECA tether protein, Num1p, may be able
to compensate for the lack of PM-ER MCSs by increasing MECA junction points (97).
Another model of indirect tethering would be to decrease direct secondary tether
degradation or increase secondary tether stability. Last, changes to the lipid environment
of the cell could affect membrane association. | previously showed that overexpressing
of the phospholipid transferase OPI3 can suppress A—s-tether synthetic growth defects
(29). Opi3p is an ER resident protein and, like Sac1p, has been suggested to work in
trans at the PM (177). Overexpression of OPI3 may be suppressing membrane
association defects through direct tethering. Alternatively, Opi3p could be modulating the
ER and PM lipid environments, and which could support tethering indirectly. As will be
discussed later, one would predict that PIP regulation may support membrane
association, therefore PIP kinases or phosphatases may also appear to be indirect
secondary tethers. Collectively, indirect secondary tethers are somewhat ambiguous and
may require further or alternate definitions as their mechanisms of increasing membrane

association become further removed from direct membrane tethering.

Another consideration which must be made is the difference between associated
PM and ER membranes and functional PM-ER MCSs. As reviewed in Gatta et al (211),
the linker between membranes varies depending on tether protein which may also
correlate to function. Therefore, some proteins may require specific gap widths to
function. Our previous results have shown that an artificial membrane staple can non-
specifically function as a tether protein (29). It is possible that the artificial staple may

only be functional with an approximate ~10 nm artificial MCS gap width. It is likely that
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functional suppression is associated to MCS gap. Therefore, expanding the artificial

MCS gap may not be able to functionally supress A-s-tether synthetic sickness.

4.3.4. Conclusion:

The discovery and characterization of primary PM-ER MCS tether proteins have
been the major research focus for several years. However, the regulation of primary
tether proteins and PM-ER MCSs remains largely a mystery. | propose that secondary
tether proteins function in conjunction with primary tether proteins to regulate the PM-ER
MCSs. Here | discuss two potential secondary tether proteins which have been shown to
interact with PM-ER MCSs and may regulate membrane association by two seemingly
different mechanisms. Further analysis into secondary tethers will not only expand our
understanding of PM-ER MCS regulation but also the expanse of their functional

implications.

4.4. Materials and Methods

4.4.1. Yeast Strain and Growth Conditions

Yeast strains and plasmids are listed in Supplementary Tables 3.1 and 3.2, respectively.
Unless otherwise stated, yeast cultures were grown in synthetic complete or YPD rich
media at 30°C. To test YSP2 and PAH1 suppression growth defects, cells were streaked
onto solid synthetic complete media with and without 1 mM choline chloride (Sigma-
Aldrich Chemicals) and incubated at 30°C for 48 h. To test s-tether growth defects on
Ca2+ and Na+ media, cells were serial diluted and spotted onto solid synthetic complete
media or YPD with and without 0.7 M sodium chloride (Sigma-Aldrich Chemicals) or 0.4
M calcium dichloride and incubated at 30°C for 48 h.

Table 4.1. Yeast strains.

Strain Genotype Source

ANDY198 MATa leu2-3,112 ura3-52 his3A200 trp1A901 lys2-801 (16)
suc2A\9 ist2A\::hisMX6 scs2A:: TRP1 scs22A::hisMX6
teb1A::kanMX6 tcb2A::kanMX6 tcb3A::hisMX6

BY4741 MATa leu2AA0 ura3A0 his3A0 met15A0
CBY5838 ANDY198 ice2A::natMX4 (29)
CBY6087 SEY6210 TCB3-GFP:URA3
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CBY6257 BY4741 pmc1A::KanMX4 Gift From Chris
Loewen
CBY6258 BY4741 pmr1A::KanMX4 Gift From Chris
Loewen
SEY6210 MATa leu2-3,112 ura3-52 his3A200 trp1A901 lys2-801 (523)
suc2M9
Unless otherwise referenced, all strains were created as part of this study.
Table 4.2. Plasmids
Plasmid Description Source
pCB1024 (ER-RFP) pRS416 PPHOS-RFP-SCS2220-244 (125)
pCB1277 (ER-RFP) YEplac181 PPHOS-RFP-SCS2220-244 (29)
pGH312 YEp351 HA-PAH1 (239)
pGH312-D398E YEp351 HA-PAH1D39%E (240)
pRS416 GFP-YSP2 pRS416 PYSP2-GFP-YSP2 (29)
pRS416 GFP-YSP2 pRS416 PPHOS-GFP-YSP2 (211)
pRS416 URA3 CEN (524)
YEplac181 LEU2 2u (525)

Unless otherwise referenced, all plasmids were created as part of this study.
4.4.2. Fluorescent Microscopy and Live Cell Imaging

Confocal fluorescence microscopy was performed as previously described (529). For all
experiments, yeast cells were grown to mid-log phase before visualization. The ER-RFP
(pCB1024 and pCB1277) protein marker was imaged by confocal microscopy using 800
ms exposures. GFP-Ysp2p was imaged by confocal microscopy using a 1.5 s exposure.
All contrast enhancement was kept constant for each series of images. Super-resolution
fluorescent microscopy was performed on a Zeiss LSM 880 Confocal with Airyscan
microscopy Plan-apochromat 63x/1.4 Oil. Images and Videos were made with Zen 2

(Blue edition) and exported as TIFF or uncompressed AVI files respectively.

4.4.3. Transmission Electron Microscopy

Yeast cells were grown to mid-log phase and were prepared (fixation, dehydration,
infiltration/embedding) and imaged as previously described (29, 526). For calculations of
cER abundance in electron micrographs, the ratio between PM and the length of PM
associated with cER were determined using ImageJ (www.imagej.nih.gov/ij/index.html);

cER was assigned as previously described (14)
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4.4.4. FIB SEM

Yeast cells were grown to mid-log phase and were prepared (fixation, dehydration,
infiltration/embedding) and blockface imaged as previously described (29). Raw images

were aligned and processed as previously described (29).
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Chapter 5. Discussion

Section 4.2 and 4.3 contain excerpts modified from a paper that has been published in

Lipid Insights (Quon et al., 2016). The authors and their affiliations are listed below:

Evan Quon', Christopher T. Beh'?,

'Department of Molecular Biology and Biochemistry, Simon Fraser University, Burnaby,
British Columbia V5A 1S6, Canada

2Centre for Cell Biology, Development, and Disease, Simon Fraser University

All conceptualization, writing, and editing were performed by Dr. Christopher Beh and

me.

132



Membrane contact sites are well-established phenomena since their initial
discovery in the early-1950’s (27, 83-85), however, the expanse of their physiological
roles has yet to be realized. Although MCSs exist between the ER and every organelle
in the cell, the PM makes up most of the ER-associated membrane. Prior to the research
performed in this thesis, the understanding of PM-ER MCSs and their role in regulating
lipid biosynthesis and lipid transport had been hypothesized but never experimentally
proven. Work previously performed by Manford et al defined the first six primary tether
proteins in yeast, which are required for directed membrane association (16). However,
in generating a strain lacking these six tether proteins (Atether), it was discovered that
not all directed membrane association had been eliminated. Here, | proved that Ice2p is
also a primary tether protein and cells lacking all seven tethers (A-s-tether) lack directed
membrane association (29). Therefore, | used A-s-tether cell to directly test PM-ER MCS

functions.

Using in vivo sterol transfer assays, ER-to-PM anterograde transport of pulse-
chase labeled sterols was measured in A-s-tether cells (29). Compared to wild-type
cells, no defect in transport of de novo synthesized sterol to the PM was detected.
Ysp2/Lam2p or any other ER membrane-bound sterol transfer proteins would not be
able to act in trans in A-s-tether cells that lack ER-PM association. However, if soluble
sterol transfer proteins provide a redundant pathway for transfer, then anterograde
transport might still proceed even in cells without ER-PM MCSs. Consistent with that
premise, the eliminating the putative soluble sterol transfer protein Osh4p in A-s-tether
cells caused cell lethality (29). This synthetic lethality seemed to suggest that all non-
vesicular pathways for sterol transfer to the PM were inactivated in osh4A A-s-tether
cells. To test if sterol trafficking was truly the basis of this defect, | overexpressed Osh6p
in osh4A A-s-tether cells. Although Osh6p binds PI4P and PS, it can neither bind nor
transfer sterols (136, 140). Nonetheless, Osh6p suppressed osh4A A-s-tether synthetic
lethality indicating that the growth defect was unrelated to sterols. Apart from their other
lipid-binding activities, both Osh4p and Osh6p bind PI4P and both activate Sac1p PI4P
dephosphorylation. Based on this overlap in Osh protein functions, | tested if Sac1p and
PI4P dysregulation are connected to A-s-tether defects by deleting SAC17 in A-s-tether
cells. Combining sac1A and A-s-tether mutations resulted in synthetic lethality,
suggesting an integrated functional interaction between PI4P regulation, Osh proteins,

and ER-PM tethers. It should be noted that sterols are carried within secretory vesicles
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destined for the PM, but disrupting vesicular transport in sec18-1ts cells had no effect on
sterol exchange between the ER and PM. Even if sec18-7ts and A-s-tether mutations
were combined, no significant impact on sterol transport was detected. Overall these
results indicated that ER-PM MCSs are in PI4P regulation, but they do not play a direct
role in ER-to-PM sterol transport. However, other aspects of sterol trafficking are
indirectly affected by ER-PM MCSs, and MCS formation is in turn regulated by sterol

levels.

The non-vesicular transport of sterols between the ER and PM is a bi-directional
equilibrium (133, 425). However, the PM has a higher concentration of sterols because
sterol sequestration into sphingolipid-rich microdomains are not accessible for transport.
Sterol-sphingolipid membrane domains within the PM represent a static pool of sterols,
separable from the free sterol pool that can exchange with the ER. Nonetheless, the lack
of ER-PM contact sites in A-s-tether cells slowed the retrograde trafficking exogenously
supplied sterols from the PM back to the ER (29). The transport lag in A-s-tether cells
seemed to be linked to lower rates of sterol equilibration between the inner and outer
leaflet of the PM. This disruption in uptake and flipping sterols to the inner leaflet of the
PM appears to limit subsequent equilibration steps for an intracellular PM to ER transfer.
In A-s-tether cells, the rate of PM transbilayer sterol equilibration was ~5-fold slower than
wild-type cells, which correlated with changes in PM bilayer organization. Indeed, the
indirect effects on retrograde sterol transfer point to a direct consequence of eliminating

MCSs on the composition of PM phospholipids.

Significant changes in PM-enriched phospholipids are apparent in A-s-tether
cells, which would account for the observed organizational changes in the PM bilayer
(29). Specifically, PS, PE, and the sphingolipid precursors inositol-phosphoceramide
(IPC) and mannosyl-IPC (MIPC) were reduced whereas diacylglycerol (DAG) levels
increased. These lipid changes and their effects on the PM are also consistent with the
growth defect of A-s-tether cells on media lacking choline (a precursor of PC synthesis),
the sensitivity of A-s-tether cells to the PM ergosterol-binding inhibitor nystatin, their
resistance to the sphingolipid biosynthesis inhibitor myriocin, and their sensitivity to the
cytotoxic PE analog edelfosine. Taken together these findings indicate that ER-PM
MCSs are important interfaces to regulate ER lipid metabolism and PM bilayer
organization, which in turn has indirect effects on non-vesicular sterol transport from the
PM.
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Despite the limited role ER-PM MCSs play in sterol trafficking, ER-PM tethering
responds to sterol levels and thereby sterols regulate the extent of ER-PM association.
Depletion of cellular sterols induces Tcb3p expression by almost 6-fold, resulting in a
nearly absolute association of the PM inner surface with cortical ER (29). The increase
of Tcb3p levels involves a post-transcriptional mechanism, suggesting an interesting
possibility. The structural changes within the PM bilayer caused by sterol depletion might
bolster PM contact by Tcb3p. In turn, the extended conformation of Tcb3p reaching
across from the ER to the PM might enhance Tcb3p stability. Of course, | can not
exclude an alternative model by which sterol depletion induces a secondary tether that in
turn augments ER-PM contact. Nonetheless, the reciprocal dependence of tethers and
membrane lipids underscores the role of ER-PM MCSs as membrane junctions not only

for lipid exchange but for interfaces to coordinate membrane synthesis.

In addition to testing the physiological roles of PM-ER MCSs, | aimed to better
define the regulators of MCSs. While these primary tethering proteins establish initial
membrane contact, still other proteins might maintain membrane association at contact
sites. For example, secondary tethering proteins or ancillary regulators might fortify or
expand the association of membrane around the established contact sites. Such
secondary tethering proteins and regulators would be predicted to be sufficient for
promoting membrane contact, but not necessary. In other words, they would be
dispensable for establishing contact but might enhance PM—ER membrane association if
overexpressed. Membrane association conferred by these secondary tethering proteins
and regulators may also be dependent on the primary tethering proteins. In this context,

| examine both PM-ER membrane-tethering proteins and potential ancillary factors,

As proof of concept, | tested the ability of the ER-resident Yeast Start Homolog,
Ysp2p, and the PA phosphatase Pah1p to suppress membrane association and growth
defects in A-s-tether cells. Overexpression of PAH1 was capable of suppressing growth
and membrane association defects suggesting that it may be a secondary tether by an
unknown mechanism. This suppression was not linked to the catalytic activity of Pah1p.
Conversely, overexpression of YSP2 was not able to suppress growth defects and had
modest effects on cortical ER membrane association, suggesting that it may not be a
secondary tether. However, observations that Ysp2p associates with cortical ER tips and

junction suggest that it may play a role in regulating pre-existing PM-ER MCSs.
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5.1. Is PI4P a regulator of PM-ER MCS formation,
maintenance, and function?

The tethering proteins Tcb1p, Tcb2p, Tcb3p, and Ist2p bind to P1(4,5)P- in the
PM to form a protein bridge between the PM and ER (Fig 4.1) (163). The affinity for
PI(4,5)P2 is shared by mammalian E-Syt tethering proteins (104), including the ER-
localized STIM1 and STIM2 tethering proteins that regulate store-operated Ca?*
channels in the PM (162). Thus, the localization and activity of phosphoinositide kinases
and phosphatases at PM-ER MCSs are likely to be ubiquitous regulators of tether

protein recruitment.

Of all the defined primary tethering proteins, the elimination of the VAP ortholog
Scs2p causes the greatest reduction in PM-ER membrane contact sites (16, 125).
Scs2p may be of importance because of its direct interactions and recruitment of other
tethering proteins, interactions with several lipid regulatory proteins, and physical
interactions with several phosphoinositide species (16, 42, 102, 125, 130, 139, 312).
Scs2p binds Sac1p, which in turn interacts with and is activated by specific yeast ORPs
(139). Some of these ORPs also interact with Scs2p and bind PI(4,5)P» and/or PI4P (Fig
4.1) (133, 140, 193, 553). In addition, Tcb1p—3p and Ist2p tethering to PI(4,5)P- in the
PM might be controlled by phosphoinositide regulation, similar to the E-Syts (554). In
this regard, there is conflicting evidence that reductions in PI4P by Sac1p affect the
PI(4,5)P2 levels in such a way as to affect LTP and tethering protein binding to the PM
(42, 301, 555). However, if PI(4,5)P2 levels decrease at contact sites because of
increased PI4P turnover by Sac1p, then Sac1p be a negative regulator of PM—tethering.
Recent evidence has shown that mammalian cells overexpressing SAC1 cause
reductions in both PI4P and PI(4,5)P, at the PM (160). If Sac1 is a negative regulator of
PM-ER MCS, then an experimental prediction cells lacking SAC7 would have more PM—
ER membrane association and less when SAC1 is overexpressed. Recently, it has been
shown that PI(4 5)P- is required for PM-ER MCS localization of Sac1p through
interactions with E-Syt2 (160). Therefore, PI(4,5)P> may positively regulates PM-ER
MCSs by increasing tether protein PM binding and negatively regulatie PM-ER MCSs by

indirectly recruiting Sac1p and ultimately lowering PM PI(4,5)P- levels.

Inverse to Sac1p, PM PI4P pools are regulated by the PI4P kinase Stt4p. As

previously discussed, Stt4p PM localization and kinase activity are regulated by the

136



conserved Efr3p, Ypp1p, and Stk1p (198, 342-344). Both Stt4p and Sfk1p are cortically
localized but it is unknown they co-localize with PM-ER MCSs (198, 343). It has been
shown that Stt4p physically interacts with Scs2p, potentially through an unconventional
FFAT motif (342, 556). Additionally, the main activator of Stt4p, Stk1p, physically
interacts with Tcb3p (557). This suggests that the regulation and activation of Stt4p may
be linked to cortical localization with PM-ER MCSs.

Stt4p PM-ER MCSs localization and activation could be facilitating several
functions: i) regulation of PM PS counter transport by counteracting the ER-PI4P sink, or
ii) locally increasing PI4P and PI(4,5)P, concentrations to increase PM-ER membrane
association; neither function is mutually exclusive. Cells lacking STT4, SFK1, EFR3, or
YPP1, have decreased PI4P and PI(4,5)P; levels, demonstrating that Stt4p directly
regulates PI4P and indirectly regulates P1(4,5)P2 (198, 343). Therefore, Stt4p
recruitment could be used to counteract the negating regulation of Sac1p. In this model
Sttdp is operate as the gas pedal and Sac1p working as the break. Therefore, one would
predict that stt4 mutant cells would have less PM-ER MCSs and cells overexpressing
STT4 would have more. Considering the strict regulation of Stt4p, SFK7 may also be
required to facilitate full Stt4p activaiton. If these effects are caused by indirect regulation
of PI(4,5)P-, then the PM-ER MCS increased should be suppressed by also mutating
MSS4. These experiments provide a model where PIP regulation dynamically balances

PM-ER membrane association.

5.2. Lipid dynamics, membrane curvature, and composition
regulate PM-ER MCSs

Based on proteomic interactions one can weave an “interactome” between these
tethering proteins that might represent a single complex, but it seems more likely that
there are several tethering complexes perhaps with subunit exchange between them
(16, 147, 557, 558). As reviewed elsewhere, most identified tether proteins are
conserved in mammalian cells and relatively well understood (541). Perhaps less
understood, however, are the contributing mechanisms that facilitate the priming and
propagation of PM-ER membrane association by tethering proteins. In terms of
regulatory proteins, and membrane structure and composition, what is required to
nucleate tether assembly at presumptive membrane contact sites? Do tethers require

modulations in organelle morphology and bilayer curvature to bring membranes close
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enough for initiating membrane capture? Following the establishment of membrane
contact, what lipids and proteins affect the spread of membrane apposition around
contacts sites, and what governs contact stability? If these contributing mechanisms are
significant, | predict that yeast cells lacking known tether proteins might be
hypersensitive to additional mutational defects in such ancillary lipid and protein

regulators.

In addition to promoting lipid extraction from the bilayer by LTPs, membrane
curvature and bilayer distortion can affect the plasticity of interacting membranes to bend
them for closer apposition (559). Unlike the ER, the PM is inherently inflexible due to its
relative enrichment in PC and PS, which preferentially form flat bilayers, and cholesterol,
which fortifies lipid packing (560-562). In contrast, ER membrane structure is more
malleable and ductile reflecting a lipid composition and organization that is more pliant
for shaping (6, 88, 563). These divergent properties of the ER and PM suggest that
different mechanisms operate to deform and bring these membranes in juxtaposition for
tethers to establish contact (559). In addition to the physical effects of lipid composition
and bilayer asymmetry on membrane architecture, a greater impact on membrane

architecture seems to be conferred by protein regulators recruited to those membranes.

In yeast, the induction of membrane curvature in the ER is largely due to the
action of the reticulons Rtn1p and Rtn2p, and the reticulon-like protein Yop1p (12, 564).
These proteins insert wedge-like amphipathic helices into the cytosolic face of the ER
membrane and thereby generate positive curvature (565). The yeast atlastin homolog
Sey1p is a dynamin-like GTPase that also contributes to ER reticulation and membrane
remodeling by facilitating ER-ER homotypic-membrane fusion (566, 567). Rtn1p/2p,
Yop1p, and Sey1p are all cortically localized and their combined disruption causes
increased cortical ER and the creation of a sheet of ER over the internal face of the PM,
instead of the normal tubular lattice (10, 12, 564, 566, 567). The presence of Sey1p is
also required for nuclear ER association during yeast mating because its ER remodeling
activity is required to allow nuclear membranes to come close enough for tethering.
(568) The reticulon genes YOP1 and SEY1 also genetically interact with genes encoding
ERMES complex components, which reflects a role for reticulons in lipid exchange
between the ER and mitochondria (95). Based on these findings, a reasonable
prediction is that the reticulons together with Yop1p and Sey1p help shape the cortical

ER along the PM so that tether proteins can then staple the membranes together (Fig
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4.1). This model also predicts that ER-shaping by these proteins might play a role in the
frequency and stability of PM-ER membrane contact. Consistent with this notion,
Rtn1p/2p and Sey1p physically interact with Scs2p, a key tether protein (16). This
interaction might represent a mechanism by which Scs2p recruits ER-remodeling
regulators to expand or stabilize the zone of cortical ER association with the PM beyond

the point of contact.

Given the comparative rigidity of the PM, gross changes in membrane
architecture are less likely to play a significant role in its association with other
organelles. Instead, PM interactions with other membranes appear to be governed by
lipid domains within the lateral section of the bilayer, and the active control of bilayer
asymmetry. Unlike in the ER membrane that contains small amounts of PS found mainly
within the luminal bilayer leaflet (569, 570), in the PM PS is highly enriched and
exclusively resides in the cytoplasmic face of its bilayer (560, 563), At the PM, PS
promotes the recruitment of proteins through both specific (e.g. with discoidin-type C2
domains) and low-affinity interactions (e.g. lipidated polybasic proteins) (571). Likewise,
another charged phospholipid, PI(4,5)P-, is also enriched in the PM exclusively in the
cytoplasmic bilayer leaflet (572, 573). This anionic charge density makes the PM a

unique target for protein regulators, not least of which are tether proteins themselves.

PM PtdIns(4,5)P, ¢l PtdINS4P s—) PtdIns + P.

& o

Non-
Vesicular
Transport Rtn1p/2p

Tricalbin Ist2p Saclp Scs2p/22p
E-Syts TMEM16 VAP

Figure 5.1. Tethers, membrane and lipid regulators of PM-ER membrane contact
sites.
Regulation of P1(4,5)P2 in the PM (green) is required to recruit tricalbins/E-Syts and
Ist2p/TMEM16 tether proteins, which are anchored in the ER membrane (coral colored) and
make contact with the PM. The PI(4,5)P2 precursor PtdIns4P is dephosphorylated in the PM in
trans by the ER-resident Ptdins4P phosphatase Sac1p. In yeast, Sac1p activity is regulated by its
interactions with ORP homologs such as Osh3p, and the VAP homologs Scs2p/Scs22p. Scs2p is
itself a tethering protein that interacts with other tethers, several ORPs, lipid regulators, and ER
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membrane remodeling proteins. The reticulons Rtn1p and Rtn2p, the reticulon-like protein Yop1p,
and the dynamin-like GTPase Sey1p are membrane-remodeling proteins that induce ER
membrane plasticity, and potentially affect the juxtapositioning of the ER near the PM.

5.3. Are ORPs soluble lipid transfer proteins or lipid
binding regulatory proteins?

As previously mentioned the yeast OSHs have a shared common essential
function (192); however, what this essential function remains to be seen. The ORPs
could be soluble lipid transfer proteins; lipid binding regulatory proteins; primary
membrane tether adapters; lipid biosynthesis regulators; vesicular transport regulatory
proteins; or all the above. What is clear, is that many of ORPs are mediating function at
MCSs in yeast and mammals. In yeast, Osh1p-3p contain FFAT motifs and PH domains
that localize them to specific membranes in an Scs2p-dependent manner (42, 43). The
other Osh proteins (Osh4p-7p) also appear to be recruited to MCSs through a Scs2p-
independent mechanism (62, 131, 191). In humans, 8 of the 12 ORPs have FFAT motifs
while 11 of 12 ORPs contain PH domains (Table S5) (452). The PM-ER/ER
mitochondria MCS resident ORP5 and ORP8 do not have FFAT motifs but do have
transmembrane domains embedding them in the ER (137, 456, 574). Additionally, nearly
all the human ORPs have been shown to co-localize to some species of MCSs (Table
S5) (452).

It has been hypothesized that ORPs are LTPs, which seems to be the case for
some (136, 195, 199), but the collective role ORPs play in non-vesicular lipid transfer
remains to be solidified. The model depicting Osh4p as a sterol/PI4P co-transport is far
from being proven in vivo (61, 62, 425). First, cells lacking OSH4, or all seven OSHs,
have no sterol transfer defects (184). Seconds, Osh4p purified from the cytosol contains
ergosterol in a 1:1 molar ratio with no evidence of a PI4P bound state, which would be
predicted in a counter transport model (194). Third, a mutation blocking Osh4p sterol
binding (OSH4Y"F) causes hyperactivation, not depression (131). Fourth, cells lacking
SAC1 show PM PI4P accumulation which suggest a frans activity model (139). These
pieces of evidence do not close the door on Osh4p being a soluble sterol LTP, however,

they do beg for further experimentation.

Another function may be to regulate the PM lipid composition and organization.

For example, the Osh proteins are dispensable for PM-ER intermembrane sterol
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exchange, but cells lacking all OSHs show grossly altered PM sterol organization (184).
There are two asymmetrically concentrated interchangeable pools of ergosterol within
the PM. The MBCD extractable pool of ergosterol represent free ergosterol on the
extracellular leaflet of the PM. The MBCD unextractable pool represent chemically
inaccessible complexed ergosterol and ergosterol on the cytoplasmic leaflet of the PM
(425). In the absence of yeast the OSHs, the MBCD extractable pool increases by 25-
fold (184). This shift reflects a substantive change either in lateral domain organization in
the PM sterol-sphingolipid-glycerophospholipid organization (i.e. lipid rafts) or in bilayer
asymmetry causing an increase in sterols in the extracellular leaflet. This mirrors
phenotypes observed in A-s-tether cells. A possible function of ORPs may be to regulate
the PM lipid composition and organization and lipidomic analysis of cells lacking OSHs
will provide insight into global lipid changes. One would predict that some of the changes

may mirror phospholipid and sphingolipid defects observed in A-s-tether cells.

Another finding suggesting that OSHs regulate transbilayer asymmetry involves
the antagonistic interaction between Osh4p and the P4-ATPase lipid flippase Drs2p
(575). Drs2p flipping in the Golgi creates a PS and PE bilayer asymmetry that is
preserved in post-Golgi vesicles destined to fuse with the PM (230, 576-578). Drs2p in
the Golgi thereby contributes to lipid asymmetry in the PM. Apart from Osh4p, it is
unclear if other yeast ORPs affect transbilayer asymmetry or if this function impacts
membrane contact sites. However, it is noteworthy that Drs2p, despite its localization to
the trans-Golgi, physically interacts with both Sac1p and the PM-ER tether protein Tcb3p
(579). The Stt4p regulator Stk1p may also act as a flippase and may affect membrane
stability, permeability, and PM-ER membrane association (580). These findings hint at
the possibility that PM—ER contact sites bring together LTPs, phosphoinositide

regulators, and possibly transbilayer asymmetry regulators.

In addition to their lipid binding properties, it has been proposed that ORPs may
act as membrane tether proteins themselves. Because of their ability to directly bind
membranes and VAP proteins, it has been hypothesized that ORPs may act as adapters
proteins to VAPs. This theory has yet to be directly tested. If this were the case, then
one would predict that cells lacking all FFAT containing OSHSs (osh1A osh2A osh3A),
would have similar cortical ER association defects to scs2A scs22A mutant cells. It is
possible that Osh proteins may work redundantly with other FFAT containing proteins,

therefore only elimination of all FFAT adapter proteins would phenocopy VAP depletion.
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Considering how many of the ORPs in humans and yeast co-localize with MCSs, it is
very likely that ORPs play a role in the regulation of MCSs. The role ORPs play in PIP
regulation suggest that they may also regulate MCS nucleation, expansion and
stabilization. This highlighted by the fact that yeast cells lacking all OSH have similarly
sterol, and PI4P defects observed in A—s-tether cells (29, 131, 184). Additionally, Osh
proteins play a large role in the regulation of complex sphingolipids and LCB synthesis
(29, 396, 404). However, it is unknown if these defects are caused by dysfunctional
ORPs in A-s-tether cells or dysfunctional MCSs in oshA cells, neither of which are
mutually exclusive. Considering the disease implications of both VAPs and ORPs, the

functional relationship between ORPs and MCSs deserves further investigation.

5.4. ER-mediated MCSs across the cell orchestrate cell
homeostasis

Many of the ORPs localize to several different cellular compartments depending
on growth conditions (Table S5 and S6). Additionally, many of the ORPs have more
than one lipid ligand, suggesting that they could work as Lipid counter-transporters or
lipid sensing proteins. Considering again that Osh4p is extracted at a 1:1 molar ratio with
ergosterol from the cytoplasm and abolishing sterol binding causes hyperactivation (131,
425), it seem unlikely that Osh4p is a LTP in vivo. Instead, Osh4p could be a sterol-
sensing protein. When ergosterol levels drop below a certain level, ergosterol may be
displaced from Osh4p and replaced with PI14P leading to activation. However, what

activity Osh4p is performing remains a mystery.

OSH4 is functionally redundant with PM-ER MCSs suggesting that it is working in
a compensatory or parallel pathway (29). This pathway could be the regulation of other
MCSs or their activities. Considering Osh4p localizes to the Golgi, Osh4 may be working
at ER-Golgi MCSs (131). Similarly, SAC1 is also functionally redundant with PM-ER
MCSs suggesting that it is working in a parallel pathway (29). Sac1p is predominately
present in the ER but it has been suggested that it transiently localizes to the Golgi
(465). OSH4 is a known regulator of SAC7 and cells lacking sac? can suppress Osh4Y%'F
gain of function lethality (131). However, the inability of soluble SAC7"°?? to suppress
osh4A A—s-tether synthetic lethality suggests either that OSH4 and SAC1 are not
working in the same pathway or SAC1 epistatically precedes OSH4 (29). If SAC1
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epistatically precedes OSH4, then overexpression of OSH4 would be predicted to
suppress sac1A A-s-tether synthetic lethality. Alternatively, it is possible that a soluble
SAC1"°?2 may not have enough membrane specific catalytic activity to suppress
synthetic lethality. Therefore, SAC7 may need to be tethered to either the PM or Golgi to
suppress osh4A A—s-tether synthetic lethality.

Suppression of osh4A A—s-tether synthetic lethality by PM tethered SAC17-°%
would be functionally distinct from Golgi tethered SAC17-°?2. PM tethered SAC17-%?
suppression would strongly suggest that PM PI4P misregulation may be the cause of
osh4A A—s-tether synthetic lethality. Considering that A—s-tether cells have
morphological and polarization defects (29), lack of PM-ER MCSs and OSH4 could
result in misregulated vesicular trafficking, endocytosis, or cell signaling pathways, all of
which are dependent on PI4P (131, 338, 529).

Golgi tethered SAC1"°?? suppression may imply that vesicular transport, Pl
regulation, or sphingolipid biosynthesis may be the cause of osh4A A—s-tether synthetic
lethality. Complex sphingolipids are essential and deletion or chemical inhibition of the
IPC synthase AURT1 is lethal in yeast (581, 582). Collectively it has been shown that
sac1A, A—s-tether, and osh® cells all have significant reductions in complex sphingolipids
(29, 396, 404). Complex sphingolipid defects in sac7A cells may cause decreased Golgi
Pl levels causing a decreased complex sphingolipid synthesis (404). Decreased
complex sphingolipids in osh® cells may be caused by defective ER to Golgi ceramide
transfer (396). The OSHs have also been shown to be regulators of the exocyst complex
during post-Golgi vesicular trafficking which is also a PI14P dependent process (131, 339,
583). This would provide evidence that OSHs may functionally integrate PM-ER MCSs
and ER-Golgi MCSs to regulate lipid homeostasis.

Sphingolipid defects in A-s-tether cells may give insight into a mechanism by
which sterols regulate PM-ER MCSs. We showed that depletion of sterols resulted in
increased PM-ER membrane association (29). Intuitively, if PM-ER MCSs play a role in
sterol transport, PM-ER MCSs may be induced during sterol depletion to increase the
flow of sterols to the PM from their source of de novo synthesis. PAMs are also enriched
for sterol biosynthesis enzymes, such as Erg9p (103). Therefore, increased PM-ER
MCS results in more ribosomal free ER at the PM-ER interface (10), and a potentially

larger ergosterol biosynthesis platforms. This is supported by the fact that Sac1p and
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Scs2p physically and genetically interact with several Erg proteins, including Erg9p (16).
Drops in PM sterol levels have also been shown to stimulate sphingolipid biosynthesis
and vice versa (377). Cells with various ERG mutants and do not produce ergosterol,
have been shown to alter their lipidomic profile and increase complex sphingolipid
biosynthesis (584 ). This may be a compensatory mechanism to maintain PM rigidity in
the absence of sterols. Considering the significant change in free-sterol pools in A-s-
tether cells, and the synergistic role sterols and sphingolipids have on one another,
sterols may be sensing sphingolipid levels at the PM and vice versa. | propose that
OSHs and SACT act as a nexus to integrate sterols and sphingolipid levels by globally
coordinating MCSs. Further experimental investigation must be performed to discern a

plausible mechanistic model.

5.5. Conclusion

Membrane contact sites provide nucleating loci for the integrated regulation of
several different lipid pathways. Lipid metabolic pathways, where the biosynthetic
machinery is anchored on different organelles, necessitate lipid precursor exchange
between different membranes at contact sites. Membrane contact sites are therefore
centers for lipid biosynthesis, but also for lipid-dependent regulation of protein
interactions and functions. At PM-ER membrane contact sites, PIPs appear to be the
key regulators because of the dependence of LTPs and tethers on Ptdins4P and
P1(4,5)P,2. As a result, | predict that phosphoinositide regulators like Sac1p might have a

major impact on the establishment and propagation of PM-ER membrane association.

The response of Tcb3p expression to sterol depletion and the increase in ER-PM
MCSs raises even more questions. Do changes in PM sterols affect Tcb3p levels
directly, or does the post-transcriptional response on Tcb3p expression involve a
pathway of sterol sensors and effectors? Does the response only impact Tcb3p and the
other tricalbins or does the expression of other tethers also increase? Does Tcb3p
expression respond specifically to sterols, or do other changes in lipid composition within
the PM also elicit a response? Perhaps most interesting is the fact that ER-PM MCSs
are not constitutive assemblies, but they undergo adaptive changes suggesting a
dynamic mechanism for regulating ER-PM associations. Although ER defects in Atether
cells were shown to induce the “unfolded protein response” (4), cellular stresses might in

turn impact tether expression and ER-PM MCS formation to change PM structure as a
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protective mechanism. Indeed, the Arabidopsis tricalbin/E-Syt homolog SYT1 plays an
important role in shielding plant cells from mechanical stresses (110). The genetic
manipulations of yeast ER-PM tethers now pave the way to even a greater

understanding of the mechanisms and roles of ER-PM MCSs during cell growth.

The creation of cells that lack ER-PM MCSs provides a new opportunity for
testing the functional requirements for direct organelle membrane associations. These
analyses have already resulted in some surprises, namely that ER-PM MCSs by
themselves do not directly impact non-vesicular sterol trafficking. In general, the
evidence | have presented here challenges a simplified mechanistic view of the roles
played by LTPs and tether proteins. As opposed to being simple carriers involved in
inter-membrane lipid transport, LTPs such as the yeast ORPs clearly affect the bilayer
organization of their target membranes. These changes might facilitate lipid presentation
at the membrane surface for capture and transfer by other LTPs, whether soluble or
membrane-bound. Other potential LTPs like Lam6p have additional regulatory functions
in controlling the extent of membrane association as secondary PM-ER membrane
tethers (213). Even primary tether proteins are not just simple staples for adhering

different membranes together.

Tether proteins such as Scs2p can serve as scaffolds for regulatory proteins,
including membrane-anchored transcription factors and proteins that induce organelle
shaping. Considering that nearly all ORPs in mammals and nearly half of the yeast
OSHs have FFAT motifs, it is possible that this functional integration is mediated through
VAPs. With that in consideration, ORPs are not the only FFAT containing proteins and
the list of VAP binding proteins is ever-expanding (126). VAPs may provide a
mechanism by which PIP regulation, lipid biosynthesis, lipid transport, lipid
transcriptional regulation, and physical membrane association can all be integrated.
Moving forward, the discovery and characterization of genes which integrate MCSs is
essential to progressing our understanding of individual MCSs and MCSs as a

functionally integrated network.
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Appendix

Table S.1. List of Saccharomyces cerevisiae and mammalian membrane contact

site tether proteins and a brief description of their function

Membrane Interface Yeast Mammalian

PM-ER Scs2p/22p VAPA/VAPB
Tcb1p-3p E-Syt1-3
Ist2p TMEM16
Ice2p

Junctophilins (JP1-4)

ER-mitochondria

ERMES (Mmm1p, Mdm10p,
Mdm34p, Mdm12p)

EMC (Emc1p-6p)
PTPIP51 (RMD3)
Mitofusin-2
MECA Num1p
Mdm6p
ER-Golgi Nvj2p
OSBP/VAP
NVJ Nvj1p-Vac8p
Mdm1p Snx14
Osh1p/Scs2p?
ER-Early/Late ORP1L
Endosome STARD3, STARD3L
Protrudin
Rab3
SNX2
LDto ER Sei1p, Ldb16p BSCL2

FATP1 DGAT2 (C. Elegans)

Peroxisome to ER

Inp1p, Pex3p, Pex30p

ACBD5/VAPA
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Table S.2. List of yeast glycerophospholipid biosynthesis genes with their

corresponding enzymatic name and function

Yeast Gene Enzyme Function

ACC1/HFA1 Acetyl-CoA Carboxylase Fatty Acid Synthesis

FAS1-2 Fatty Acid Synthase (Cytosolic) Fatty Acid Synthesis

CEM1/0AR1/HTD2/ETR1/PPT2[Fatty Acid Synthase(mitochondrial) Fatty Acid Synthesis

ELO1-3 Fatty Acid elongase Fatty Acid Synthesis

OLE1 the acyl-CoA A9-desaturase Fatty Acid Synthesis

SCT1/GPT2 Glycerol-3-Phosphate acyltransferases PA synthesis

SLC1/ALE1 lysophospholipid acyltransferase PA synthesis

DGK1 DAG Kinase PA synthesis

PAH1/LPP1/DPP1 PA phosphatase DAG synthesis

PHO85/PHO80 Protein Kinase complex DAG synthesis

CDC28 Cyclin-dependent kinase DAG synthesis

NEM1/SPO7 Pah1 Phosphatase complex DAG synthesis

CDS1 CDP-DAG Synthase CDP-DAG Pathway

CHO1 CDP-DAG-serine phosphatidyltransferase (CDP-DAG Pathway
(PS synthesis)

PSD1-2 phosphatidylserine decarboxylase CDP-DAG Pathway
(PE synthesis)

CHO2 phosphatidylethanolamine N- CDP-DAG Pathway

methyltransferase (PC synthesis)

OPI3 phospholipid methyltransferase CDP-DAG Pathway
(PC synthesis)

HNM1 PM Cho/Eth Transporter Kennedy Pathway

CKI1 choline kinase Kennedy Pathway
(PC Synthesis)

PCT1 phosphocholine cytidylyltransferase Kennedy Pathway
(PC Synthesis)

CPT1 choline phosphotransferase Kennedy Pathway
(PC Synthesis)

EKI1 ethanolamine kinase Kennedy Pathway
(PE Synthesis)

ECT1 phosphoethanolamine cytidylyltransferase [Kennedy Pathway
(PE Synthesis)

EPT1 ethanolaminephosphotransferase Kennedy Pathway
(PE Synthesis)

PIS1 Phosphoinositol synthase PI synthesis

ITR1-2 Myo-inositol transporter Pl synthesis

INO1 Inositol-3 phosphate synthase Pl synthesis

INM1 Inositol monophosphatase Pl synthesis

PLB1-3/NTE1 Phospholipase B Phospholipid
turnover

GDE1 GroPCho-phosphodiesterase Phospholipid
turnover

PLC1 Phospholipase C PI45P2 turnover
(Signaling)
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SPO14 (PLD1) Phospholipase D PC turnover
FMP30 Phospholipase D NAPE turnover
DGA1/LRO1 DAG Acyltransferase TAG synthesis
ARE1/ARE2 Sterol Acyltransferase Sterol Esterification
TGL3-5 TAG Lipase TAG metabolism
(DAG synthesis)
YJU3 MAG lipase TAG metabolism
YEH1-2/TGL1 Sterol Ester Hydrolase Sterol metabolism
INO2/INO4 UASino Transcription factor Phospholipid
transcriptional
regulation
OPI1 UASino transcriptional repressor Phospholipid
transcriptional
regulation
YET1/YET3 UASino transcriptional Activator Phospholipid
transcriptional
regulation
IRE1 Ser/Thr Kinase-endoribonuclease UPR activation
HAC1 Transcription Factor UPR activation
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Table S.3. List of yeast and human phosphoinositide kinase and phosphatase
genes with their corresponding functions and preferred substrates.

Yeast Gene Human Gene [Enzymatic Function  |Preferred substrate
Kinases
STT4 Pl4KIllo Pl 4-kinase PI
PIK1 PI4KIIIB Pl 4-kinase Pl
LSB6 PI4KII Pl 4-kinase P
MSS4 Type | PI4P5Ka.,B,y PI4P 5-kinase P14P
Type |l PI5P4KaoL, B,y PISP 4-kinase PISP (humans only)
Type Il PI4P3K PI4P 3-kinase P14P (humans only)
VAP34 hVSP34 Pl 3-kinase P
FAB1 PIKfyve PIP 5-kinase PI3P, PI (humans only)
PI3KI (p100/p85) P1(4,5)P, 3-kinase Pl(4,5)P;
Phosphatases
SAC1 SAC1 PIP phosphatase PI4P, PI3P (yeast: in vitro)
INP51-53 (SJL1-3) Synaptojanin 1,2 PIP phosphatase PI4P, PI3P, PI(4,5)P,

PI(3,5)P,

INP54 INPP5B Pl 5P-phosphatase PI(4,5)P,, P1(3,4,5)P3
OCRL1 PI 5P-phosphatase PI(4,5)P,, P1(3,4,5)P3
SHIP1/2 Pl 5P-phosphatase PI(3,4,5)P3
(INPP5D/INPPL1)
TPIPo.B,y P1 3P-phosphatase P1(3,4,5)P;

TEP1 (no phosphotase  |PTEN PI 3P-phosphatase PI3P, PI(3,4,5)P;

activity)

FIG4 hFIG4 PI 5P-phosphatase PI(3,5)P,

YMR1 MTM1, MTMR1-4,6-8 Pl 3P-phosphatase PI3P, PI(3,5)P2 (human

only)

INPP4A,B

Pl 4P-phosphatase

PI(3,4)P,
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Table S.4. List of yeast sphingolipid biosynthesis genes with their corresponding

enzymatic name and function

Yeast Gene Enzyme Function

LCB1/2,TSC3 (SPT Serine palmitolstransferase LCB synthesis

Complex)

ORM1/2 SPT inhibitor SPT inhibitor

SAC1 PI4P phosphatase PIP phosphatase and regulator of

Orm1p/2p

TSC10 3-ketosphinganine reductase LCB synthesis

SUR2 Sphinganine C4-hydroxylase LCB synthesis/Ceramide synthesis

LAG1 Ceramide synthase Ceramide synthesis

LAC1 Ceramide synthase Ceramide synthesis

LIP1 Ceramide synthase Ceramide synthesis

AURT Phosphatidylinositol:ceramide Complex sphingolipid synthesis
phosphoinositol transferase

KEI Phosphatidylinositol:ceramide Complex sphingolipid synthesis
phosphoinositol transferase

CSG1/2 Mannosylinositol Complex sphingolipid synthesis
phosphorylceramide synthase

CSH1 Mannosylinositol Complex sphingolipid synthesis
phosphorylceramide synthase

IPT1 mannose-(inositol-P)2-ceramide  [Complex sphingolipid synthesis
phosphoinositol transferase

LCB4/5 LCB Kinase LCB turnover

DPL1 Dihydrosphingosine phosphate  [LCB turnover
lyase

LCB3/YSR3 Dihydrosphingosine 1-phosphate [LCB synthesis
phosphatase

ISC1 Inositol phosphosphingolipid Complex sphingolipid turnover
phospholipase C
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Table S.5. List of human ORP and their corresponding domains, cellular
localization, lipid ligand, and diseases associations
Data modified and summarized from Pietrangelo and Ridgeway 2018 (452).

MCS

ORP Domains Localization Ligand Disease Association
OSBP PH, FFAT,  |ER-trans-Golgi MCS ~ |250HC and other ALS8
ORD oxysterols, cholesterol,
Pl4P
ORP1 ANK, PH, ER-endosome MCS 24(S)OHC, 22(R)OHC,  [Dyslipidemia
FFAT, ORD |(ORP1L) 250HC, 7KC,
(ORP1L) Cytosol and nucleus  [cholesterol
ORD (ORP1S)|(ORP1S)
ORP2 FFAT, ORD [ER-LD MCS, Golgi 22(R)OHC, 7KC, Autosomal Dominant non-syndromic
250HC, cholesterol hearing loss,
Dyslipidemia,
ALS8
ORP3, PH, FFAT,  [PM-ER MCS (Mochizuki |Photo-250H, photo- ~|Glioblastoma, Breast Cancer,
ORD et al 2018), Cytosol, ER, (cholesterol Dyslipidemia, Pancreatic ductal
PM carcinoma, metastasis, ALS8
ORP4 PH, FFAT,  |Cytosol (ORPA4L) 250HC, 7KC 200HC, |T-Cell acute lymphoblastic leukemia
ORD (ORPA4L) ivimentin (ORP4S/MIL) 22 (R)OHC, 22(S)OHC, gggggtfgg:ggi;eukem'a’
FFAT, ORD 70HC, cholesterol Cholangiocarcinoma,
(ORP4M) Pancreatic cancer
ORD (ORP4S)
ORP5 PHORD TM |PM-ER MCS, ER- PS, PI4P, Metastatic lung cancer,
Mitochondria MCS dehydroergosterol, Alcohol dependence, Dyslipidemia
(Soha et al 2018) cholesterol?
ORP6 PH, FFAT,  |PM-ER MCS (Mochizuki Photo-250H, PI4P? Dyslipidemia, Alzheimer's syndrome
ORD et al 2018) ER- (Mochizuki et al 2018)
endosome MCS, NE,
Cytosol, ER, PM
ORP7 PH, FFAT,  |Cytosol ER PM Photo-250H Cholangiocarcinoma,
ORD Dyslipidemia,
Gastric cancer,
ORP8 PH, ORD, TM |PM-ER MCS, ER- PS, PI4P, Cholesterol, (Cholangiocarcinoma, Dyslipidemia,
Mitochondria MCS 250HC? GasFric cancer, hepatocellular
(Soha et al 2018) carcinoma
ORP9 PH, FFAT,  |[ER-trans-Golgi MCS  |Cholesterol, PI4P Colorectal cancer
ORD (ORPL) [(ORPAL), dyslipidemia
FFAT, ORD [ER (ORP9S)
(ORP9S)
ORP10  |PH, ORD Microtubule, Golgi PS, PI4P cholesterol?  Dyslipidemia, prostate cancer,
(ORP10L) (ORP10L) hypertension
ORD Nuclear (ORP10S)
(ORP10S)
ORP11  |PH, ORD Golgi-Late endosome ~ [? Dyslipidemia
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Table S.6. List of yeast OSHs and their corresponding domains, localization, and

lipid ligand.
OSH Gene Domains Localization Ligand
OSH1 ANK, PH, FFAT, ORD  INVJ Sterols, PI4P
OSH2 ANK, PH, FFAT, ORD  [PM-ER MCS, cytosol Sterols, PI4P
OSH3 GOLD, PH, FFAT, ORD |PM-ER MCS, cytosol Pl4P
OSH4 ORD Golgi, vesicles, cytosol  |Sterols, Pl4P
OSH5 ORD Vacuole? Sterols
OSH6 ORD PM-ER MCS, cytosol PS, PI4P
OSH7 ORD PM-ER MCS, cytosol PS, PI4P
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Mammals Ptdins monophosphate

4-phosphatases,
phosp *_@

-l
. Ptdins 4-phosphatases:
Sac1, Synaptojanin1,2

Figure S.1. Phosphatidylinositol phosphates (PIP) synthesized in humans and the
corresponding phosphatases and kinases.

Phosphoinositide metabolism in human cells. The execution points of the mammalian Pl kinases

and Pl phosphatases that regulate the synthesis and turnover of PIPs, respectively, are identified.

Reprinted by permission from Elsevier, Progress in Lipid Research, Phosphoinositide

phosphatases in cell biology and disease, Liu Y., and Bankaitis V. A., 2010.
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