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RESUME

Une distribution hétérogéne des lipides est essentielle a I'identité et a la fonction des
diverses organelles qui constituent les cellules eucaryotes. Néanmoins, I'échange incessant
de matériel entre ces organelles, notamment par les processus de transport vésiculaire, tend
a annuler ces différences de composition. Ainsi, il existe des mécanismes de synthese et de
transport de lipides qui assurent a tout instant le maintien de ces compositions lipidiques,
autrement dit, qui garantissent ’homéostasie cellulaire des lipides.

Alors que la plupart des lipides est synthétisée au réticulum endoplasmique (RE) et
doit étre transportée vers sa destination, certains sont métabolisés dans d’autres organelles,
établissant un réservoir de lipides spécifiques a celles-ci. Cela est le cas, par exemple, des
sphingolipides complexes, des phosphoinositides, ainsi que des lipides mitochondriaux (van
Meer, Voelker et al. 2008). Les mécanismes de transport actif de lipides entre organelles
peuvent étre divisés en deux classes:

- Le transport vésiculaire sélectif, permettant I'intégration ou I'exclusion de certains lipides
dans les vésicules de transport naissantes afin d’en augmenter ou d’en diminuer le niveau.

- Le transport non-vésiculaire, dépendant de protéines de transfert de lipides (lipid
transfer proteins, LTPs), capables d’extraire un lipide d’'une membrane pour le protéger
du milieu aqueux et ce afin de le transporter vers une deuxieme membrane et de l'y
insérer.

La participation des LTPs a la formation d’un gradient lipidique, nécessaire pour
maintenir I’"homéostasie lipidique, est un sujet particulierement intéressant et méconnu.
Forts de ce constat, nous avons cherché a comprendre comment des LTPs appartenant a la
famille ORP/Osh peuvent contribuer a cette régulation, en nous attachant plus précisément a
étudier comment ces protéines parviennent, par transport de lipides a travers le cytosol, a
créer et a maintenir un gradient de concentration de certains lipides entre le RE et les
membranes tardives de la voie sécrétoire.

Les Oxysterol-Binding Protein (OSBP)-Related Proteins (ORP) chez les mammiferes et
les protéines Osh chez la levure a bourgeons Saccharomyces cerevisiae sont des

transporteurs de lipides. L'accessibilité des protéines Osh ainsi que leur relative simplicité par
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rapport a leurs homologues humains nous ont permis d’effectuer des analyses mécanistiques
approfondies. Il a été décrit récemment que la protéine Osh4p peut, entre deux membranes,
échanger de l'ergostérol (le stérol majoritaire chez la levure) contre un deuxiéme ligand
lipidique, le phosphatidylinositol-4-phosphate (PI(4)P) présent sur la face trans de l'appareil
de Golgi (de Saint-Jean, Delfosse et al. 2011). Le PI(4)P y est synthétisé par une des Pl 4-
kinases et hydrolysé sur les membranes du RE par la PI(4)P phosphatase Saclp, assurant ainsi

un gradient de concentration du PI(4)P entres ces organelles (Manford, Xia et al. 2010).

b
trans-Golgi 1 :
4 .# L  Pikip_ |
ADP ATP

Osh4p[ergo]

3 &

Osh4p[PI1(4)P] ¢ ergosterol

il -

: # Sacip }?

eR

Modeéle de travail.
Le contre-échange entre l|'ergostérol et du PI(4)P permettrait a Osh4p d’utiliser I'énergie du

métabolisme des phosphoinositides pour transporter de I'ergostérol du réticulum endoplasmique (ER)
au trans-Golgi en créant ainsi un gradient de stérol.

Dans le but d’observer le transport lipidigue, nous avons opté pour une approche
reconstructive. L'utilisation de membranes artificielles, de protéines recombinantes purifiées
a homogénéité ainsi que de lipides naturellement fluorescents et la création de sondes
fluorescentes spécifiques a certains lipides, nous ont permis d’effectuer nos recherches dans

des conditions de haute résolution temporelle, tout en évitant des influences extérieures.

Pour optimiser I'analyse de l'activité de la protéine Osh4p, nous avons mis au point
des outils de fluorescence permettant de mesurer avec une précision inégalée le mouvement

du stérol et du PI(4)P entre des membranes lipidiques artificielles. Le domaine d’homologie

14



pleckstrin (PH) de la protéine humaine FAPP1 reconnait spécifiquement le PI(4)P et insére
une partie du domaine dans la membrane lors de cette reconnaissance. En partant de la
structure cristallographique du domaine PH de FAPP1 (Lenoir, Coskun et al. 2010) remplacer
un résidu par une cystéine (T13C), dans la partie insérée dans la membrane, permet
d’attacher une sonde fluorescente NBD sensible a son environnement. Lors de la
reconnaissance d’'une molécule de PI(4)P par le NBD-PHgapp, la partie du domaine marquée
au NBD est insérée dans la membrane entrainant un décalage du spectre NBD et en une
augmentation de sa fluorescence.

A l'aide de cet outil nous démontrons que la protéine Osh4p peut échanger de
I'ergostérol et du PI(4)P entre deux membranes par un mécanisme de contre-échange liant
intimement le transport d’un des deux ligands au transport de l'autre. La protéine est
capable de transporter du stérol contre son gradient de concentration en utilisant I'énergie
d’un gradient de PI(4)P. L'intégration de la phosphatase Sacl dans notre systéeme reconstitué
permet un maintien du transport de stérol grace au maintien du gradient de PI(4)P. Le
couplage entre le transport de stérol et le métabolisme des phosphoinositides dans la cellule
permettrait a Osh4p d’alimenter la membrane du trans-Golgi avec du stérol synthétisé dans
le RE. Il a été proposé que le transport de stérols soit maintenu par un gradient d’activité
chimique entre les organelles. En utilisant des membranes artificielles a différentes activités
chimiques, nous avons pu démontrer que la présence d’un tel gradient favorise le transport
mais n’est pas suffisante pour un transport de stérol contre son gradient de concentration a
I’échelle de temps cellulaire. Notre conclusion est qu’Osh4p possede la capacité de créer et
de maintenir le gradient de stérol observé entre ces organelles grace au métabolisme du
PI(4)P.

En parallele nous avons prouvé que ce mécanisme de contre-échange est conservé
dans la protéine humaine OSBP. Plus complexe que la protéine Osh4p, elle participe a la
création de zones de jonction entre deux organelles, via sa capacité a connecter la
membrane du RE a celle du trans-Golgi (Levine and Munro 2002). Nous avons aussi vérifié
gu’elle utilise le PI(4)P pour transporter du cholestérol du RE au trans-Golgi et que la
maintenance du gradient de concentration du PI(4)P par Sacl favorise ce transport.
L'activation d’OSBP par son partenaire d’interaction VAP-A, ancré sur le RE, est néanmoins
requise pour cette activité de transport. Ce contre-échange stérol/PI(4)P permet également a

OSBP d’autoréguler sa capacité a former des jonctions RE-Golgi grace a son domaine PH
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reconnaissant le PI(4)P. La capacité de certaines protéines ayant une structure globale
similaire (type CERT ou FAPP2) a peupler les zones de jonction entre le RE et le Golgi,
dépendrait donc également de l'activité d’OSBP et de Sacl.

Enfin, la découverte de la phosphatidylsérine (PS) comme ligand de la protéine Osh6p
(Maeda, Anand et al. 2013) nous a permis d’analyser la possibilité d’une extrapolation du
mécanisme de contre-échange avec le PI(4)P. Osh6p est capable de transporter ce lipide
entre membranes artificielles ainsi qu’entre le RE et la MP chez S. cerevisiae. En collaboration
avec le Centre de Biologie Structurale de Montpellier, nous avons résolu la structure
cristallographique de la protéine Osh6p en complexe avec du PI(4)P. La structure montre une
géométrie globale conservée entre les protéines Osh, et en particulierement celle de la
liaison au PI(4)P. Utilisant notre outil fluorescent reconnaissant le PI(4)P, nous avons pu
déterminer que la liaison du PI(4)P et son transport sont un aspect fonctionnel conservé des
protéines Osh. Afin de mesurer le transport de la PS nous avons développé un autre outil
fluorescent, selon le méme principe que pour le NBD-PHgapp, mais basé sur un domaine C2
de la Lactadherin bovine (Yeung, Gilbert et al. 2008). Cet outil, le NBD-C2,, permet de
suivre le transport de la PS et du PI(4)P entre membranes artificielles, dans les mémes
conditions en temps réel. Ainsi nous avons pu observer que le transport par Osh6p des deux
ligands entre deux membranes artificielles est accéléré sous condition de leur contre-
échange et qu’il existe une sélectivité de la protéine par rapport au niveau de saturation des
chaines acyl de ses ligands. Ce contre-échange permettrait a Osh6p d’alimenter de PS,
synthétisée au RE, la MP en consommant le réservoir de PI(4)P de la MP. Reste a démontrer
I'effet du métabolisme du PI(4)P et la conservation de ce mécanisme de contre-échange sur

le transport de PS in vivo.

En conclusion, cette étude nous permet de suggérer que I'’échange de PI(4)P avec
divers lipides, via certaines protéines ORP/Osh, serait un mécanisme général par lequel les
cellules maintiendraient des gradients de lipides entre le RE et les compartiments tardifs de

la voie sécrétoire.
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PREFACE: STUDYING BIOLOGICAL MEMBRANES

— WHY AND HOW?

Life necessitates boundaries.

Where does life begin? Where does it end? One particularly simple yet undoubtedly
correct answer to these highly philosophical questions could be: at a membrane. Delimiting
themselves from their environment with a membrane is a common feature for every living
being. These membranes may vary significantly in their composition between life forms, but
they are all based on the same class of molecules, the lipids. Lipid membranes not only allow
cells to separate themselves from their environment, but also to accumulate nutrients,

energy, ions and other cytosolic factors necessary for their proper function.

Constant change and unchanged constants

Within eukaryotic cells, at a smaller level, the sub-cellular organization into organelles
is also defined by their respective membranes, and that separation is likewise mandatory for
their functions. These organelles are highly dynamic and in perpetual contact with each other,
exchanging material and signals. Notwithstanding these dynamics, they keep their organelles
functionally separated and their membrane composition constant. The mechanisms of how
this lipid homeostasis between membranes is created and sustained are not yet fully
understood. Our scope is to demonstrate the implication of a family of lipid transfer proteins,
the Osh proteins that are found in the baker’s yeast (or budding yeast) Saccharomyces
cerevisiae, in lipid homeostasis, and to extrapolate our hypothesis to higher eukaryotes in
order to ultimately understand how functional separation is maintained between organelles

despite current exchange of membrane material.
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Reducing the complexity of a biological system

Trying to understand how cells conserve the properties of their membranes has been
a challenge for biologists, as these processes are extremely rapid and it is particularly
delicate to follow lipid transfer specifically and in real time. Our approach aims on identifying
mechanisms of lipid transport between membranes by reducing the complexity of a cellular
system by experimenting in vitro. Instead of using real cellular membranes, we use liposomes,
artificial bilayers with a defined composition that mimic the cellular membranes. We also
reduce the number of proteins implied in transport to a level where we can precisely follow
their activity, giving a unique insight into the function of lipid transfer proteins without
eventual interference of other cellular factors. We use fluorescence-based assays to measure
the motion of various lipids in real-time. In our reduced system, no compensatory
mechanisms or regulatory response can interfere with our measurements, even though they
might in vivo, thus allowing us to do measure with an unprecedented precision the activity of
lipid transfer proteins. Despite the advantages of this kind of approach, we are aware of its
limitations, since our reconstituted system might lack so far unidentified key factors involved

in lipid transfer.
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LIPIDS AND BILAYERS:

A PHYSICAL AND CHEMICAL POINT OF VIEW

Definition and self-organization of lipids

Lipids (their name derives from the greek Atmog (lipos), meaning fat) are organic
molecules that are insoluble in water due to their long (>10), non-polar carbon chains. Lipids
thus cannot be hydrated and form aggregates in an aqueous environment, like oil drops in
water, for example. Some lipids dispose of a water insoluble part (often referred to as “tail”)
as well as of a polar moiety (referred to as “head”) that, unlike the tail part, can be hydrated.
This particular feature, called amphipathicity (or amphiphilicty), has an intriguing effect:
amphipathic lipids do not aggregate into lipid drops, but rather form micelles or vesicles

(Figure 1).

(a)

(b)

Figure 1. Self-organization of amphipathic lipid molecules in different media.

Amphipathic lipids in water (blue), forming (a) a micelle, (b) a lipid bilayer or (c) a liposome, a vesicle
in which an inner aqueous phase is separated from the outer one by a lipid bilayer. (d) represents a
soap bubble in air (white), an example for an inverted vesicle; (e) shows an inverted micelle in a non-

polar solvent (orange).

In micelles, the tails of the lipids interact with each other allowing the heads to
interact with the aqueous environment, forming spheres of a diameter approximately twice
the length of one lipid molecule. In an apolar environment, amphiphilic lipids organize into
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inverted micelles with inverted lipid geometry. In vesicles, the internal environment is
separated from the external medium by a lipid bilayer i.e. two lipid sheets. In each sheet, the
polar headgroups face the aqueous phase whereas the liposoluble tails of two layers face
each other. With few exceptions, biological membranes are lipid bilayers. In some cases,
inverted bilayers, analogous to inverted micelles, can be formed (Figure 1).

Due to the low polarity of the membrane, polar molecules cannot cross such a bilayer.
Pores and specialized transporters that are inserted in a membrane can allow or, on the
contrary, prohibit exchange between the two compartments delimited by the membrane,

and thus create concentration gradients between the inside and the outside.

Thermodynamics in vesicle formation:

The hydrophobic effect

When dissolved in water, lipid molecules are surrounded by a “water cage”, in which
the water molecules are ordered due to their restricted participation in the formation of a
network of interactions between water molecules. The water molecules implied in this “cage”
formation are limited in terms of their degrees of freedom. Association of multiple lipid
molecules with each other reduces the surface accessible for the surrounding water and
more water molecules hence gain their full degrees of freedom. This process is called
spontaneous demixing.

The criterion for spontaneity of a chemical reaction is the free enthalpy or Gibb’s free

energy, defined by the enthalpy of the reaction and an entropic term:

G=H-TS
defines the free enthalpy for any system, in which G is the free enthalpy, H the enthalpy, T
the temperature and S the entropy. The free enthalpy of any isothermal change (where the
temperature does not change) of that system is

AG = AH —TAS.

By definition, chemical reactions are spontaneous for AG < 0. In the case of most

amphipathic lipids, the enthalpy of association with other lipids is neglectably small
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compared to the entropic term, mainly governed by the water “cage”. This makes the
demixing a spontaneous process, yet in some cases spontaneous demixing occurs only above
a critical temperature. Other physical factors facilitating spontaneous demixing of
amphipaths in water such as water surface tension and dielectric constant shall be

mentioned here, but not be detailed any further.
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CLASSIFICATION OF BIOLOGICALLY RELEVANT LIPID SPECIES

Different functions of lipid molecules in cells

Considering functional biological membranes, the overall physical properties of lipids
are no longer sufficient to understand the interactions between them and the functionality
of a membrane. We thus have to take a closer look at the lipids existing in cells, particularly
highlighting the fact that numerous lipid species serve as building blocks for biological
membranes.

In this work only eukaryotic cells are studied, hence the lipids described in the
following chapters are those found in Eukaryotes. However, it is noteworthy that the three
kingdoms of life (Eukaryotes, Archea and Bacteria) have different lipidomes, i.e. they use
different lipid species to form their respective membranes. According to the endosymbiotic
theory, (later to be eukaryotic) cells absorbed during evolution protobacteria that became
cellular organelles, namely peroxisomes, mitochondria and, in plants, the plastids. These
organelles therefore have a lipidome that varies significantly from the lipidome of the
surrounding cell, and in order to preserve this difference, these organelles must
independently produce their own lipids species. In mitochondria, phophatidylglycerol and
cardiolipin are lipids that are very akin to the lipids of bacterial lipidome and indeed
necessitate independent synthesis machineries.

The eukaryotic lipids can be subdivided in two major subfamilies: The lipids based on
fatty acids and those based on terpenoids (Figure 2). Fatty acid-based lipids are the major
building blocks of cellular membranes, and their structure and function will be detailed
below, but it is nonetheless noteworthy that fatty acids are not only used as membrane
building blocks. They can serve as storage for lipids (triacylglycerols), as energy source, as
signaling molecules, or as precursors for eicosanoid biosynthesis. The fatty acid-based
membrane building blocks are the phospholipids, which can again be subdivided in the

glycerophospholipids and the sphingolipids.
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Lipids
I

Fatty acid-based Terpenoids
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Eicosanoids Phospholipids Triglycerides Sterols Other terpenoids
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| Glycerophospholipids|| Sphingolipids | Steroid hormones Phylloquinones

Cholesterol Retinoids

Ergosterol Ubigquinone

Figure 2. Cellular lipids and membrane building blocks

Lipid classes in eukaryotic cells, the membrane building blocks are highlighted in orange.

The only terpenoid lipids that serve as membrane building blocks are the sterols.
Again, it must not be forgotten that other terpenoid molecules play major roles unrelated to
their function as building blocks, such as sterol metabolites (bile acids, steroid hormones,
vitamine D), retinoids (vitamin A), tocopherols (vitamin E), phylloquinones (vitamin K) and

ubiquinone (coenzyme Q).

Major building blocks of cellular membranes

Inside the eukaryotic kingdom, differences in lipidomes exist between species. Our
laboratory examines two types of eukaryotic model systems: human (Homo sapiens) and the
budding yeast Saccharomyces cerevisiae (baker’s yeast); differences between these two

species will be highlighted.

Glycerophospholipids

Glycerophospholipids (GPLs) are the most important building blocks of eukaryotic
cellular membranes. The common basis of those GPLs is the hydrophobic moiety
diacylglycerol (DAG) in wich two acyl chains are linked in sn-1 and sn-2 position by an ester
bond (or ether bond in the case of plasmalogen) to a glycerol “backbone” that is further
modified in order to yield phospholipids (Figure 3). Phosphatidic acid (PtdOH or PA) is DAG
phosphorylated on its sn-3 hydroxyl function. Under physiological conditions, phosphate

moieties bear a negative charge; they thus participate in the total charge of GPLs attributing
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one negative charge. Esterification of the sn-3 phosphate with different headgroups gives the
remaining four GPLs: phosphatidylcholine (PtdCho or PC), phosphatidylethanolamine (PtdEtn
or PE), phosphatidylinositol (PtdIns or Pl) and phosphatidyl-L-serine (PtdSer or PS; only the L-
form is found in eukaryotes). The first two, that are also the most abundant GPLs in higher
eukaryotes, have a headgroup formed of choline and ethanolamine, respectively, bearing a
positive charge; they are thus zwitterionic (no total net charge). In Pl the headgroup is
formed by a myo-inositol and in PS it is L-serine. Myo-inositol is neutral and serine
zwitterionic, therefore Pl and PS bear a total negative charge, just as PA. Phosphoinositides
(PIPs) are Pl species phosphorylated on one (or more) hydroxyl groups on the inositol ring
and therefore bear additional negative charge on their headgroup. They do not serve as
major building blocks, but despite their scarceness are key functional lipids for organelle
identification and signaling events (van Meer, Voelker et al. 2008). In phospholipids, the
headgroup can not only vary in terms of overall charge but also in terms of volume; the
headgroup size is greatest in Pl and decreases from PC, PE and PS to PA, with absence of
headgroups in DAG.

The tails of lipid molecules are formed by acyl chains, which can be fully saturated,
mono- or polyunsaturated, that means they carry no, one or several double bonds. These
double bonds can be in cis- or trans-configuration, but in lipid molecules the cis-
conformation is predominant. In phospholipids generally only one chain is unsaturated. The
range of acyl chain lengths in eukaryotic cells is broad, ranging from 12 to 26; however only
chain lengths are always even. Most phospholipids have chain lengths between 16 and 22
carbon atoms, with C12 and C14 being minor fatty acids, and have zero to four double bonds
(Schneiter, Brugger et al. 1999; Ejsing, Sampaio et al. 2009). Describing an acyl chain, the
number of carbon atoms (20, for example) and double bonds (4, for example) are usually
noted as C20:4.

Under normal growth conditions, S. cerevisiae produces only saturated and
monounsaturated fatty acids, narrowing down the variety of saturation levels. The most
abundant acyl chain lengths are C16 and C18, overall palmitoleic acid (C16:1) and oleic acid
(C18:1) are the most abundant fatty acids, followed by palmitic acid (C16:0) and stearic acid
(C18:0) (Ejsing, Sampaio et al. 2009).

It is noteworthy that polycarbon chains are flexible, however a double bond

decreases the flexibility and particularly the kink induced by cis-double bonds also increases
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the volume occupied by the chains. The number, length and saturation level of acyl chains
thus define together with the headgroup size, the overall geometry of GPLs. Phospholipids
can have a conical (bis-unsaturated DAG), cylindrical (saturated PC or saturated PS) or
inversed-conical (lyso-GPLs) shape. This has important implication for the membrane

properties (Figure 7).
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Figure 3. The five members of the GPL membrane building blocks.

(a) Diacylglycerol (DAG), (b) Phosphatidic acid (PA), (c) Phosphatidyl-L-serine (PS), (d)
Phosphatidylethanolamine (PE), (e) Phosphatidylcholine, (f) Phosphatidylinositol. In (b)-(f), acyl
chains are shown as rest (R).

Sphingolipids
Sphingolipids are phospholipids in which the backbone is not a glycerol but derives

from serine and palmitic acid, forming the long-chain base or sphingosine backbone (Figure

4). Sphingosines can be N-acetylated with a very long chain fatty acid (VLCFA, C24:0 or C26:0)
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to form ceramide. In yeast, the long chain base and acyl chains are saturated and can be
hydroxylated in C4 of the long chain base (phytosphingosine) and/or in C2 of the VLCFA,

increasing the amphiphilicity of sphingolipids compared to GPLs.
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Figure 4. Simple and complex sphingolipids of yeast and mammalian.

Yeast sphingolipids (a)-(b): (a) Dihydroceramide, the yeast long-chain base dehydrosphingosine is
highlighted in red. (b) inositol-phosphorylceramide (IPC). Complex mammalian sphingolipids (c)-(e):
(c) ceramide, the mammalian long-chain base dehydrosphingosine is highlighted in red, (d) a sphingo-
myelin (SM), (e) a simple cerebroside. In (b), (d) and (e) acyl chains of the fatty acid and the sphingoid
backbone are shown as rest (R).

Like in GPLs, the ceramide backbone can be phosphorylated on its 1-OH function and
headgroups can be added for formation of complex sphingolipids. In mammalian cells,
addition of choline or ethanolamine yields sphingomyelins (SMs), whereas one or more
glycosylations allow the formation of a variety of glycosphingolipids (cerebrosides and
gangliosides). SMs are more abundant that cerebrosides and gangliosides. In yeast only three
complex sphingolipids are synthesized, all of them with an inositol headgroup that can be
glycosylated: inositol-phosphorylceramide (IPC), mannosyl-inositol-phosphorylceramide
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(MIPC) and mannosyl-diinositol-phosphorylceramine (M(IP),C). Complex sphingolipids have
an important role in biological membranes, notably due to their affinity for sterols (Schneiter
1999).

As for GPLs, sphingolipids shape is controlled by acyl chain length and saturation and
the headgroup size. Sphingolipids display the longest acyl chains, C24 and C26 (VLCFAs) are
only found in sphingolipids, and are generally saturated. Ceramide displays a conical shape
like DAG, whereas complex sphingolipids with their bulky headgroups display an inversed-

conical shape (Schneiter, Brugger et al. 1999; Ejsing, Sampaio et al. 2009).

Sterols

Sterols, lipids from the isoprenoid lipid family, are also major building blocks for
membranes in eukaryotic cells. Though both are amphiphilic, but their particular shape
varies significantly from the aforementioned phospholipid species: Their polar headgroup (3-
OH in cholesterol) is tiny and displays no charge; their hydrophobic moiety does not have a
flexible and long shape but a planar four-ringed structure (the steroid backbone) with a short
aliphatic “tail”. Their particular shape allows specific interactions with phospholipids,
particularly saturated GPLs and sphingolipids, and these features make sterol an essential,
yet unconventional membrane building block. Higher eukaryotes contain mainly cholesterol,
whereas in budding yeast ergosterol (bis-unsaturated, methylated cholesterol) is the most

abundant sterol (Mesmin, Antonny et al. 2013) (Figure 5).
HC

Ergosterol Cholesterol

Figure 5. Chemical structure of ergosterol and cholesterol.

Ergosterol and cholesterol are the major sterol species found in budding yeast and mammalian
membranes, respectively.
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Oxidized metabolites of sterol, oxysterols, are precursors of steroid hormones and
bile acids and implied in signaling (Massey 2006). 25-hydroxycholesterol (25-OH), for
example, is a potent cholesterol biosynthesis inhibitor in concentrations in the nanomolar
range (Olsen, Schlesinger et al. 2009). Sterol oxidation significantly alters its behavior
towards membranes: Oxidation leads to more hydrophilic properties, and oxysterols in
membranes are twisted into an orthogonal orientation compared to phospholipids (Olsen,
Schlesinger et al. 2009). Cholesterol orientation is mainly governed by interaction between
its 3-OH headgroup and surrounding phospholipid headgroups, it is inserted parallel to
phospholipids. Due to their increased hydrophilicity, oxysterols diffuse more rapidly (10°-fold

increase compared to cholesterol) between membranes (van Amerongen, Demel et al. 1989)
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LIPID DISTRIBUTION

BETWEEN AND INSIDE CELL MEMBRANES

Cellular lipidomics and lipid homeostasis

Biological membranes are not at all as homogenous as they are often represented.
Their composition varies significantly between species, tissues, cell types and their
respective organelles. These variations can concern the protein/lipid ratio, membrane
symmetry and overall lipid composition (ratio of charge and neutral GPL species, abundance
of sterol and sphingolipids, acyl chain length and saturation), altogether governing
membrane properties. The study of differences in lipid distribution and its dynamics has
given rise to a new field in membrane biology: cellular lipidomics. This chapter will give
insight into differences between of organellar membranes and the therefore emerging
properties (van Meer, Voelker et al. 2008; Bigay and Antonny 2012; Holthuis and Menon
2014).

Some general features are conserved among all eukaryotic cells: The nuclear
envelope is continuous with the endoplasmic reticulum (ER) and their lipid compositions are
alike: > 40 % PC, 30 % PE, 10 % PI, 5 % PS, 5% sterol (Drin 2014) (Figure 6). ER and nuclear
envelope are protein-rich membranes, with > 10 mg protein/mg phospholipid (Zinser,
Sperka-Gottlieb et al. 1991). This ratio is only 3 mg/mg for the plasma membrane (PM), and
anionic phospholipids (PS, Pl) are enriched there as well as sphingolipids and sterols, and it is
thicker (9.2 £ 0.4 nm for the PM and 7.5 + 0.8 for the ER (Schneiter, Brugger et al. 1999)) and
denser (Zinser, Sperka-Gottlieb et al. 1991; Schneiter, Brugger et al. 1999). The Golgi
apparatus is at the crossroad between the ER and the PM, its composition changes from cis-
Golgi (whose membranes are like those of the ER) to more PM-resembling trans-Golgi
membranes. Endosomal compartments have compositions comparable to those of the PM
from which they originate, but are characterized by the presence of an specific endosomal
GPL, lyso-bisphosphatidic acid (LBPA, also bis(monoacylglycero)phosphate BMP) (van Meer,
Voelker et al. 2008). Budding yeast vacuolar membranes are rather loose and deprived of

sterols and protein, but contain steryl esters (Schneiter, Brugger et al. 1999). Certain
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organelles are labeled by minor pools of PIPs that have important functions. Mitochondria
are surrounded by two lipid bilayers (Outer mitochondrial membrane OMM and inner
mitochondrial membrane IMM) that show important differences in their lipid composition.
The OMM is quite alike to the PM, but deprived of ionic phospholipids, whereas the IMM has
a high protein/lipid ratio (7 mg protein / mg phospholipid), high amounts of unsaturated acyl
chains and is rich in (= 10 mol%) a specific mitochondrial lipid, cardiolipin (Comte,
Maisterrena et al. 1976; Schneiter, Brugger et al. 1999). Despite these general features, it is
noteworthy that in all yeast membranes Pl is more abundant at the expense of PC,
particularly in the PM, which also has an elevated PS content compared to higher eukaryotes

(McGee, Skinner et al. 1994; van Meer, Voelker et al. 2008).
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Figure 6. Lipid distribution in eukaryotic cells.

The cellular organelles and their respective lipid composition with phospholipid concentrations
expressed in percent of total phospholipid. Sterol abundance is described as ratio over total
phospholipid for mammalian cells (CHOL/PL) and budding yeast (ERG/PL). Illustration from (van Meer,

Voelker et al. 2008).
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The uneven lipid distribution between and within organellar membranes allow each
of them to optimize its function. Membrane composition, curvature, electrostatics and
packing have to be considered as a whole in order to understand the functionalization of
subcellular membranes (Bigay and Antonny 2012). It is thus important to describe how

overall membrane properties arise from lipid composition.

Biophysical aspects of lipid bilayers

Effects of lipid shape and saturation levels

Lipid shape governs different aspects of membranes. The archetypal cylindrical lipids
will take a lamellar organization as shown in (Figure 1b). With lipids deviating from the ideal,
cylindrical shape, interaction either between headgroups of between acyl chains is
decreased, as the accessible volume for the headgroups and the acyl chains, respectively,
increases. The volume and charge is thus no longer homogenously distributed on a
membrane, but locally displays dynamic higher or lower density. These imperfections in
headgroup distribution are called lipid packing defects (Vamparys, Gautier et al. 2013)
(Figure 7). Locally, such packing defects can increase membrane fluidity and facilitate protein
interaction with lipids, but on a larger scale will deform the membrane: Local accumulation
of conical or inversed-conical lipids will bend membranes to optimize the interactions
between lipids, and thus induce membrane curvature (Bigay and Antonny 2012) (Figure 7).

Three phase states can be defined for a bilayer: a liquid-disordered phase (lg, low
degree of order, fast diffusion), a solid gel phase (s,, high degree of order, slow diffusion) and
liquid-ordered phase (l,, high degree of order, fast diffusion). These phases depend on the
composition of the membrane and on the temperature. In liquid-ordered membranes the
interaction of lipids with each other is stronger; formation of these phases is thus favored by
high acyl chain saturation levels: Saturated phospholipids with a cylindrical shape are not
subject to steric hindrance as conical, unsaturated phospholipids are due to their kinked acyl
chains; cylindrical lipids hence display larger surfaces for lipid-lipid interaction (van Meer,

Voelker et al. 2008) (Figure 7).
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Figure 7. Impact of lipid shape and saturation on membrane organization.

See text for details. lllustration from (Holthuis and Menon 2014).

Sterols play an intriguing role in membranes depending on their phase: Their
particular shape allows upon insertion in a lipid bilayer the stabilization of the membrane: It
decreases the interaction between phospholipids by interacting with their acyl chains, thus
preventing formation of solid gel phases. This interaction is stronger when the acyl chains
surrounding the sterol molecule are saturated; lipid saturation can therefore allow
segregation of sterol and vice versa. On the other hand, fluid membranes are rigidified and
thickened by sterol insertion by the “condensing effect”. The acyl chain length together with
the saturation level also govern membrane thickness: longer and saturated acyl chains can
interact with sterols in the core of the membrane. Saturated and sterol-rich membranes are
thus thicker than unsaturated membranes deprived of sterol (Munro 2003) (Figure 7).

Additionally, under certain circumstances one lipid bilayer can separate into two
distinct coexisting phases (van Meer, Voelker et al. 2008). The microdomains formed by
phase separation in one membrane, also referred to as ‘lipid rafts’, which are enriched in
sterols and sphingolipids, have been analyzed, but whether they can play a physiological role
is still discussed (Munro 2003; van Meer, Voelker et al. 2008; Toulmay and Prinz 2013).
Despite the possibility of phase formation and separation in artificial membranes, the

situation in biological membranes might not be so clear cut.
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Transbilayer asymmetry and anionic lipids

Biological membranes are lipid bilayers and therefore have one cytosolic and one
lumenal (in the case of the PM: extracellular or exoplasmic) leaflet. In some membranes, the
two leaflets do not share the same lipid composition, i. e. they display a transbilayer
asymmetry (van Meer, Voelker et al. 2008). In the ER, anionic lipids, particularly PS, are
mainly facing the ER lumen. In the PM the extracellular face is devoid of PS and highly
enriched in sphingolipids, PC and sterols whereas its cytosolic face displays opposite pattern
with an elevated PS concentration thus increasing PM surface charge on its cytoplasmic face
(Leventis and Grinstein 2010) (Figure 15).

Conservation of transbilayer asymmetry is mostly due to the inability of phospholipids
to cross the membrane. Diffusion from one leaflet to another implies for a lipid molecule
disruption of headgroup interaction and passage of the polar moiety through the
hydrophobic core of the bilayer, which is the reason for the slow transbilayer movement of
phospholipids, called flip-flop. GPLs and sphingolipids flip with t;/, of hours (Holthuis and
Levine 2005). Lipids without polar headgroup (such as DAG and ceramide) and neutral sterol
molecules, on the other hand, can flip rapidly (t;/, of seconds to minutes) between leaflets of
one membrane (Holthuis and Levine 2005; Leventis and Grinstein 2010). The establishment
of transbilayer asymmetry will be discussed below (See The origins of transbilayer

asymmetry).

Special lipids: Phosphoinositides

Certain organelles are labeled by minor pools of PIPs that were initially seen as mere
precursors for the formation of PI(4,5)P, that is cleaved by phospholipase C (PLC) to yield
Ins(1,4,5)P3 and DAG, two signaling molecules associated to G-protein coupled receptors at
the PM. Moreover, a variety of functions of PIPs in multiple cellular processes have been
unveiled. The PIPs are no major membrane constituents, but act, together with small G-
proteins, as specific organellar signposts to facilitate their recognition. For example, PI(4)P
marks mainly the trans-Golgi region, but it should be noted that functionally distinct pools
mark also the PM and endosomal fractions. One of the most common protein domains to
interact with PI(4)P are Pleckstrin Homology (PH) domains that will be detailed below (PI(4)P
detection by NBD-PHFAPP). Other PI(4)P-interacting protein domains are found in the
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clathrin adaptor proteins, such as AP-1 and GGAs, that recognize both cargo protein and
PI(4)P to mediate clathrin coat formation. The y subunit of dimeric human AP-1 (Apl4dp in
budding yeast) allows PI(4)P recognition by a conserved binding site inferred from homology
from the crystal structure of murine AP-2, but the detailed mechanism remains to be
elucidated (Collins, McCoy et al. 2002). Golgi-localized, y-ear-containing, ARF (ADP
(adenosine diphosphate) ribosylation factor)-binding proteins (GGAs, Ggalp and Gga2p in
yeast) are clathrin-adaptors required for Golgi-to-endosome traffic. They all contain a GAT
domain that detects both PI(4)P and Arf1-GTP by coincidence detection. The binding site for
PI(4)P has been identified in a solvent-exposed three helix bundle of that domain that shows
no homology with other PI(4)P-binding domains (Wang, Sun et al. 2007; Lenoir and Overduin
2013).

PI(4,5)P, in key for PLC signaling at the PM and it plays an important role in the
interaction between PM and the cytoskeleton as well as for exocytotic and endocytotic
events (Tan and Brill 2014). Intriguingly, in yeast, PI(4,5)P, deficiency phenotypes differ
depending on the PI(4)P pool used for PI(4,5)P, synthesis, indicating that there are distinct
pools of PI(4,5)P, within the PM (Audhya, Foti et al. 2000); nevertheless, both of these pools
can be recognized by PH domains.

PI(3)P is mainly found on early endosomal compartments, and PI(3,5)P, labels mainly
late endosomal compartments (Behnia and Munro 2005; Mayinger 2012). PI(3)P is
recognized by zinc finger motifs called FYVE (named after the proteins Fablp, YOTB, Vaclp
and EEA1 where it was first identified) domains and Phox homology (PX) domains that target
proteins to the endolysosomal system. PI(3,5)P, is synthesized from PI(3)P at the late
endosomal/lysosomal system and epsin N-terminal homology (ENTH) domain containing
proteins are recruited there by PI(3,5)P, recognition (Mayinger 2012).

Certain protein domains thus allow specific recognition of different subcellular

membranes highlighted by different PIPs.

Marking territories in eukaryotic cells

Combining the general trends in membrane compositions and their biophysical
implications, an overall tendency can be seen in lipid distribution: The ER is rich in

unsaturated lipids and sterol is scarce and therefore mainly in a liquid-disordered phase.
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Such fluidity is thought to be important for the folding of proteins with transmembrane-
spanning domains and the tabulated structure of the ER, implying high curvature. Anionic
phospholipids are scarce, thus making the ER and early membranes of the secretory pathway
a subcellular region mainly defined by high packing defects (Bigay and Antonny 2012).

Continuing along the secretory pathway these characteristics are reversed, with the
Golgi apparatus being and intermediate compartment crucial for this change. At the PM, the
lipids there have higher saturation levels and the enrichment of sterol and complex
sphingolipids allows a more liquid-ordered phase state, and packing defects are scarce. The
cytoplasmic face of the PM additionally is enriched in the anionic phospholipid PS, together
with PIPs making late membranes as the trans-Golgi and the PM mainly governed by
electrostatics (Bigay and Antonny 2012) (Figure 8).
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Figure 8. Division of eukaryotic cells in two territories.

Early regions of the secretory pathway such as the ER and cis-Golgi display a high level of unsaturated
lipids and its biophysics is mainly governed by membrane packing defects. Late membranes such as
trans-Golgi and the PM are densely packed and rich in anionic phospholipids, therefore making it the
territory of electrostatics. Illustration from (Bigay and Antonny 2012).
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CONCEPTS FOR ESTABLISHING AN UNEVEN

LIPID DISTRIBUTION IN EUKARYOTIC CELLS

Despite their different compositions, organelles perpetually exchange parts of their
membrane by vesicular trafficking that allows transport of proteins and nutrients in cells. The
constant arrival and departure of material necessitates mechanisms to regulate its lipid
homeostasis, i.e. to keep its overall lipid composition and uneven distribution constant.

The mechanisms implied in establishment differences in lipid compositions between
subcellular compartments can be divided in three classes: The first class is lipid metabolism,
i.e. lipids are produced or modified at different places inside the cell. The second class is lipid
transport between bilayers of a single bilayer, which is required for establishing transbilayer
asymmetry. The third class is vesicular or non-vesicular mechanisms that deliver lipid

molecules specifically between membranes.

Spatial differentiation through lipid metabolism

Glycerophospholipid biosynthesis routes

Synthesis of phosphatidic acid and diacylglycerol

PA is synthesized on the cytosolic face of the ER from glycerol-3-phosphate by
acylation of the free 1- and 2-hydroxyl groups with fatty acids activated in the form of acyl-
CoA (Coenzyme A). A single acylation yields lysoPA, a subsequent, second acylation yields PA.
Dephosphorylation of PA produces DAG, the precursor for GPL biosynthesis via the Kennedy
pathway (see below) and for biosynthesis of triacylglycerol (TAG), a storage lipid. PA can also
be nucleotidylated with cytosine-triphosphate (CTP) by phosphatidate cytidylyltransferase
yielding CDP-DAG, the precursor for GPL synthesis via the de novo-pathway (see below) and

cardiolipin biosynthesis in mitochondria (Henry, Kohlwein et al. 2012).
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Functionalization of different GPL species

In order to obtain fully functional GPLs, a headgroup has to be added to the DAG
precursors. In eukaryotic cells, there are two pathways of GPL synthesis: In the Kennedy
pathway, the major GPL biosynthesis pathway in higher eukaryotes, PC is synthesized by the
addition of CDP-choline to DAG and in a reaction catalyzed by CPT1
(cholinephosphotransferase 1), whereas EPT1 (ethanolaminephosphotransferase 1) assures
the synthesis of PE from DAG and CDP-ethanolamine. PS is subsequently synthesized from PC
and PE, by swapping the headgroups for serine by PS synthases PSS1 and PSS2, respectively.
Counter-reaction exist in which PS is decarboxylated, yielding PE, that can undergo
subsequent tri-methylation, yielding PC. These reactions are catalyzed by PS decarboxylases
(PSD) and PE-methyl transferases (PEMT), respectively. Pl is synthesized following the so
called de novo pathway from CDP-DAG and myo-inositol (Daum, Lees et al. 1998; Vance and

Steenbergen 2005; Gibellini and Smith 2010) (Figure 9).
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Figure 9. GPL synthesis pathways

All eukaryotes use the Kennedy pathway (orange boxes), but budding yeast can also produce PS via
the de novo pathway (blue box) and PE and PC by decarboxylation and successive methylation. In
Mammalia and yeast, Pl is synthesized from CDP-DAG and myo-inositol, like PS in yeast (not shown).
[llustration modified from (Leventis and Grinstein 2010)
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The budding yeast S. cerevisiae possesses the same synthesis machinery, but
additionally, it disposes of a de novo PS synthase, Psslp (Cholp), which synthesizes PS
directly from CDP-DAG and L-serine. Despite the fact that the Kennedy pathway machinery is
fully functional in yeast, it exploits mainly the de novo pathway and synthesizes most of its
PC and PE by modifying the PS headgroup. The PS synthase Psslp hence has to ensure the
production of the majority of the total GPL in yeast, with PS thus being the key intermediate
for bulk GPL synthesis. The syntheses of PS and Pl share a common precursor, CDP-DAG, and
its limited availability therefore restrains global GPL synthesis (Leventis and Grinstein 2010).
For PE biosynthesis by decarboxylation S. cerevisiae encodes two PSDs (Psd1p and Psd2p)
and two PEMTs, Cho2p and Opi3p. The former catalyzes the first and the latter catalyzing
mainly the two other methylation steps. Both Kennedy pathway and de novo pathway
enzymes are localized to the cytosolic face of the smooth ER in yeast and human (Daum, Lees
et al. 1998; Vance and Steenbergen 2005; Leventis and Grinstein 2010) (Figure 9).

Of the abovementioned enzymes, PS decarboxylases are the only not to be localized
at the ER but at the IMM (mammalian PSID and yeast Psd1p) and Golgi/endosomes (yeast
Psd2p) (Leventis and Grinstein 2010). It is noteworthy that for budding yeast, an efficient
transfer of PS from the ER to mitochondria and Golgi/endosomes is essential, as
decarboxylation of PS and methylation of PE are the major sources of PE and PC, respectively.
The lipid export/import appears to be favored by the localization of the concerned enzymes:
They are not homogenously distributed within the ER but are rather enriched at parts of the
ER, called membrane contact sites (MCSs) that encounter other membrane-bound
compartments (Helle, Kanfer et al. 2013). These particular sites and their importance in lipid
transport will be discussed in detail later. Human PS synthases PSS1 and PSS2, for example,
are enriched in mitochondria-associated membranes (MAM) (Stone and Vance 2000) as well
as its yeast counterpart Psslp which is additionally found in the PM-associated membrane
(PAM), thus in proximity of another organelle requiring PS import (Gaigg, Simbeni et al. 1995;
Pichler, Gaigg et al. 2001).

Mammalian Pl synthase activity has recently been localized to highly dynamic, ER-
derived structures termed Pl-Producing ER-derived Organelles or PIPEROsomes that would
directly supply other organellar membranes with Pl by ample contacts (Kim, Guzman-
Hernandez et al. 2011). Pl is an essential lipid for budding yeast that produces significantly

more of this lipid than higher eukaryotes. The function of Pl as a negatively charged building

47



block in membranes might be taken over by PS, thus the importance of Pl in yeast might be
linked to its function as a precursor for PIP and morevover, for sphingolipid synthesis or as

basis of glycosylphosphatidylinositol (GPl)-anchored proteins (Daum, Lees et al. 1998).

Phosphoinositide biosynthesis pathways

Synthesis and localization of phosphoinositide species

PIPs are synthesized from Pl by different kinases (PIK) that allow the localized and
specific creation of PIP pools (Figure 10). PI(3)P is synthesized by class Il and class Ill PI3K in
the early endosomal system and regulates its dynamics during endocytosis and autophagy. In
yeast, both PI(3)P and PI(3,5)P, are localized to the vacuole (the yeast counterpart of the
endosomal/lysosomal compartment in higher eukaryotes) where they are synthesized by the
class lll PI3K Vps34 and the PI5K Fabl, respectively, two non-essential enzymes (Mayinger
2012).

In mammalian cells, PI(4)P is synthesized from PI by four PI4K (Pl4KlIlla, PI14KIIIB
Pl4Klla and P14KIIB, also named, PI4KA, PI14KB, PI4K2A and PI4K2B respectively)and labels the
Golgi as well as the PM. Golgi and PM-localized Pl4K produce functionally distinct pools of
PI(4)P: PI4KIIIB (Piklp in yeast) creates the most considerable pool in the Golgi apparatus and
thus governs Golgi function in secretion via multiple PI(4)P effectors (Audhya, Foti et al. 2000;
Tan and Brill 2014). Piklp is localized to the Golgi by interaction with Frqlp, and is rapidly
detached from Golgi membranes under glucose starvation conditions, leading to an arrest of
vesicular trafficking (Faulhammer, Kanjilal-Kolar et al. 2007). Pl4Kllla (Stt4p in yeast) is
targeted to the PM by interaction with Sfk1lp and also with Efr3p via Ypplp, which together
regulates Stt4p localization and activity (Baird, Stefan et al. 2008; Wu, Chi et al. 2014). The
endosomal/lysosomal PI(4)P pool synthesized by Pl4KIla and PI4KIIB (only one homolog in
yeast, Lsb6p) is minor and non-essential compared to the others, and regulates endosomal
function (Han, Audhya et al. 2002; Shelton, Barylko et al. 2003; Jovic, Kean et al. 2014).
Recently, a novel highly specific and sensitive probe for PI(4)P determination based on the
PAM domain of the Legionella pneumophilia SidM protein has been developed. Utilization of
this probe revealed a broader distribution of PI(4)P, promising a more detailed insight into
dynamics of PI(4)P distribution (Del Campo, Mishra et al. 2014; Hammond, Machner et al.
2014; Hubber, Arasaki et al. 2014).
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PM localized PI(4)P serves as a precursor for synthesis of PI(4,5)P, by PIP kinases
(PIP5K, Mssdp in yeast), and PI(4)P for PI(4,5)P, synthesis can originate from both the PI4KA
(Stt4p) and PI4KB (Piklp) pools. PI(4)P together with PI(4,5)P, makes up to 90 % of cellular
PIPs in yeast (Audhya, Foti et al. 2000; Audhya and Emr 2002; Tan and Brill 2014).
Phosphorylation of PI(4)P and PI(4,5)P, by class | PI3K vyields PI(3,4)P, and PI(3,4,5)Ps,
respectively, two short-lived regulators of cell survival and growth, which are not found in

yeast due to the lack of a class | PI3K (Odorizzi, Babst et al. 2000; Mayinger 2012).
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Figure 10. PIP distribution in Mammalia

PI(3)P is found on early endosomal compartments whereas PI(3,5)P, is localized to late endosomes
and lysosomes. Two different pools of PI(4)P highlight the Golgi and the PM which also displays
P1(4,5)P,. PI(5)P and the short lived PI(3,4,5)P; are found at the PM. lllustration from (Billcliff and
Lowe 2014).
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Phosphoinositide catabolism

PIPs are hydrolyzed by more or less specific PIP phosphatases, allowing
interconversion of PIP species and regulation of PIP controlled processes. Saclp shall be the
only PIP phosphatase detailed here due to its implication in PI(4)P hydrolysis; for details on
other PIP phosphatases see (Billcliff and Lowe 2014).

OOOOOOOOOO0

Figure 11. Crystal structure and model of the budding yeast PIP phosphatase Saclp.

Left: Ribbon diagram showing the structure of the cytosolic portion (residues 1-503) of Saclp with
numbered secondary structure elements. The N-terminal domain (1-182) is shown in blue and the
catalytic domain (183-503) in yellow. The catalytic motif CXsR(T/S) in the P-loop of the catalytic
domain is shown in red and protruding loops around the catalytic motif are green. Right: Surface
representation of the cytosolic portion (yellow and blue) attached to its transmembrane domains
(grey) by a flexible linker (spotted in orange). The catalytic site recognizes PI(4)P (green hexagon with
phosphate as yellow sphere) and hydrolyses it to yield Pl (green hexagon). lllustrations from (Manford,
Xia et al. 2010).

Saclp is a double-spanning transmembrane protein that is localized to the ER, but can
be shuttled to the Golgi under glucose starvation conditions where it is retained by
interaction with Vps74 until reestablishment of normal growth conditions (Konrad, Schlecker
et al. 2002; Wood, Hung et al. 2012; Cai, Deng et al. 2014). It is the major PIP phosphatase in
budding yeast and controls mainly PI(4)P levels. The crystal structure of its cytosolic portion
(1-503) has been solved and it displays two domains, the N-terminal SacN domain (1-182)
and the catalytic phosphatase domain (183-503) (PDB entry: 3LWT) (Manford, Xia et al. 2010)

(Figure 11). The phosphatase domain is localized in a loop (P-loop) and displays a CXsR(T/S)
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motif around Cys392, its catalytic motif. Mutations of Cys392 yield a catalytically inactive
Saclp in which localization and shuttling is conserved. Just as deletion of Saclp, this
mutation leads to accumulation of PIPs (Konrad, Schlecker et al. 2002; Tahirovic, Schorr et al.
2005; Manford, Xia et al. 2010). Saclp in vitro hydrolyzes PIPs with relatively little specificity,
but in vivo PI1(4)P is the main substrate, and PI(4)P from both Stt4p and Pik1p are hydrolyzed
(Tahirovic, Schorr et al. 2005; Faulhammer, Kanjilal-Kolar et al. 2007). Hydrolysis activity is
increased by allosteric activation by anionic phospholipids, particularly PS (Zhong, Hsu et al.
2012).

It has been hypothesized that ER-resident Saclp could hydrolyze the Stt4p PI(4)P pool
at ER-PM contact sites. A 80 amino acid (aa) stretch at the C-terminus of the catalytic domain
is unstructured, and initially it was thought that this stretch could serve as a linker allowing
the catalytic domain to act in trans of its transmembrane anchor at ER-PM MCSs (Manford,
Xia et al. 2010; Stefan, Manford et al. 2011). Recent findings showed however that this
segment is essential for substrate recognition and catalytic activity, thus challenging the
hypothesis of in trans activity (PDB entry: 4TU3) (Cai, Deng et al. 2014). Saclp related
phenotypes do not only concern vesicular trafficking; in ASacl yeast strains the levels of
complex sphingolipids are decreased, probably due to the importance of its substrate, PI, for
complex sphingolipid synthesis (Brice, Alford et al. 2009). Additionally, ASacl mutants
accumulate PS in the ER at the expense of the PM in a manner independent of the de novo
synthesis of PE and PC by PS decarboxylases, indicating an implication of Saclp in ER-to-PM
PS transport (Tani and Kuge 2014). Localized synthesis and hydrolysis by PI-/PIP-kinases and
PIP-phosphatases, respectively, thus allow spatially controlled distribution of PIPs and

maintenance of their gradients.

Sphingolipid biosynthesis

Long-chain base and ceramide synthesis

Ceramide has the same role for sphingolipids that DAG has for GPLs in that it forms
the backbone for sphingolipids. It induces the major difference between the two
phospholipid subfamilies: DAG is based on a glycerol backbone with two acyl chains.
Sphingolipids have only one acyl chain, attached to the 2-amine function of the sphingoid
backbone. The sphingoid backbone (the long chain base LCB), takes over the role of both the
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glycerol and one acyl chain in DAG (see Figure 4) (Schneiter 1999). This sphingoid backbone
is synthesized from a common precursor for all phospholipids, acyl-CoA that in the case of
sphingolipids is coupled to serine by the ER enzyme serine palmitoyltransferases (SPT in
human, Lcblp and Lcb2p in S. cerevisiae) yielding ketodehydrosphingosine that is further
reduced to dehydrosphingosine. This molecule is in turn N-acylated by ceramide synthase
(CerS in human, Sur2p in budding yeast) to yield ceramide in the ER (Dickson and Lester 1999;
Tidhar and Futerman 2013).

Metabolization of ceramide into sphingolipids

The synthesis of complex sphingolipids in both mammalia and yeast takes place in the
trans-Golgi lumen. Ceramide has a no polar headgroup; it is therefore rapidly flipped
between membrane leaflets, allowing lumenal metabolization. Mammalia synthesize two
classes of complex sphingolipids: SMs and glycosphingolipids (see Figure 4). SMs are
synthesized from ceramide by SM synthase (SMS). Glycosphingolipid biosynthesis
necessitates glucosylceramide as precursor that is synthesized in the cis-Golgi from ceramide
by glucosylceramide synthase (GCS) and transported by FAPP2 (Four Phosphate Adaptor

Protein 2, see

Glycolipid transfer proteins and FAPP proteins: glycol(sphingo)lipid transporters) to
the trans-Golgi, where glycosphingolipid synthesis occurs, mediated by multiple glycosyl-
transferases (Funato and Riezman 2001).

In budding yeast, the number of complex sphingolipids is reduced to three, all of
which have modified forms of inositol as their polar head group. For their synthesis ceramide
is transported by both vesicular and non-vesicular pathways towards the Golgi apparatus.
(Funato, Vallee et al. 2002) Transfer of inositol phosphate from phosphatidylinositol to
ceramide for formation of inositol phosphorylceramide (IPC, see Figure 4) is catalyzed by the
essential protein Aurlp and highly sensitive to the equilibrium between Pl and PI(4)P, as
perturbations lead to decreased synthesis of complex sphingolipids (Brice, Alford et al. 2009).
Mannosylation to form mannosyl-inositol phosphorylceramide (MIPC) and further
conversion from MIPC to mannosyl-diinositol phosphorylceramide (M(IP),C) with Pl also

occur in the Golgi complex (Brice, Alford et al. 2009). Finally, complex sphingolipids are

52



transported to the PM, where they are most abundant and where they tightly associate with

sterol.

Sterol: biosynthetic and uptake routes

Sterol biosynthesis in eukaryotic cells

The biosynthesis pathway of sterols is complex and necessitates over 20 enzymes.
Briefly, three molecules of acetyl-CoA are condensed in the mevalonate pathway by HMG-
CoA (3-Hydroxy-3-methylgutaryl-CoA) reductase, a key enzyme in the sterol biosynthesis
pathway. Further decarboxylation and reduction vyields 3-isopentenyl pyrophosphate.
Geranyl transferases condense three molecules of 3-isopentenyl pyrophosphate into farnesyl
pyrophosphate, and squalene synthase condenses two farnesyl pyrophosphates into
squalene. After epoxidation, lanosterol synthase catalyzes the formation of lanosterol, the
first molecule in the biosynthesis pathway with the characteristic four-ringed sterol structure.
The further pathways differ slightly between mammalia and yeast, as cholesterol is the most
important sterol species in mammalia, whereas yeast produces mainly ergosterol.
Notwithstanding the differences in the synthesis pathways, both mammalian and yeast sterol
biosynthesis take place in the ER, making efficient sterol sorting for functionalization of
subcellular membranes (Henneberry and Sturley 2005) (Figure 12). However, whereas the
syntheses of sphingolipids and different GPL species are tightly interconnected, sterol
biosynthesis only shares its basic precursor acetyl-CoA with their respective biosynthesis
pathways.

Degrella et al. showed that in the case of newly synthesized sterols in mammalian
cells, the transport of sterol is independent of vesicular trafficking and is energy-dependent
(DeGrella and Simoni 1982). Menon and coworkers were able to show that in yeast, just as in
mammalian cells, newly synthesized sterols are transported by non-vesicular, energy-

dependent trafficking pathways towards the PM (Baumann, Sullivan et al. 2005).
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Figure 12. Short overview of the sterol biosynthetic pathway

Summarized sterol biosynthesis pathway: (1) Acetoacetyl-CoA (b) is synthesized from two molecules
of acetyl-CoA (a), addition of another acetyl-CoA (2) leads to formation of mevalonic acid (c). The last
step is rate limiting and catalyzed by HMG-CoA reductase, hence a key enzyme for sterol. Isopentenyl
pyrophosphate (IPP) (d) formation requires three steps (3). It is then dimerized (4) to yield geranyl
pyrophosphate (e), condensation of another IPP molecule (5) gives farnesyl pyrophosphate (f).
Squalene (g) is formed from two farnesyl pyrophosphate molecules (6). After squalene epoxidation,
lanosterol synthase catalyzes the cycle formation (7) to yield lanotsterol (h), the first intermediate in
the biosynthesis with a steroid backbone. Biosyntheses of ergosterol and cholesterol (Figure 5)
diverge starting from lanosterol and are not further detailed here. For precise descriptions of the
pathways see (Nes 2011).

Uptake of exogenous sterol

All eukaryotic cells are capable of both synthesizing their own sterols and taking them
up from their environment. In mammalia, the major sterol source is receptor-mediated
uptake of VLDL (Very-Low Density Lipoprotein) and LDL (Low-Density Lipoprotein). The steryl
ester containing lipoproteins bind to LDL receptor (LDLR) and are then internalized by
endocytosis in clathrin-coated pits and further transported to the late endosome
(LE)/lysosome (LY) where sterol esters are hydrolyzed by an acidic lipase (Mesmin and
Maxfield 2009). In a subtype of lysosomal storage disorders, the Niemann-Pick type C disease,
mutations in two proteins (Niemann-Pick type C (NPC) 1 and 2) have been identified as the

origin of the disease. NPC1 and NPC2 are structurally unrelated and play a role in desorption
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of endogenous sterol from multivesicular body vesicles in the late endosomal/lysosomal
(LE/LY) system (lkonen and Holtta-Vuori 2004). NPC1 is an integral LE/LY protein with a
putative transmembrane sterol sensing domain (SSD) and an N-terminal lumenal domain
(NTD) that is capable of transporting sterol in vitro, as is the shorter NPC2 (Kwon, Abi-Mosleh
et al. 2009). Transport of sterol by NPC2 is accelerated in presence of the endosomal lipid
LBPA, and NPC2 also accelerates the transport of sterol by NPC1 (Infante, Wang et al. 2008;
Xu, Farver et al. 2008). Structural insights on both proteins indicate a “hand-off” of a single
sterol molecule between NPC2 and NPC1 by direct interaction, but efforts to structurally
elucidate this mechanism have failed so far (Wang, Motamed et al. 2010). Their activity
might be to make endogenous sterol accessible for other sterol transfer proteins for
distribution from the LE/LY system, necessary for distributing sterol to its subcellular

localization (Mesmin, Antonny et al. 2013).

LDL particle

Figure 13. Mechanism of the uptake of exogenous cholesterol in mammalian cells.

Cholesterol-ester laden LDL particles are taken up by receptor-mediated endocytosis in clathrin-
coated pits. The coat and the receptor are recycled via the recylcling endosome, highlighted by Rab8
and Rabll. Endocytotic vesicles then fuse to multivesicular bodies (MVBs) that maturate into late
endosomes, where sterol esters are hydrolyzed and sterol is sorted by not yet fully elucidated
mechanisms. However the sorting is dependent on NPC1 and NPC2 and mediated by MLN64/STARD3
ORP1L and the Rab GTPases Rab7 and Rab9. lllustration from (lkonen 2008).
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In budding yeast, sterol uptake is not receptor mediated, but sterols are absorbed
directly from the medium. The ATP (adenosine triphosphate)-binding cassette (ABC)
transporters Auslp and Pdrllp are implied in sterol uptake, but their mechanism of action
remains to be identified (Wilcox, Balderes et al. 2002). Under normal conditions the amount
of sterol absorbed from the medium is negligible. It is only when yeast cells are grown under
hypoxic conditions that the lack of molecular oxygen necessary for sterol biosynthesis
induces a dependency on sterol uptake from the medium, making them conditional sterol

auxotrophs (Jacquier and Schneiter 2012).

Uptake or biosynthesis? — The feedback regulation of sterol metabolism

As mammalian cells can use both intrinsic and exogenous cholesterol, the
biosynthetic route needs to be slowed down when cholesterol uptake is high and vice versa.
In higher eukaryotes, this regulation occurs through a transcriptional feedback on cholesterol
levels by SREBP (Sterol Regulatory Element Binding Protein) in mechanisms that have been
discovered and comprehensively described by the Brown and Goldstein lab (Brown and
Goldstein 2009). Briefly, when ER cholesterol levels are normal (5% of total lipid), SREBP is
localized to the ER by interaction with cholesterol-binding Scap (SREBP Cleaving Activation
Protein). When cholesterol concentration in the ER decreases below 5%, Scap undergoes a
conformational change, releasing the SREBP-Scap complex from the ER and it is subsequently
transported to the Golgi by COPIll-dependent vesicular transport. In the Golgi apparatus the
N-terminal transcriptional domain of SREBP is cleaved and transported to the nucleus. The
SREBP transcriptional factor there activates the transcription of both cholesterol biosynthetic
enzymes and LDL-receptors, which ultimately leads to increasing cellular cholesterol levels

(Brown and Goldstein 2009; Raychaudhuri, Young et al. 2012).
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The origins of transbilayer asymmetry

Phospholipid synthesis is per se asymmetric as the lipid synthesizing enzymes are
necessarily located on either the lumenal or the cytoplasmic side of an organellar membrane.
Sterols, DAG and ceramide do not have a polar headgroup and therefore can equilibrate
rapidly between membrane leaflets (see Transbilayer asymmetry and anionic lipids). This is
not the case for sphingolipids and GPLs; their localization is therefore fixed to the side of the
membrane where they are synthesized, unless they are transported.

Due to the lumenal localization of their biosynthesis, complex sphingolipids are
trapped at the lumenal face of the Golgi, as their headgroups reduce flipping. Upon transport
to the PM by vesicular trafficking, they are thus accumulated on the exoplasmic face. The
mostly saturated sphingolipids segregate sterols, hence explaining one aspect of PM
transbilayer asymmetry (Funato, Vallee et al. 2002; Holthuis and Menon 2014).

Biosynthesis of GPLs on the cytoplasmic side of the Golgi confers PE, Pl and PS to the
face they are ultimately enriched in at the PM. Yet newly synthesized GPLs at the ER are
rapidly equilibrated between membrane leaflets to prevent excessive curving. This is
mediated by scramblases that are capable of equilibrating bidirectionally the two leaflets
without energy consumption and without ligand specificity (Holthuis and Menon 2014).
However, the ER scramblase has not yet been identified, but its presence inferred from the
absence of membrane deformation upon synthesis of new phospholipids (Devaux, Herrmann
et al. 2008).

Intriguingly, PS displays a pronounced asymmetric distribution, with an ER lumenal
leaflet concentration higher than at the cytosolic face. How exactly PS is sequestered there is
not fully elucidated. Interestingly, PS makes its way back to the surface at the trans-Golgi
apparatus (Fairn, Schieber et al. 2011) (Figure 14). Transbilayer movement of PS in the trans-
Golgi is mediated by type IV P-type ATPases (P4-ATPases), flippases that catalyze movement
from the lumenal to the cytoplasmic face of a bilayer. Movement in the opposite direction is
mediated by floppases from the ABC transporter family. Both flippases and floppases require
energy in the form of ATP for function (Daleke 2003; Hankins, Baldridge et al. 2014).
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Golgi

Figure 14. PS flipping on the trans-Golgi.

Thin section electron micrographs of BHK cells expressing GFP-C2,,.; stained with anti-GFP gold
particles. Golgi cisternae show hardly any labeling, whereas tubulated and vesicular structures close
to it, putative TGN elements, display PS on the cytoplasmic face (arrow). Scale bar 200 nm. Illustration
from (Fairn, Schieber et al. 2011).

The best studied P4-ATPase is S. cerevisiae’s Drs2p. It is implied in vesicle formation
on the trans-Golgi and has therefore revealed an interesting link between vesicular
trafficking and transbilayer asymmetry. Drs2p is a transmembrane protein translocating PS
and, to a lesser extent, PE. Its flipping activity is dependent on its glycosylated partner
Cdc50p and increased by binding of PI(4)P from the Piklp trans-Golgi network (TGN) pool
(Natarajan, Liu et al. 2009; Jacquot, Montigny et al. 2012). This PI(4)P-binding is mediated by
a C-terminal domain showing similarity to Vps36p split PH domain (Natarajan, Liu et al. 2009).
Drs2p is capable of creating a transbilayer PS gradient, ultimately leading to membrane
deformation, as shown recently by Xu et al. using a +ALPS (modified amphipathic lipid
packing sensor) motif of the ArfGAP (GTPase-activating protein) Gcslp (Xu, Baldridge et al.
2013). Further findings suggest that the curvature induced rather than just presence of PS
are required for vesicle formation on the TGN (Takeda, Yamagami et al. 2014). Despite these
detailed findings on the function of Drs2p-mediated PS flipping, the molecular mechanism of
its ATPase activity is not yet fully elucidated (Hankins, Baldridge et al. 2014). Yet, it has been
hypothesized that the PS headgroup would be specifically recognized by transmembrane

domains whose conformation is changed upon ATP hydrolysis pulling the PS headgroup
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between the transmembrane domains towards the opposite face of the membrane
(Baldridge and Graham 2012; Baldridge and Graham 2013). However, PS ultimately reaches
PM where its asymmetric accumulation on the cytoplasmic face (Figure 15) is conserved. In
mammalian cells, the PM scramblase is activated upon Ca**-binding, leading to presentation
of PS at the extracellular face as an apoptotic ‘eat me’ signal (Bratton, Fadok et al. 1997).
Regardless, as for the ER scramblase, the identity of the PM scramblase is not yet confirmed
(Hankins, Baldridge et al. 2014).
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Figure 15. Transbilayer asymmetry at the plasma membrane.

The two leaflets of the PM have fundamentally different lipid compositions: Cholesterol (orange
ovals), SM (grey), glycerosphingolipids (green) and PC (blue) are enriched on the exoplasmic face,
whereas the cytoplasmic face is rich in PS (red) and PE (yellow) and contains little sterol and PC.
[llustration modified from (Holthuis and Levine 2005).

Transbilayer asymmetry of organellar membranes can thus originate from lipid
metabolism and thermodynamic trapping or lipid translocation by energy-dependent
transporters. Another possibility to create asymmetric membranes by soluble lipid
transporters will be described below. (See Hypotheses on the mechanisms of non-vesicular

lipid transfer)
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Lipid transport between membranes

Lipid transport by vesicular trafficking

The secretory pathway

The archetypal function of the secretory pathway is the sorting and modification of
proteins synthesized in the ER. Transmembrane (TM) proteins are embedded in the
membrane by the translocon during the translation process. If they do not bear an ER-
retention signal, they are sorted towards the Golgi for post-translational modification and
eventually further towards the PM. The recruitment of COPII coat proteins to adaptors on ER
exit sites (ERES) allows formation of vesicles containing protein cargo either in the vesicles
membrane (TM proteins) or inside the vesicles (soluble cargo). The vesicle bud off the
membrane and the vesicles are uncoated before SNARE (SNAP (Soluble N-ethylmaleimide-
sensitive factor Adaptor Protein) Receptor)-mediated fusion with ER-Golgi Intermediate

Complex (ERGIC).
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Figure 16. The secretory pathway.

Vesicles traffic between organelles depending on their protein coat. COPIll-coated vesicles transport
protein cargo from the ER to the Golgi and COPI-coated vesicles in the opposite direction; Clathrin-
coated vesicles shuttle between Golgi, PM and endosomal compartments. Secretory vesicles are
devoid of protein coats. lllustration from (Bonifacino and Glick 2004).

Sorted proteins required for vesicle formation and missorted proteins are targeted
back to the ER in retrograde transport in COPI-coated vesicles for recycling. Cargo destined
for anterograde transport is targeted to the Golgi apparatus. Two models exist to describe
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transport in the Golgi: The first model predicts anterograde vesicular transport of cargo to a
static cis-Golgi; the second model predicts fusion of vesicles with the ERGIC to form a new
cis-Golgi whereas the cis-Golgi maturates into medial-Golgi, etc., a process termed cisternal
maturation. These models can be extrapolated to the entire Golgi apparatus whose protein
and lipid composition varies significantly between cis- and trans-side. Both models require
vesicular trafficking, anterograde trafficking of cargo in the case of a static Golgi or
retrograde trafficking of Golgi-resident proteins in the dynamic Golgi. Ultimately, cargo
reaches the trans-Golgi and the tubular network structure of the TGN from where it can be
sorted to different loci of the cell. Cargo can be sorted in vesicles coated with clathrin
towards endosomes and further towards lysosomes. Cargo destined to the PM is sorted in
uncoated secretory vesicles that bud off the Golgi and finally reach the PM to which they are
fused by SNARE-mediation. Soluble cargo is secreted into the exoplasmic space upon fusion
of secretory vesicles with the PM. Clathrin-mediated endocytosis (CME) allows retrieval of
wrongfully sorted proteins and uptake of exogenous molecules into the cell. CME vesicles are
targeted to the TGN from which they are sorted to different cellular loci (Figure 16)
(Bonifacino and Glick 2004; Johansen, Ramanathan et al. 2012; Faini, Beck et al. 2013;

Kienzle and von Blume 2014).

Lipid selectivity in vesicular trafficking

Vesicular trafficking exchanges large amounts of membrane material between
organelles and is thus essential for bulk lipid transport. One hypothesis for explaining the
conservation of organellar membrane integrity is lipid selectivity in vesicular trafficking:
Vesicles are enriched in or depleted of, respectively, lipids, that are more or less abundant,
respectively, in the target membrane, during vesicle formation (van Meer, Voelker et al. 2008;
Diaz-Rohrer, Levental et al. 2014). Preferential interaction of secreted or resident proteins
with lipids or lipid microdomains would allow such accumulation or depletion, respectively,
of lipids in vesicles budding off an organelle. This mechanism would increase the
directionality of vesicle trafficking from a lipid point of view; however, only in few cases lipids

were shown to accumulate in transport vesicles.
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Figure 17. Lipidomic analysis of immunoisolated Golgi-derived vesicles.

Comparison of the overall lipid composition of total cell extracts (grey), immunoisolated Golgi vesicles
(FusMidp-vesicles, red) and TGN/Endosomes extract (blue). Values are represented as mol% of total
lipid. The FusMidp-vesicles are enriched in PA, ergosterol and sphingolipids and depleted of DAG, PS,
PE and PC. lllustation from(Klemm, Ejsing et al. 2009).

Klemm et al. found that vesicles originating from the budding yeast TGN,
immunoprecipitated with a chimeric FusMidp protein containing a 9x myc-tag, are enriched
in ergosterol and complex sphingolipids and are in a higher state of order compared to the
extracted TGN fractions, as determined by lipidomics (Figure 17) and C-Laurdan
spectrophotometry, respectively. Notwithstanding the clear difference between the two
isolates, the authors were limited by the absence of yeast TGN markers and used Gaplp for
immunoisolation, a protein that is known to shuttle between the TGN and endosomal
compartments. Whether the observed differences between the two isolates are therefore
biased could not be fully excluded by the authors (Klemm, Ejsing et al. 2009). Similar
observations have been made on COPI-coated vesicle that were found to be enriched in one
particular SM species by specific interaction with the transmembrane domain of a COPI
machinery protein, a feature that appears to be conserved among certain transmembrane
proteins (Contreras, Ernst et al. 2012). The ability of sterol and sphingolipids to segregate
into microdomains has been proposed as a mean to use recognition of either sterol or
sphingolipids to accumulate the other in turn (Brugger, Sandhoff et al. 2000). As a matter of
fact, introducing sphingolipids not capable of segregation into microdomains affected Golgi
secretion (Duran, Campelo et al. 2012). Whether this is actually due to the absence of

microdomain formation or overall Golgi lipid perturbation awaits further elucidation.
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Mioka et al. observed using a fluorescent PS probe (mRFP-C2,,.) in S. cerevisiae that
PS accumulates on secretory vesicles budding off the TGN. However, no major perturbation
of PM PS was observed under these conditions (Mioka, Fujimura-Kamada et al. 2014).
Intriguingly, the secretory vesicles originating from the TGN immunoisolated by Klemm et al.
were depleted of rather than enriched in PS, challenging these hypotheses; though two
distinct populations of secretory vesicles might exist for delivering ergosterol and PS (Klemm,
Ejsing et al. 2009; Mioka, Fujimura-Kamada et al. 2014).

However, there are membranes that are not connected to the endomembrane system,
such as peroxisomes and particularly mitochondria. Their lipid homeostasis during growth
can thus not only be explained by vesicular trafficking events. Additionally, lipid transfer
towards other subcellular compartments still occurs in conditions where vesicular trafficking
is blocked. Non-vesicular transport mechanism are therefore required for maintaining lipid

homeostasis (Lev 2010) (see below).

Non-vesicular lipid transfer between organelles

Hypotheses on the mechanisms of non-vesicular lipid transfer

Non-vesicular lipid transfer can occur via passive and active pathways. Free diffusion
of lipids between membranes across the aqueous phase can be neglected for lipid
homeostasis as it is a very slow process (See Transbilayer asymmetry and anionic lipids). Such
passive lipid transfer could occur when it is collision-mediated; i.e. two membranes come
close enough to bypass the aqueous diffusion barrier, eventually activated by protrusion of a
lipid from one membrane (Lev 2010).

Alternatively, lipid transfer proteins (LTPs) could ensure the maintenance of lipid
homeostasis by actively shuttling lipids between membranes, eventually facilitated by their
close apposition (Helle, Kanfer et al. 2013). LTPs would extract lipids from one membrane,
shield it from the aqueous environment, target an acceptor membrane and deliver lipids, and
therefore impact lipid distribution in cells. The existence of these protein-mediated, non-
vesicular mechanisms is undoubted, as lipid transfer still occurs under conditions in which
vesicular trafficking is blocked (Kaplan and Simoni 1985; Vance, Aasman et al. 1991).

However, only a small number of LTPs have been clearly identified so far. They all share an
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overall structural arrangement with a lipid-binding pocket that shields the ligand and that is
closed by a flexible “lid” region allowing loading and unloading of its lipid cargo (Lev 2010)

(Figure 18).
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Figure 18. Mechanism of non-vesicular lipid transport.

Schematic representation of non-vesicular lipid transfer mechanisms. Spontaneous diffusion of lipids
between organellar membranes is a very slow process that accounts only for neglectable amounts of
transfer (left). LTPs extract lipids from one membrane and insert it into another, shielding the lipid in
pocket while crossing the cytosol; they might work as lipid exchangers (right). Illustration modified
from (Lev 2010)

For virtually all organellar membranes, close appositions (intermembrane distance
10-30 nm) with the ER have been observed. These appositions are probably not tight enough
to allow (hemi-) fusion or monomeric spontaneous lipid transfer, but are hypothesized to
kinetically favor transport of lipid molecules by LTPs due to decreased diffusion distances
(Lev 2010). Those regions of the ER are particularly enriched in proteins implied in lipid
biosynthesis and, additionally, multiple LTPs or putative LTPs preferentially localize to these
MCSs. These contacts are relatively stable, whereas their surface can vary upon recruitment
of additional tethers or depending on the cell cycle. MCSs are induced by tethering factors
able to bind two membranes at the same time, directly or indirectly. These tethering factors

have been identified for a large number of contact sites (Helle, Kanfer et al. 2013).
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Generally, LTP activity will always be subject to a lipid concentration gradient, i.e. they could
equilibrate lipid concentration between membranes, but not transport lipids against a
concentration gradient. As such gradients exist, for example for sterol, sphingolipids and PS,
that are synthesized at the ER but accumulate at the TGN and PM, there must be a way to
provide energy to the transporters allowing transport up the concentration gradient. There
are several hypotheses and explanations for lipid transport against a concentration gradient:

In order to allow lipid transport against a lipid concentration gradient, lipid
biosynthesis could thus be restricted to sites of LTP activity. The lipid concentration would
thus be sufficiently elevated locally, reversing the overall gradient between organellar
membranes. Such elevated lipid synthase activity has been shown for certain MCSs (Pichler,
Gaigg et al. 2001; Maeda, Anand et al. 2013).

Metabolization of transported ligands also sustains a lipid gradient by substrate
consumption. This is the case, for example, for the CERT-mediated transport of ceramide that
is metabolized into SM in the Golgi targeted by CERT (Hanada, Kumagai et al. 2003) (See
StAR-related lipid transfer (START) proteins) and would be the case for transport of PS to sites

of decarboxylation by PSDs.
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Figure 19. High and low activity sterol pools in the ER and the PM.

Two pools of sterols exist in membranes, one with a high (empty sterol, red) and one with a low
(filled sterol, red) chemical activity y. The portion of the low y pool at the PM is greater as compared
to the ER due to their different lipid saturation levels. This allows sterol transfer proteins (STPs)
equilibration between the high y pools of ER and PM, at MCSs or by diffusion across the cytosol, thus
increasing the net sterol at the PM despite the concentration gradient. lllustration from (Beh,
McMaster et al. 2012).
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For sterol transport, a long-standing hypothesis is that LTPs convey this lipid in a
bidirectional manner between the ER and late membranes. Sterol forms condensed
complexes with sphingolipids and saturated GPLs (Figure 7) and these condensed complexes
have a lower chemical activity compared to ‘free’ sterol in a membrane. Chemical activity a is
defined by a =y - ¢, with ¢ being the concentration and y the chemical activity coefficient.
Therefore two sterol pools would exist in membranes, one with a low (low vy, in condensed
complexes, low extractability) and one with a high (high y, ‘free’ sterol, high extractability)
activity. Sterol would be equilibrated between the low and high activity pools in ratios
defined by the saturation level. The portion of the low activity pool in the TGN and PM would
be greater as compared to the ER because of the late membranes’ higher acyl chain
saturation levels. It is considered that LTPs transport sterol in a bidirectional manner
between the high activity pools of the ER and late membranes. However, this would not
result in a simple equilibration between membranes but would allow a net sterol transport
towards TGN and PM against the sterol concentration gradient. This is due to the fact that
the sterol gradient is being outweighed by the chemical affinity gradient. In other words, the
low y pool act as a trap for sterol coming from the ER, resulting in the creation of a sterol
gradient (Sullivan, Ohvo-Rekila et al. 2006; Georgiev, Sullivan et al. 2011; Beh, McMaster et al.
2012; Mesmin, Antonny et al. 2013) (Figure 19).

Alternatively, non-vesicular lipid transport could be targeted in a vectorial manner;
i. e. be driven by a coupling to another event giving the transport directionality independent
of the concentration gradient. Such coupling could be obtained by counterexchange of lipids,
in which one molecule’s concentration gradient provides directionality for another lipid’s
transport (de Saint-Jean, Delfosse et al. 2011; Mesmin, Antonny et al. 2013).

The following chapter shall give an overview of some of the so far identified lipid
transfer proteins and their implication in or activity at MCSs. The great importance of these
membrane junctions in Ca’" homeostasis will not be detailed; for a review see (Helle, Kanfer

et al. 2013).
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Lipid transport by cytosolic carriers: Lipid transfer proteins

StAR-related lipid transfer (START) proteins: cholesterol and ceramide transporters

The START protein family regroups 15 proteins in human (Figure 20), its founding
member StAR (Steroidogenic Acute Regulatory Protein, STARD1) is a mitochondrial
cholesterol transporter essential for steroidogenesis. Its = 210 aa StAR-related lipid transfer
(START) domain is the common feature of all START domain containing proteins (STARD1-
STARD15); intriguingly, this conserved domain binds a plethora of different lipids. STARD1, D3,
D4, D5, D6 bind to cholesterol, whereas STARD2, D7 and D10 bind GPLs (PC and/or PE);
STARD11/CERT is a ceramide transporter, and there is still some uncertainty concerning the
ligands of STARDS, D9, D12, D13, D14 and D15. Interestingly, budding yeast has no homologs
of START proteins, their role must therefore be compensated by other lipid transport

proteins (Alpy and Tomasetto 2014).
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Figure 20. Phylogenetic analysis of the human START proteins.

The START proteins can be divided into six subfamilies based on their sequence alignments. All START
proteins display a START domain (green). Other domains found are Mt (mitochondrial targeting
sequence), MENTAL (MLN64 N-terminal), PH (pleckstrin homology), FFAT (two phenylalanines in an
acidic tract), SAM (sterile alpha motif), RHOGAP (Rho GTPase activation) and THIO (Acyl-CoA
thioesterase). lllustration modified from (Alpy, Legueux et al. 2009).
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STARD11/CERT (Ceramide transfer protein), the best studied START protein and the
first described genuine LTP, localizes to the membrane contact site between the ER and the
TGN (ER-TGN contact sites) (Hanada, Kumagai et al. 2003) (Figure 21). Despite the fact that
the ER and the Golgi apparatus are linked to another by vesicular trafficking, the reticulated
network of the ER also displays direct connection with the trans-Golgi compartment in
mammalian cells (Peretti, Dahan et al. 2008) and have been shown to harbor LTPs: The
phosphatidylinositol transport protein (PITP) Nir2 localizes there, as well as the
glycosylceramide transporter FAPP2 (Four-phosphate [PI(4)P] adaptor protein), the START
family ceramide transporter CERT, and the Oxysterol-Binding Protein OSBP (Litvak, Dahan et
al. 2005; Perry and Ridgway 2006; D'Angelo, Polishchuk et al. 2007) (See below). Even
though they are members of different protein families, the latter three share a common
architecture: In addition to their lipid-binding domain, they bear a FFAT (two phenylalanines
in an acidic tract) motif that mediates binding to the type Il ER-resident VAMP-associated
protein A (VAP-A) and a PH domain that binds PI(4)P to target the trans-Golgi membrane
(Peretti, Dahan et al. 2008).
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Figure 21. Membrane tethering and lipid transport by START protein

Both STARD11/CERT (A) and STARD3/MLN64 (B) are capable of tethering the ER to a second organelle.
STARD11/CERT binds ER and Golgi membranes by VAP-recognition via its FFAT motif and PI(4)P-
recognition via its PH domain, respectively. Its START domain shuttles ceramide from the ER to the
Golgi where it is metabolized into SM. STARD3/MLN64 is a late endosomal transmembrane protein
that additionally binds to ER membranes by recognition of VAP via its FFAT motif and hence allows
tethering of these membranes. Cholesterol transport by its START domain is currently studied in our
lab. llustration from (Alpy and Tomasetto 2014).
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CERT can thus serve as an ER-trans-Golgi tether and transports ceramide molecules
inside its START domain from its site of biosynthesis in the ER to the trans-Golgi where
ceramide is metabolized to form SM and glucosylceramide (Figure 21). In cells, ceramide
transport would thus be sustained by a thermodynamic trap as ceramide metabolization into
SM and glucosylceramide allows maintenance of a ceramide gradient between the ER and
trans-Golgi (Hanada, Kumagai et al. 2003). In vivo, CERT transports ceramide with a rate of
about 4 lipids/protein per minute (Kudo, Kumagai et al. 2008) and this transport is regulated
by phosphorylation of CERT. Different phosphorylation sites have been identified which upon
protein kinase activity can induce increased membrane tethering or autoinhibition of CERT
(Kumagai, Kawano et al. 2007; Kumagai, Kawano-Kawada et al. 2014). Complete disruption of
its function either in tethering or in transport leads to accumulation of ceramide in the ER
and a depletion of cellular SM that can be compensated by expression of a wild type (WT)

form of CERT (Hanada, Kumagai et al. 2003) (Figure 22).
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Figure 22. CERT control sphingolipids homeostasis in mammalian cells.

TLC analysis of total lipids after metabolic labeling of sphingolipids with [*H]sphingosine in Chinese
hamster ovary (CHO) cells. CERT-depleted cells (LY-A2, black) have decreased SM levels, compared to
WT (CHO-K1, white) whereas its precursor ceramide is accumulated, just as glucosylceramide (GlcCer),
N-acetyl neuraminyl lactosylceramide (GM3) and sphingosine (So). Expression of human CERT
restores wild-type levels (LY-A2/hCERT, grey). lllustration from (Hanada, Kumagai et al. 2003)
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Another STARTD protein, STARD3/MLN64 (Metastatic Lymph Node 64) is anchored to
endosomal membranes via its N-terminal MENTAL domain (Zhang, Liu et al. 2002), whereas
its C-terminal cytosolic START domain can extract and bind a single cholesterol molecule and
transport sterol between membranes in vitro (Tsujishita and Hurley 2000). STARD3NL is
identical to STARD3, except that it lacks the START domain (Alpy, Wendling et al. 2002). Their
common part regulates the localization of these two proteins: MENTAL anchors the protein
to endosomal membranes and a short FFAT motif allows interaction with the ER-resident
VAP-A and VAP-B. Simultaneous targeting of two membranes is a prerequisite for tethering
two organelles and STARD3 and MENTAL thus allow the formation of junctions between the
ER and endosomes (Figure 21, Figure 31). The FFAT motif is not canonical as the FFAT found
in STARD11/CERT or OSBP but was nonetheless able to bind VAP proteins in vivo.
Overexpression of STARD3 or STARD3NL significantly increases the surface of ER-endosome
contact sites in Hela cells (Zhang, Liu et al. 2002; Alpy, Rousseau et al. 2013). Whether the
START domain allows active sterol transport by STARD3 at ER-endosome contact sites from
ER to endosomes or vice versa is currently examined by our lab.

STARD4 is a cholesterol-binding START protein that, in contrast to the
abovementioned START proteins and, like STARD5 and STARDG6, features only the START
domain. The crystal structure shows that the fold of the START domain between STARD3 and
STARD4 is conserved and that both display a hydrophobic tunnel for accommodating a single
cholesterol molecule (PDB entry: 1JSS) (Tsujishita and Hurley 2000; Romanowski, Soccio et al.
2002). In vitro the STARD4 has been shown to extract sterol from artificial membranes, bind
sterol with a 1:1 stoichiometry and rapidly equilibrates sterol between membranes (Mesmin,
Pipalia et al. 2011). In cells, cytosolic STARD4 equilibrates cholesterol between the
endosomal recycling compartment (ERC) and the ER. Whether this is due to a specific ER-
targeting or to the cholesterol gradient between the two compartments is not clear, as
STARD4 overexpression can be phenocopied by the microinjection of methyl-B-cyclodextrin
(B-MCD), an unspecific sterol transporter, albeit at higher concentrations than STARDA4. In the
case of a targeted transport, STARD4 would allow feedback to SREBP-2 on exogenous
cholesterol uptake and, in fact, STARD4 depletion leads to an SREBP-2 dependent increase in
free cholesterol levels in cells (Figure 23). Further experimental evidence is required for

proving this hypothesis (Mesmin, Pipalia et al. 2011).
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Figure 23. STARD4 equilibrates cholesterol between organelles as cytosolic transporter.

STARD4 rapidly equilibrates cholesterol concentration gradients between the endocytic recycling
compartment (ERC) and the ER. Its activity as soluble cholesterol transporter could allow rapid
feedback on cellular cholesterol levels to regulate sterol biosynthesis via the SCAP/SREBP-2 system
and cholesterol esterification via ACAT in lipid droplets (LD). lllustration from (Mesmin, Antonny et al.
2013).

Glycolipid transfer proteins and FAPP proteins: glycol(sphingo)lipid transporters

Glycolipid transfer protein (GLTP), a small human protein conserved in higher
eukaryotes, was among the first LTPs identified for their activity in glycolipid transport in
vitro (Metz and Radin 1982). The in vitro transport activity is influenced by the lipid packing
of membranes, glycolipids were found to be preferentially transported toward densely
packed membranes, alike those towards which the ligand is transported in vivo. However, the
function of this protein in vivo is not clearly assessed due to its low abundance and the low
level of glycolipids (Nylund, Kjellberg et al. 2006; Tuuf and Mattjus 2014). Nevertheless, its
homolog GLTP domain-containing protein 1 (GLTPD1 or ceramide-1-phosphate transfer
protein CPTP) showed selective transport of ceramide-1-phosphate (C1P), and no inhibition
by ceramide or sphingosine-1-phosphate was observed. Ceramide is phosphorylated by
ceramide kinase CERK at the TGN, and CPTP was found to localize there, it could thus
regulate the TGN C1P pool and the inflammatory response induced by C1P (Simanshu,
Kamlekar et al. 2013).
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Figure 24. Working model for FAPP2 glucosylceramide transport.

FAPP2 transports glucosylceramide from the cis- to the trans-Golgi region, where FAPP2 is targeted by
its PH domain and where glucsylceramide is metabolized to form glycosphingolipids. Two hypotheses
are shown for transport by FAPP2: Transport independent of (a) or in concert with other LTPs (CERT,
OSBP) at ER-Golgi contact sites (b). Illustration from (D'Angelo, Polishchuk et al. 2007).

Human FAPP1 and FAPP2 (Four-phosphate [PI(4)P] adaptor proteins 1 and 2) were
initially identified owing to their PH domain that interacts with PI(4)P and the small GTPase
Arfl (in a GTP-bound state), but a detailed analysis revealed a GLTP-like domain at the C-
terminus of FAPP2. It also displays a FFAT motif, yet the sequence is unconventional resulting
in weaker VAP-binding (Godi, Di Campli et al. 2004; Mikitova and Levine 2012). Nevertheless,
the overall geometry would thus be shared with STARD11/CERT, allowing an activity at ER-
Golgi contact sites, even though experimental evidence for such localization is lacking (Figure

21). FAPP2 has been shown to bind glucosylceramide, the precursor of glycosphingolipid
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biosynthesis, and transport it in vitro between artificial membranes and in vivo between cis-
Golgi and trans-Golgi (D'Angelo, Polishchuk et al. 2007). This transport activity was revealed
to be essential for glycosphingolipid biosynthesis, which is surprising as the vesicular
trafficking between cis- and trans-Golgi is important, but apparently not sufficiently efficient
for glucosylceramide transport. The authors of the study also assayed the effect of PI(4)P
metabolism on FAPP2 activity and showed that PI(4)P recognition by FAPP2 was vital for its
function, thus revealing a control of PIP metabolism on sphingolipid homeostasis (D'Angelo,

Polishchuk et al. 2007) (Figure 24).

Secl4p, the Sec14-homology (Sfh) proteins: Pl transporters

Sec14 is a budding yeast lipid-binding protein that was first identified in a screening
for secretion-deficient mutants (Novick, Field et al. 1980) and for its capacity of transferring
Pl and PC between membranes in vitro (Bankaitis, Malehorn et al. 1989; Gnamusch, Kalaus et
al. 1992). Several homologous proteins have since been identified in multiple different
eukaryotic species and crystal structures have given insight into ligand binding via their
conserved CRAL_TRIO domain. These homologous proteins were named Sfh proteins (Sec
Fourteen homologs), yet it is important to emphasize that not all Sfh proteins are also PI/PC
exchange proteins (Bankaitis, Mousley et al. 2010).

Secl4p is an essential protein in yeast. Its depletion leads to the accumulation of PC
and depletion of PI, PI(4)P and PS in Golgi membranes and to post-Golgi secretory defects
(McGee, Skinner et al. 1994; Hama, Schnieders et al. 1999). Interestingly, deletion of specific
proteins can bypass the essential requirement for Sec14p, amongst which three are implied
in Kennedy pathway PC biosynthesis (Cptl, Cctlp and Ckilp) and two in PI(4)P metabolism
(Saclp, Piklp when overexpressed). The Sec14-bypass phenotype of Osh4p will be described
below (McGee, Skinner et al. 1994; Fang, Kearns et al. 1996; Hama, Schnieders et al. 1999;
Xie, Fang et al. 2001; Fairn, Curwin et al. 2007). Thus, the control of Golgi lipid homeostasis,
particularly of PI(4)P, seems to be an essential function of Secl4p, but whether this is based
on active lipid transfer is yet to be proven and the hypothesis has been challenged. It is
nevertheless clear that Sec14p teams with Piklp to maintain a proper Golgi PI(4)P level (Fairn,

Curwin et al. 2007).
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The lipid-binding capacity of Secl4p and Sfh proteins has been clearly established
(Figure 25). Yet, it has not been proven whether all or only subsets are genuine lipid transfer
proteins. The Sfh proteins in budding yeast and human have been found to influence most
PIP signaling pathways, linking PIP metabolism with lipid droplet regulation in the case of
Sfh3 or PS decarboxylation pathway for PC synthesis in the case of Sfh4 (Wu, Routt et al.
2000; Ren, Pei-Chen Lin et al. 2014). As an alternative hypothesis for their function, a
“nanoreactor” role in regulating PIK activity by controlling its substrate accessibility has been
proposed for the founding member Sec14p, a hypothesis that needs to be clarified and might

be extrapolated to the whole protein family (Bankaitis, lle et al. 2012).

helical gate

Sfh1p- Sfth1p-PC
Figure 25. Lipid-binding in Sfh proteins

Sfhilp, the closest homolog of Secl4p, binds both Pl and PC in a lipid-binding pocket closed by a
helical gate that is opened in the apo-form (not shown). The two lipid ligands are recognized by
different residues of the binding pocket, making binding both ligand impossible. Illustration from
(Drin 2014).

A similar function has been proposed for human Nir2 as it also regulates Golgi Pl
levels at ER-TGN junctions and post-Golgi secretion similar to Sec14p, despite the fact that
Nir2 does not belong to the Sec14 superfamily (Litvak, Dahan et al. 2005; Kim, Kedan et al.
2013). Interestingly, Nir2 is anchored via an interaction of its FFAT motif with VAP to the ER,
not unlike CERT and OSBP, thus necessitating a close membrane contact for ensuring its

function (Peretti, Dahan et al. 2008) (Figure 54).
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The TULIP superfamily and SMPs: Infrastructure without lipid transport?

The Tubular Lipid-binding (TULIP) superfamily encompasses proteins that are not
characterized by sequence conservation but rather by a general geometric feature: A long
hydrophobic tunnel capable of binding and transporting various lipids (Kopec, Alva et al.
2010). The functions of these proteins are diverse: Human CETP and PLTP for example are
capable of transporting cholesteryl esters and phospholipids, respectively, between
lipoproteins, thus in the extracellular medium (Albers, Vuletic et al. 2012; Pirillo, Norata et al.
2013). A screen of full genomes for TULIP revealed homology of certain intracellular proteins
that were called Synaptotagmin-like, Mitochondrial and Lipid-binding Proteins (SMPs) (Lee
and Hong 2006; Kopec, Alva et al. 2010). Intriguingly, numerous SMPs (all of them in budding
yeast) localize via their SMP domain to membrane contact sites that have been proposed to
facilitate non-vesicular lipid transfer. Additionally, SMPs can recognize lipids and are essential,
yet not sufficient for MCS formation, and their TULIP homologs are capable of lipid transfer,
but nonetheless there is currently no evidence of the implication of SMPs in active lipid
transfer (Toulmay and Prinz 2013; Schauder, Wu et al. 2014).

The first subgroup of SMPs is constituted by the synaptotagmin-like proteins. These
proteins all possess Ca2+—dependent lipid-binding C2 domains like synaptotagmin, but are
additionally equipped with a SMP domain, such as the extended synaptotagmins E-Syt1, 2, 3
and their yeast homologs the tricalbins Tcb1, 2, 3 (Manford, Stefan et al. 2012; Giordano,
Saheki et al. 2013). Interestingly, both the E-Syts and the tricalbins have been implied in the
formation of membrane contact sites between the ER and the PM (ER-PM MCS). In budding
yeast, large parts of the PM have an underlying network of ER called or cortical ER (cER) that
copurifies with the PM as PAM (Manford, Stefan et al. 2012). Analysis of the PAM fraction of
the ER revealed a high abundance of enzymes implied in GPL biosynthesis such as Pss1p and
Pis1p, but also sterol biosynthetic enzymes such as Erg9p (Pichler, Gaigg et al. 2001). In most
higher eukaryotes, the ratio of ER associated with the PM is significantly lower than in yeast.
Yet some cell types display equally elevated ratios such as muscle cells and neurons (Henkart,
Landis et al. 1976). In all eukaryotes, the products (PS, Pl and squalene (when further
metabolized into ergosterol)) of all of the abovementioned enzymes are enriched in the PM
compared to the ER, indicating an implication of these regions of the ER in transport of lipids

towards the PM (Pichler, Gaigg et al. 2001).
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Figure 26. Tethering cortical ER and PM to form ER-PM MCSs.

Top: Three tricalbins (Tsbs), Ist2p and Scs2p are essential for ER-PM tethering and contact site
formation. These ER-transmembrane proteins are capable of binding the PM: Tricalbins via its
multiple lipids-binding C2 domains and Ist2p via a polybasic tails. The VAP Scs2p does not directly
bind the PM but can serve as anchor for proteins interacting with the PM. Bottom: Large parts of the
yeast ER are cortical, i.e. closely apposed to the PM. Deletion of the abovementioned proteins leads
to a complete loss of the contacts. lllustration from (Manford, Stefan et al. 2012).

Manford et al. have identified several conserved ER-PM tethering factors whose
deletion leads to collapsing of the ER and loss of contact site-dependent activities (Figure 26).
All these tethers (Ist2p, the VAP proteins Scs2p and Scs22p, and the tricalbins Tcb1p, Tcb2p,
and Tcb3p) are ER-resident proteins and a subset of them are bifunctional, i. e. they directly
interact with the PM via multiple lipid-binding C2 domains (Tcb1-3p) or a polybasic motif
(Ist2p) (Manford, Stefan et al. 2012). Deleting the human E-Syts leads to loss of ER-PM
contact sites, which implies that these proteins have the same function as the tricalbins in
yeast; regardless the fact that the E-Syts are no transmembrane proteins but anchored to the
ER via insertion of a hairpin motif (Schauder, Wu et al. 2014). Interestingly, deletion of the

SMP domain in Tcb2p leads to loss of MCS localization, indicating its role in tethering, even
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though its precise function remains unknown (Manford, Stefan et al. 2012). VAP proteins do
not interact directly with the PM but displays a binding site for a FFAT motif an could thus
mediate indirect membrane tethering via FFAT-containing proteins (Mikitova and Levine
2012).

The multitude and conservation of ER-PM tethering factors highlights the diversity of
this contact site as well as its importance for cell function that is assured by this redundancy.
Notwithstanding their lipid-binding features and the importance of SMPs in ER-PM tethering,
evidence on lipid transport by the SMP domains is still lacking (Toulmay and Prinz 2012);
though recent findings of the De Camilli lab allowed them to posit two possible mechanisms:
Either could SMP dimers form a tunnel for lipids or the tunnel could serve as lipid-binding
pocket shuttling between membranes (Schauder, Wu et al. 2014).

The second subgroup of SMPs is formed by mitochondrial proteins as three
mitochondrial yeast proteins were identified in the screen: Mmm1p, Mdm12 and Mdm34,
implied in ER-mitochondria contact sites (ER-mito MCSs).

Membrane contacts between the ER and mitochondria were the first contact sites
identified by electron microscopy. Upon isolation of mitochondria, parts of the ER are co-
purified that were named mitochondria associated membranes (MAM) (Tatsuta, Scharwey et
al. 2014). These MAM fractions are, not unlike the PAM fractions, enriched in lipid
biosynthesizing enzymes, which indicated an implication of these contacts in lipid transport
(Stone and Vance 2000). Mitochondria are only partially capable of synthesizing the lipids
necessary for their growth and are not connected via vesicular trafficking to the
endomembrane system. Additionally, as mentioned before, the inner IMM is one of the two
loci of PS decarboxylation for PE and PC biosynthesis in the Kennedy pathway and
mitochondrial PS import depends on non-vesicular mechanisms. (Leventis and Grinstein
2010) Altogether, these findings indicate in implication of ER-mitochondria contact sites in
lipid transport. Besides, Ca®* homeostasis in mitochondria is essential for mitochondrial ATP
synthesis, and given the low affinity of the mitochondrial Ca**-uptake system, membrane
contact with the ER would allow a local increase of Ca** concentration upon ER Ca’ release,
thus increase the signaling efficiency; the Ca**-related findings will not be further discussed
here. For a recent review see (Helle, Kanfer et al. 2013).

Several ER-resident proteins interact physically with mitochondrial proteins and have

thus been proposed as ER-mitochondria tethers, but the nature of the key tethering complex
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has not yet clearly been defined. The ER-Mitochondria Encounter Structure (ERMES) (Figure
27) is a potential candidate: ERMES is a heterotetrameric complex of soluble Mdm12p, two
OMM proteins Mdm10p and Mdm34p and ER-resident Mmm1p (Kornmann, Currie et al.
2009). Three of these four proteins (Mmm1p, Mdm12p and Mdm34p) bear a SMP domain,
but it has been impossible so far to show their direct effect on lipid transport. Intriguingly,
deleting the SMP domain of Mmm1p leads to loss of ER-mitochondrion MCS localization, and
deleting any of the ERMES subunits affects mitochondrial function in PC synthesis by PS
decarboxylation, but phenotypes can be rescued by expression of an artificial construct that
has only tethering activity (ChiMERA) (Kornmann, Currie et al. 2009). Nguyen et al., however,
showed that deletion of ERMES subunits did not affect mitochondrial PS decarboxylation
(Nguyen, Lewandowska et al. 2012). These findings lead to the conclusion that contact of the
mitochondria with the endomembrane system is essential and SMP-mediated, but ERMES
does not directly intervene in lipid trafficking towards mitochondria (Kornmann, Currie et al.

2009; Toulmay and Prinz 2012).

A . B Wild-type mmm2A mdm10A mdm12A

mmm1A
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Figure 27. The ERMES complex between the ER and the outer mitochondrial membrane.

(A) Molecular architecture of the ERMES complex and its four subunits Mdm10p, Mdm12p, Mmm1p
and Mmm2p. (B) GFP labeled mitochondria upon deletion of ERMES subunits show loss of the
tubular structure found in WT mitochondria. (C) Colocalization of mitotracker (RFP, red) and Mmm1p-
GFP shows punctuate structures, presumably ER-mitochondria contact sites. Illustration from (Tamura,
Sesaki et al. 2014).

Mitochondria are not only connected to the ER but also display contacts with
vacuoles in yeast. This interaction is mediated by vCLAMP (vacuole and mitochondria patch),
a protein complex containing the non-essential HOPS (homotypic fusion and protein sorting)
tethering complex subunit Vps39 (Honscher, Mari et al. 2014). Recent findings on ERMES
indicate an important role of this complex in tethering: Deletion of ERMES components does

not lead to loss of mitochondrial PC synthesis activity, but deletion of both ERMES and
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VvCLAMP subunits is lethal. These results indicate that a mitochondrial connection to the
vacuole can compensate loss of an ER connection and vice versa, thus underlining the

importance of ERMES for ER-mitochondria tethering (Elbaz-Alon, Rosenfeld-Gur et al. 2014).

A third subgroup is just emerging as Toulmay and Prinz identified and characterized
another yeast SMP, Nvj2p, that is localized to sites of contact between the nucleus and the

vacuole called nucleus-vacuole junction (NVJ) (Toulmay and Prinz 2012) (Figure 28).

Nucleus-Vacuole Junction ER-Late Endosome Contact

ORP1L
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Figure 28. Comparison of yeast NVJ and mammalian ER-late endosome contact site.

Both late endosomes and vacuoles, the yeast equivalent of late endosomes/lysosomes, interact with
the ER. The interaction between ORPs and VAPs appears to be conserved, whereas other tethering
factors remain to be identified. lllustration from (Honscher and Ungermann 2014).

The vacuole, the equivalent in budding yeast of the higher eukaryote lysosomes, is
connected to the nuclear envelope, which is continuous with the ER and the inner nuclear
membrane. In stationary growth phase, this Nucleus-Vacuole junction (NVJ) becomes
enlarged in order to perform an autophagic event called piecemeal microautophagy of the
nucleus (PMN), in which small portions of the nucleus are digested in the vacuole (Kvam and
Goldfarb 2004). The architecture of this contact site is surprisingly simple as only two
proteins are required for its formation: Nucleus-vacuole junction 1 (Nvjlp) — that binds the
inner nuclear membrane, spans the perinuclear space and the nuclear envelope — binds via
its cytosolic domain to Vac8, a soluble protein that is anchored to the vacuole by N-terminal

myristoylation and palmitoylation. The interaction of these two proteins is sufficient for
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tethering and deletion of either one leads to complete dissociation of the MCSs (Kvam and
Goldfarb 2004). Other proteins are targeted to the NVJ by interaction with Nvjlp such as
Tsc13p and Oshlp, but are not required for its formation. Tsc13p is an essential very long
chain fatty acid (VLCFA) synthase, required for efficient PMN, eventually by locally modifying
the membrane composition with VLCFA. Osh1p was the first Osh protein to be localized to a
MCS, although its NVJ-localization is transient for PMN and it is otherwise Golgi-localized
(Levine and Munro 2001). The human ORP1 displays geometry similar to Osh1p and seems to
be implied in contact sites between the ER and late endosomes, a contact site that might be
functionally equivalent to the NVIJ (Johansson, Lehto et al. 2005) (See Mammalian Oxysterol-
Binding Protein and OSBP-related proteins: Only sterol transporters? and The long Osh
proteins: Oshlp, Osh2p and Osh3p). The SMP domain-containing Nvj2p is targeted to the
NVJ by its SMP domain, but its deletion does not seem to affect NVJ formation or PMN, nor

could a lipid transfer activity be identified for Nvj2p (Toulmay and Prinz 2012).
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Mammalian Oxysterol-Binding Protein and OSBP-related proteins: Only sterol transporters?

On the quest for events regulating cholesterol biosynthesis, oxidized sterol
metabolites (oxysterols, precursors of steroid hormones and bile acids) were identified as
potent inhibitors. 25-OH blocks HMG-CoA reductase activity in nanomolar concentrations in
cells (Taylor and Kandutsch 1985). Interaction with this inhibitor allowed the isolation of the
first oxysterol-binding protein from hamster liver cytosol, as well as the identification of the
human Oxysterol-Binding Protein (OSBP) (Taylor and Kandutsch 1985; Dawson, Ridgway et al.
1989; Levanon, Hsieh et al. 1990).

Figure 29. Localization of human ORPs.

ORPs identified at MCS are labeled in red, green ORPs have not been assigned to any MCS so far.
Abbreviations are: E for endosomes, ER for endoplasmic reticulum, G for Golgi apparatus, L for
lysosomes, LD for lipid droplets, M for mitochondria, MT for microtubules, P for peroxisomes
(Olkkonen and Li 2013).

Screening eukaryotic genomes for sequence homologs of OSBP revealed that the
OSBP-related protein (ORP) family is conserved among eukaryotic species, from higher
eukaryotes (human, mouse, zebrafish) (Lehto, Laitinen et al. 2001; Anniss, Apostolopoulos et
al. 2002; Liu, Boukhelifa et al. 2008; Zhou, Wohlfahrt et al. 2014) to yeast (Beh, Cool et al.
2001) (See S. cerevisiae OSBP homologs: The Osh protein family).

In human cells, twelve ORP genes code for 16 splicing variants and only a subset of
the proteins’ functions has been detailed so far (Figure 29, Figure 30). All ORPs share a C-
terminal, = 350 aa long OSBP-related domain (ORD) with a highly conserved fingerprint
motif (EQVSHHPP) and most of them also display N-terminal domains. In these additional

parts membrane- and protein interacting domains have been identified, such as PH domains
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and Ankyrin repeats. ORP5 and ORP8 are particular as they are anchored with a C-terminal
transmembrane segment to the ER (Olkkonen and Li 2013) (Figure 30). Most of the ORPs
were found to bind oxysterols or sterols, yet with dramatically varying affinities (Suchanek,

Hynynen et al. 2007).
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Figure 30. Overall domain structure of human OSBP-related proteins.

The sixteen splicing variants of the twelve human OSBP-related proteins classified in six subfamilies
based on sequence homology. PH domains are represented in blue, FFAT motifs in red, ankyrin
repeats in green, transmembrane segments in purple and the OSBP-related domain (ORD) in which
the “fingerprint motif” (EQVSHHPP, yellow) is highlighted, in grey.

The founding member OSBP displays a PH domain in addition to its ORD, as well as a
short FFAT motif to interacts with the ER-resident VAP-A (Levine and Munro 2002; Mikitova
and Levine 2012). Dual targeting of PI(4)P-containing membranes by the PH domain and
binding of an ER-resident protein with the FFAT motif allows OSBP to populate the ER-TGN
junction (Perry and Ridgway 2006). The activity of OSBP for formation of such contact sites is
higher compared to two other proteins with the same domain geometry (CERT and FAPP2,
see StAR-related lipid transfer (START) proteins and Glycolipid transfer proteins and FAPP
proteins: glycol(sphingo)lipid transporters), as OSBP helps to recruit them to the ER-Golgi
contact sites. Interestingly, OSBP is found exclusively on the Golgi when cells are treated with
25-OH (Ridgway, Dawson et al. 1992). Binding of oxysterols was the leitmotif for ORP
identification, yet binding of other sterols was hypothesized and OSBP also binds cholesterol

with varying affinities depending on its phosphorylation state (Wang, Weng et al. 2005; Goto,
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Liu et al. 2012). Ngo and Ridgway were able to demonstrate that OSBP is also capable of
transporting cholesterol between artificial membranes in vitro (Ngo and Ridgway 2009).
Finally, it was not clear whether OSBP was a sterol LTP or a 25-OH sensor.

Human ORP1 is found in cells in two different splicing variants, ORP1S and ORP1L, the
latter, longer version displaying N-terminal extensions comprising ankyrin repeats, a FFAT
motif and a PH domain that are lacking in ORP1S. Both short and long versions of ORP1 bind
sterols, but their localizations are distinct, as ORP1S is mainly cytosolic whereas ORP1L
associated with endosomal compartments through interaction of its ankyrin repeats with the
small GTPase Rab7 (Johansson, Bocher et al. 2003; Johansson, Lehto et al. 2005; Suchanek,
Hynynen et al. 2007). Rab7 is bound to its effector RILP (Rab7-interacting lysosomal protein)

Glued Tethering of late endosomes to the ER through ORP1L by

and the dynein motor p150
binding both membranes is controlled by endosomal cholesterol levels sensed by ORP1L
(Figure 28, Figure 31). Increasing endosomal cholesterol levels increase the tethering,

allowing dissociation of the Rab7-RILP-p150%“e

complex and movement of endosomes
along microtubules for LE repositioning (Rocha, Kuijl et al. 2009; van der Kant, Fish et al.
2013). Interestingly, the LE population bound by ORP1L also contains the sterol exporter
NPC1 (See Uptake of exogenous sterol), whereas the LE population bound by STARD3 is
distinct from the first since it does not contain NPC1 but the ABC3 sterol exporter (Alpy,
Rousseau et al. 2013; van der Kant, Zondervan et al. 2013). Therefore, two different
populations of LE can encounter the ER by different mechanisms, which would allow
cholesterol transport at different levels of the endocytic pathway (van der Kant, Zondervan et
al. 2013). Yet for both putative sterol export proteins, STARD3 and ORPI1L, their lipid
transport activity has been shown only indirectly.

ORP5 might be another player in the endosomal cholesterol efflux, as it physically
interacts with NPC1 on late endosomes and thus at LE-ER contact sites as ORP5 displays a C-
terminal transmembrane domain that is anchored into the ER membrane (Figure 31)
Knockdown of ORP5 affects the cholesterol distribution in NPC fibroblasts leading to
endosomal cholesterol accumulation, whereas knockdown of both NPC1 and ORP5 induces a
diffuse sterol distribution (Du, Kumar et al. 2011). ORP5 binds oxysterols and cholesterol, yet
recent findings suggested that ORP5 transports PS rather than cholesterol, challenging the
hypothesis that ORPS5 is a sterol transporter (Suchanek, Hynynen et al. 2007; Du, Kumar et al.
2011; Maeda, Anand et al. 2013).
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Figure 31. Working hypothesis for the interplay of ORP1L and ORP5 on late endosomes

Inside late endosomes, LDL particles are hydrolyzed by an acidic lipase (1) and release free
cholesterol that is bound by NPC2 (2) and handed off to NPC1 that exports cholesterol from late
endosomes (3). ORP5 would then shuttle cholesterol to the ER (4), just as ORP1L (5) that additionally
relocalizes the LEs via the Rab7-RILP-p150“** (not shown) complex. Figure modified from (Neefjes
and van der Kant 2014).

ORP2, an ORP displaying only an ORD, which also binds oxysterols or cholesterol has
been found localized to lipid droplets (LD), and its depletion affected neutral lipid
metabolism, implicating a role in LD homeostasis (Suchanek, Hynynen et al. 2007; Hynynen,
Suchanek et al. 2009). Previous findings on ORP2 by overexpression had associated it with
efflux of cholesterol from the ER without any change of PM cholesterol, findings that could
be reconciled by a hypothesis on cholesterol efflux from the ER towards LD (Hynynen,
Laitinen et al. 2005; Hynynen, Suchanek et al. 2009).

A short and a long version exist for ORP9: the long version ORPIL displays a PH
domain, a FFAT motif and the ORD, thus sharing the OSBP domain structure, whereas the
shorter ORP9S lacks the PH domain (Ngo and Ridgway 2009). Cholesterol transport activity
has been shown in vitro and in vivo for ORPIL and ORP9S, which is increased in presence of
PI(4)P. ORPIL localizes to ER-TGN contact sites in a VAP-A dependent manner, where ORP9L
would transport cholesterol from the ER to the TGN. On the contrary, the short variant
ORP9S is mainly cytosolic and affects vesicular trafficking (Ngo and Ridgway 2009; Ling,
Hayano et al. 2014; Liu and Ridgway 2014).
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S. cerevisiae OSBP homologs: The Osh protein family

Common features of the Osh proteins

In a hallmark publication, Beh et al. screened the entire yeast genome for homologs
of OSBP and identified seven proteins (some of which had already been identified previously)
that were named Osh1-7p. They all share an OSBP-related domain (ORD) that is well
conserved from human to yeast, including the “fingerprint” signature motif EQVSHHPP.
Based on the sequence similarity of Osh proteins, they can be divided into four subfamilies,
pairing Oshlp and Osh2p; Osh3p; Osh4p and Osh5p; Osh6p and Osh7p. An alternative
subdivision is the classification into “long” (Osh1-3p, integrating a C-terminal ORD and
additional domains) and “short” (Osh4-7p, no domains other than the ORD) Osh proteins
(Figure 32, Figure 33).
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Figure 32. Overall domain structure of Osh proteins.

The seven yeast Osh proteins divided in long and short Osh proteins (Osh1lp-3p) and in sequence
similarity-based subfamilies (Osh1p-2p; Osh3p; Osh4p-5p; Osh6p-7p). The long Osh proteins display
pleckstrin homology (PH, blue) domains and an FFAT (two phenylalanines in an acidic tract, red) motif.
Osh1lp and Osh2p additionally dispose of N-terminal Ankyrin repeats (green) and Osh3p of a Golgi
dynamics (GOLD) domain. Osh4p-7p are devoid of these N-terminal extensions and only have an
OSBP-related domain (ORD, cyan) in which the “fingerprint motif” (EQVSHHPP, yellow) is highlighted.

Based on early findings on OSBP, they analyzed every possible combination of
deletion of Osh proteins, mainly to identify sterol-related phenotypes. In certain Osh
deletion strains they identified resistance to nystatin, a drug specifically permeabilizing the
PM in the presence of ergosterol. Nystatin resistance thus indicates absence of ergosterol
from the PM. Yet total sterol levels of the Osh deletion strains were increased rather than
decreased, indicating deficiencies in the transport of sterol towards the PM, resulting in
intracellular accumulation of sterol. This lead the authors to the hypothesis that certain Osh

proteins play an important role in PM sterol supply. Intriguingly, single deletion of one of the
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seven Osh proteins had no effect on viability under normal growth conditions, and only
multiple deletions impaired growth. Interestingly, any Osh protein (except Oshlp) is capable
of restoring viability in a yeast strain depleted of all other Osh proteins, indicating that they
share a common, essential function. These experiments were the cornerstone for all
subsequent research on Osh proteins that is detailed in the following chapter (Beh, Cool et al.

2001).

Figure 33. Localization of the Osh proteins in S. cerevisiae

Osh1p localizes to the nucleus vacuole junction (NVJ) and to the Golgi, Osh2p, Osh3p, Osh6p and
Osh7p are found in the cell periphery, at putative ER-PM contact sites. Osh4p and Osh5p (not shown)
localize to puncta, most probably secretory vesicles and the TGN or endosomal compartments.
[llustration from (Olkkonen and Li 2013).

Further results of the same authors found an implication for the Osh protein family in
cell polarization and polarized secretion and in secretory events in general. As explanation,
they postulated sterol-dependent alterations of membrane composition (Beh and Rine 2004;
Kozminski, Alfaro et al. 2006). Following experiments to prove the importance of the entire
Osh family in sterol transport in cells produced contradictory results: Raychaudhuri et al.
analyzed Osh function using a yeast strain capable of sterol uptake under normoxic (aerobic)
conditions (upc2-1) and exogenous cholesterol. They found that functional Osh proteins are
required for efficient sterol transport from the PM to the ER and sterol esterification,
contradictory to the abovementioned findings (Raychaudhuri, Im et al. 2006). However,
Georgiev and coworkers initially found that PM-to-ER sterol transport was affected after Osh
deletion (Sullivan, Ohvo-Rekila et al. 2006),yet later revised their first communication and
showed that PM-to-ER and ER-to-PM transport was unaffected by the absence of all Osh

proteins (Georgiev, Sullivan et al. 2011).

86



The long Osh proteins: Osh1lp, Osh2p and Osh3p

Osh1p and Osh2p are the Osh proteins sharing the highest sequence homology with
OSBP. Despite the high sequence homology between the two proteins (55% identity, 71%
similarity), the initial study were distinct, as Osh1lp was identified as the only cold-sensitive
Osh deletion mutant on minimal medium lacking tryptophan. Second, it has been found that
any Osh protein except Osh1p is sufficient for yeast viability (Beh, Cool et al. 2001).

Analyzing the sequences of Oshlp and Osh2p revealed that in addition to their C-
terminal ORD, they also integrate a PI(4)P-binding PH domain, a FFAT motif and three N-
terminal ankyrin repeats, which are implied in protein-protein interactions, thus making
them part of the “long” Osh proteins (1188 aa for Osh1p, 1283 aa for Osh2p) (Schmalix and
Bandlow 1994; Beh, Cool et al. 2001). A study by Levine and Munro analyzed the
localizations of Oshlp and Osh2p by fluorescence microscopy and revealed a peripheral
localization of Osh2p in buds and at the bud neck, whereas Oshlp was located to central
puncta. They subsequently identified the localization of Osh1lp more precisely, showing that
Oshlp is targeted to both the Golgi compartment by its PH domain and to the NJV by
interaction between its ankyrin repeats and Nvj1 (Figure 28). Intriguingly, the ankyrin repeats
of Osh2p do not target the NVJ, even as chimera with the Osh1p-ORD (Levine and Munro
2001). Kvam and Goldfarb showed that Oshlp is not required for PMN at NVJs, but that
deletion of the entire Osh family perturbs PMN, underlining again the functional redundancy
of Osh proteins (Kvam and Goldfarb 2004). Interestingly, the localization of the N-terminal
extensions of Osh1p and Osh2p were distinct from the full-length proteins, indicating a role
for the ORD in localization. The GFP-fused PH domains of Osh1lp and Osh2p target spatially
distinct PI(4)P pools in vivo: PH-Osh1p labels the Pik1p-derived Golgi pool whereas Osh2p-PH
binds both Piklp-derived Golgi and Stt4p-derived PM pools of PI(4)P, making it a valuable
tool for following PI(4)P in vivo (Levine and Munro 2001; Roy and Levine 2004).

Osh3p is the third “long” (996 aa) Osh protein that forms a proper subfamily. Its
sequence displays an N-terminal Golgi dynamics domain (GOLD), a FFAT motif, a PH domain
and the C-terminal ORD (Levine and Munro 2001). Stefan et al. found that Osh3p localizes to
cortical patches of the cell, which have been identified as ER-PM contact sites, by
preferential interaction between its PH domain and the PM-localized Stt4p PI(4)P pool and by
physical interaction with the VAP proteins Scs2p and Scs22p (Stefan, Manford et al. 2011).

This discovery might partially explain the importance of Scs2p for ER-PM membrane

87



tethering (Stefan, Manford et al. 2013) (Figure 26). The authors hypothesized that Osh3p
might through this tethering activity allow the ER-resident PI(4)P phosphatase Sacl to act in
trans on the PM and hydrolyze PI(4)P (Manford, Xia et al. 2010; Stefan, Manford et al. 2011),
but recent findings challenge this hypothesis: The linker that would allow Sacl to act in trans
is implied in substrate recognition and would thus be shorter than assumed by the authors
and not long enough to reach the PM (Cai, Deng et al. 2014). Besides, the authors gave no
explanation on the necessity to down-regulate PI(4)P directly at the PM where it is
synthesized. The crystal structure of Osh3p-ORD has recently been solved (PDB entry: 4INQ)
(Tong, Yang et al. 2013). Unlike in Osh4p, a sterol molecule cannot be accommodated inside
the lipid-binding pocket of Osh3p, explaining the previous finding that Osh3p is not capable
of transferring sterols. Yet, Osh3p alike Osh4p is capable of binding PI(4)P in a conserved
binding site (Tong, Yang et al. 2013).

This finding further clarifies the link between Osh3p and Saclp reported by Stefan et
al. (Stefan, Manford et al. 2011). Another intriguing hypothesis for the function of Osh3p was
presented by Tavassoli et al., who found that ER-PM tethering by the Osh3p-interacting VAP
Scs2p is required for the function of the PEMT Opi3p, an effect alleviated by Osh3p
overexpression, and that Osh3p would thus present PE or phosphatidyl methyl-ethanolamine
(PME) to Opi3p, or ultimately transport PC to prevent its accumulation in the ER (Tavassoli,

Chao et al. 2013).

The short Osh proteins: Osh4p, Osh5p, Osh6p and Osh7p

Oshd4p was the first Osh protein identified, yet under its alias Kes1 (Krell supressor),
and Osh5p was subsequently identified as homolog of Kesl (Hesl). The products of the
Osh4p and Osh5p genes are surprisingly alike, sharing a sequence identity of 70% and over
80% similarity. They are “short” Osh proteins, meaning that they have no clearly identified
domain other than the ORD. Deletion of both Osh4p and Osh5p lead to a resistance to the
ergosterol specific drug nystatin leaving the total amount of ergosterol unaffected, indicating
a role of these proteins in PM ergosterol supply or organization (Jiang, Brown et al. 1994) .

Intriguingly, Osh4p was found by Bankaitis and colleagues to rescue the effect of
Secl4p-deletion. As mentioned before, Secl4p is a PC/PI exchanger that regulates the lipid

composition at the Golgi level and downstream secretory processes. Its deletion is lethal
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unless other proteins are simultaneously deleted. Among these protein deletions resulting in
a Secl4p-bypass phenotype they identified Osh4p, whereas, intriguingly, Osh5p had no such
effect despite its high sequence similarity with Osh4p, even at higher expression rates (Fang,
Kearns et al. 1996).

The authors further characterized Osh4p and found it to be cytosolic, but also
localized it at the Golgi complex. It has been suggested that Oshdp binds to the Golgi-
localized Pik1p-derived PI(4)P pool and that this targeting is perturbed if either synthesis or
hydrolysis (by Saclp) of Golgi-PI(4)P is perturbed (Li, Rivas et al. 2002; Fairn, Curwin et al.
2007). A partial explanation for the Secl14-bypass phenotype caused by Osh4p deletion has
been provided: Silencing Sec14p lead to a decrease of the availability of PI(4)P at the Golgi,
mainly because Secl14p works with Piklp to yield PI(4)P at this organelle. It was therefore
suggested that Osh4p is lethal in Secl4p-deficient strains, because, due to its high
endogenous expression, it monopolizes all the remaining Golgi PI(4)P molecules at the
expense of other PI(4)P-binding proteins essential for post-Golgi vesicle biogenesis (Fairn,
Curwin et al. 2007; LeBlanc and McMaster 2010). However, it was not understood how
Osh4p binds PI(4)P. As shown later by structural analysis, Osh4p does not have any known
PIP-binding domain such as a PH domain as suggested by Bankaitis and co-workers (Li, Rivas
et al. 2002). Beside this, in vitro binding assays failed to prove that Osh4p could distinguish a
PI(4)P- from a PI(4,5)P,-containing membrane (Li, Rivas et al. 2002; Fairn and McMaster 2005;
Schulz, Choi et al. 2009). More intriguingly, overexpressing Osh4p was observed to merely
reduce the cellular level of PI(4)P (Fairn, Curwin et al. 2007). Altogether, these data
suggested a strong link between Osh4p and PI(4)P metabolism.

Yet these data remain difficult to reconcile with other observations suggesting that
Osh4p was a sterol transporter (Fairn, Curwin et al. 2007). First, in 2005, the group of James
Hurley solved the crystal structure of Osh4p in complex with different sterols and oxysterols
(Im, Raychaudhuri et al. 2005). This was naturally considered to be an important leap
towards the understanding of Osh proteins function. The three-dimensional structure
revealed a novel fold that was subsequently shown to be conserved in other Osh proteins
(Figure 34). Osh4p displays a near-complete B-barrel of 19 sheets surrounding a hydrophobic
cavity inside that accommodates a single sterol molecule in a head-down conformation.
Osh4p was crystallized in complex with different sterols (cholesterol, ergosterol and

oxysterols) with a 1:1 stoichiometry. The sterol 3-OH moiety makes direct and water-
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mediated contacts with polar residues (Q96, Y97) at the bottom of the pocket. The sterol-
binding site is locked by a flexible N-terminal lid region of 29 amino-acids (PDB entry: 1ZHZ)
(Im, Raychaudhuri et al. 2005). When Osh4p is empty, the lid is unfolded and leaves the

pocket accessible.
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Figure 34. Crystal structure of Osh4p and analysis of mutations in AOsh and Sec14-ts backgrounds

(a) The overall structure of Osh4. The N-terminal lid (1-29) is red, the central helices (30-116) orange,
the B-barrel (117-307) green, and the C-terminal sub-domain (308-434) cyan. (b) Superposition of
five sterols in the binding site. 7-HC is colored grey, 20-HC cyan, 25-HC red, cholesterol green and
ergosterol blue. Hydroxyl groups in the sterols are shown in spheres. Hydrogen bonds are shown in
dashed lines. (c) Plasmids encoding Osh4 mutants were introduced into CBY926 (4) (AOsh) and
NDY93 (Secl4-ts). The strains were grown at permissive temperature (23 °C) and dilution series were
incubated at 37 °C. lllustration modified from (Im, Raychaudhuri et al. 2005).

These results suggested that Osh proteins adopt two distinct conformations: an
empty form that might target a donor membrane to extract sterol and a sterol-bound form

that recognizes an acceptor membrane to supply it with sterol. Further results from the same
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group showed that Osh4p transports radioactively labeled cholesterol, albeit at slow speed,
between artificial membranes in vitro, and that this activity was slightly accelerated by
charged phospholipids such as PS and PI(4,5)P, (Raychaudhuri, Im et al. 2006). Interestingly,
we found that the lid of Osh4p could alternatively fold into an ALPS motif that senses lipid-
packing defect, suggesting ability for Osh4p to extract sterol from curved membranes (Drin,
Casella et al. 2007).

Yeast complementation assays showed that Osh4p rescues AOsh strains lacking the
entire Osh family (Beh, Cool et al. 2001; Beh and Rine 2004) likely by restoring proper
ergosterol levels in the PM. This suggested that Osh4p transfers sterol to the PM. However,
as mentioned above, the exact role of Osh4p and other Osh proteins in sterol distribution
was rapidly disputed (See above). Nevertheless, Im and coworkers identified mutants shown
to be unable to bind radioactive cholesterol in vitro (YO7F and R100M) to phenocopy the WT
form of Osh4p in AOsh strains, thus suggesting that Osh4p acts as a sterol transporter.
However, mutation of a neighboring residue (Q96A), that shows even stronger interaction
with the ergosterol molecule in Osh4p was found to bind to sterol in vitro and to behaves
like WT Osh4p in AOsh strains, questioning notably the results obtained with the Y97F
mutant (Im, Raychaudhuri et al. 2005; Singh, Brooks et al. 2009). Moreover, subsequent
results showed that the Y97F mutant is not a loss-of-function mutant of Osh4p in a study
observing the repressive role of Osh4p function on exocytosis leading the authors to the
conclusion that sterol transport is not an essential function of Osh4p (Alfaro, Johansen et al.
2011; Beh, McMaster et al. 2012). However, these studies aimed to examine mainly the
impact of Osh4p on PI(4)P metabolism at the Golgi level.

Hurley and coworkers were intrigued by residues that are not directly implied in
sterol recognition but that are strictly conserved in ORP/Osh proteins (Im, Raychaudhuri et al.
2005) such as H143A/H144A residues that belong to the ORD signature “EQVSHHPP“ and
other residues, strictly conserved among the ORP/Osh protein such as K109 and K336.
Intriguingly, the H143/H144AA double mutant, the K109A or K336A mutant do not have,
unlike WT Oshdp, any lethal effect in Secl4p-deficient strains and, inversely, do not restore
the viability of AOsh strains as Osh4p WT does (Figure 34). No clear explanation was given
for these observations because most of these mutants were found to bind cholesterol as

efficiently as the WT form.
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Figure 35. Structural aspects of Osh4p PI(4)P recognition and PI(4)P transport assay

(a) Close-up view of the PI(4)P binding site. PI(4)P is shown in grey with oxygen in red and
phosphorus in orange. The residues that interact with the polar-head are represented in stick with
oxygen in red and nitrogen in blue. The H-bonds are represented by cyan dashed lines, the water
molecules are represented as red dots. The lid is colored with the B factor of Ca. (b) Structure of
Osh4p bound to ergosterol. (c) Superposition of PI(4)P (colored in orange) and ergosterol (blue)
molecules in Osh4p. The backbone of Osh4p is shown in light grey (d). Sucrose-loaded DOPC/DHE
liposomes (98:2 mol/mol, 0.5 mM lipids, labeled with 0.1% mol NBD-PE) were incubated with
DOPC/PI(4)P liposomes doped with [*>P]PI(4)P (98:2 mol/mol, 0.5 mM lipids, labeled with 0.1 mol%
Rho-PE). After centrifugation on a sucrose gradient, a bottom and top fraction were collected. The
fluorescence of NBD-PE, Rho-PE, and DHE was measured and PI(4)P radioactivity was counted for
each fraction. (B, bottom) The relative amount of donor and acceptor liposomes in each fraction is
shown. (B, top) The gain or loss of DHE and PI(4)P (in percentages) for each liposome population.
Data are represented as mean = SEM (n = 2) lllustration in (d) modified from (de Saint-Jean, Delfosse
et al. 2011).
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Using novel real-time assays based on the use of dehydroergosterol (DHE), a close
fluorescence analogue of ergosterol, our group addressed the influence of membrane
composition on the ability of Osh4p to extract, deliver or transport sterol. Our major result
was to unveil that PI(4)P specifically inhibits sterol extraction because PI(4)P is itself
efficiently extracted by Osh4p (de Saint-Jean, Delfosse et al. 2011). We solved the structure
of the Osh4p-PI(4)P complex and revealed how sterol and PI(4)P molecules, whose chemistry
is unrelated, compete with each other (Figure 35a, b). This competition is explained by the
fact that one PI(4)P acyl chain occupies the same pocket that sterol is bound to (Figure 35a,
b). The polar head of PI(4)P lies in an adjacent shallow pocket: The phosphate groups at
position 1 and 4 of the inositol ring contact exposed residues, notably K109, N112, K336,
E340 and R344 residue and the H143/H144 pair. Compared to the sterol-bound form, the lid
adopts a slightly different conformation to shield the PI(4)P molecule (Figure 35a, b).
Importantly, we show that Osh4p exchanges DHE for PI(4)P and, thereby, can transport these
two lipids between two distinct membranes along opposite routes (de Saint-Jean, Delfosse et
al. 2011).

These findings lead us to the development of our current working model (Figure 36)
We suggest that Osh4p uses the PI(4)P gradient at the ER/Golgi interface maintained by
Piklp and Saclp to supply the trans-Golgi with sterol. In our model, Osh4p extracts sterol
from the ER, then releases it by counterexchange with PI(4)P at the Golgi, and transports
PI(4)P from the Golgi to the ER. The ATP-dependant production of PI(4)P by Piklp would
energetically drive sterol/PI(4)P cycles by Osh4p, thereby promoting the active release of
sterol into the trans-Golgi and the creation of a sterol gradient. More generally, we propose
for the first time a model to explain how lipids can be transported along an one-way route
between organelles against their concentration gradient, and, as PI(4)P synthesis depends on
ATP, why non-vesicular sterol transport processes were found to rely on energy (de Saint-
Jean, Delfosse et al. 2011).

This model could explain why Osh4p expression is lethal in Secl4p-deficient yeast
(Fang, Kearns et al. 1996; Fairn, Curwin et al. 2007). Osh4p does not reduce the availability of
Golgi PI(4)P by solely binding this lipid but by extracting and transferring PI(4)P from the
Golgi to the ER where Saclp resides. This also easily explains why the overexpression of
Osh4p reduces cellular PI(4)P levels and why, on the contrary, silencing Osh4p provokes a

notable increase in cellular PI(4)P level similar to what is observed for Saclp-deficient yeast
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(Stefan, Manford et al. 2011) (Figure 34). Strikingly, we observed in vitro that the mutants
K109A, H143A/H144A and K336A were unable to bind to PI(4)P. As mentioned above, these
exact same mutants are those that are not lethal in Secl4p-deficient yeasts. We thus
propose that these mutants lost their ability to extract PI(4)P from the Golgi and to convey
this lipid to the ER. In line with this, a report by LeBlanc and McMaster (LeBlanc and
McMaster 2010) showed that the K109A mutant does not lower the amount of PI(4)P in
yeast as WT Osh4p does. Eventually, we could explain why the H143/H144AA, the K109A or
K336A mutants do not restore viability of AOsh strains: Unable to bind PI(4)P, they would not
exchange sterol for PI(4)P on the Golgi surface and, thus, would not properly release sterol

into late membranes.
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Figure 36. Working model for the lipid exchange function of Osh4p.

Our working model is based on the findings of (de Saint-Jean, Delfosse et al. 2011); Figure 1 of the
submitted manuscript “A phosphatidylinositol 4-phosphate-powered exchange mechanism to create
a lipid gradient between membranes”. Ergosterol is synthesized at the ER. Osh4p transports
ergosterol from the ER to the trans-Golgi and PI(4)P in the opposite direction. ATP-dependent
phosphorylation of Pl into PI(4)P by Piklp and the hydrolysis of PI(4)P by Saclp allow multiple
sterol/P1(4)P transport cycles by Osh4p. The maintenance of the PI(4)P gradient would allow in turn
the vectorial transport of sterol and, thereby, the creation and maintenance of a sterol gradient
between the ER and the Golgi by Osh4p.
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Interestingly, our model might also explain further interesting observations: The
control of Golgi PI and PI(4)P is essential for post-Golgi secretion. The ability of Osh4p to
transfer PI(4)P from the Golgi to the ER might explain why Osh4p has been defined as a
repressor of the biogenesis of exocytotic vesicles, relying on PI(4)P (Audhya, Foti et al. 2000).
However, Osh4p was found to interact genetically and physically with the Rho GTPases Rhol
and Cdc42 as well as with the Rab GTPase Secdp, regulators of polarized exocytosis
(Kozminski, Alfaro et al. 2006). Additionally, Osh4p colocalizes in a PI(4)P-dependent manner
to proteins of the exocyst complex and was found to be required for the Casl-mediated
removal of Golgi-derived PI(4)P from secretory vesicles (Alfaro, Johansen et al. 2011). PI(4)P
is required on secretory vesicles budding off the Golgi for interaction of Ypt31/32p with
Sec2p, which in turn activates Sec4dp, controlling delivery and tethering of secretory vesicles
via the exocyst complex. For this tethering the exocyst subunit Sec15p is required to bind to
Sec2p in a site that overlaps with the Sec2p Ypt31/32p-binding site; in order to allow
tethering with the PM Ypt31/32p thus needs to be dissociated from Sec2p (Mizuno-Yamasaki,
Medkova et al. 2010). Osh4p controls this switch of Sec2p between Ypt31/32p and Sec15p by
removing PI(4)P from secretory vesicles and thus promotes dissociation of Ypt31/32p from
Sec2p (Ling, Hayano et al. 2014). PI(4)P hydrolysis by Saclp is required for this activity,
indicating that Osh4p therefore would not only remove PI(4)P from secretory vesicles but
also make it available for the phosphatase (Ling, Hayano et al. 2014).

To sum up, we propose that Osh4p ensures sterol/PI(4)P exchange cycles at the
ER/late membrane interface and that any deregulation of this activity has subtle effects on
the exocytosis process. The sterol/PI(4)P exchange activity, in context where Golgi PI(4)P is
lacking, might promote even more severe reduction of PI(4)P level in this compartment
resulting in an blockade of exocytotic vesicle biogenesis. On the contrary, any arrest of the
sterol/PI(4)P exchange through the silencing of Osh4p, would block the tethering of
exocytotic vesicles with the PM. Interestingly, recent evidence also suggests that the
deregulation of Saclp, Piklp or Osh4p has an effect on cellular sphingolipid levels (Brice,
Alford et al. 2009; LeBlanc and McMaster 2010; Mayinger 2012). A likely hypothesis is that
the PI/PI(4)P balance, at the ER level, depends on the activity of these three proteins and
that this balance is crucial for sphingolipids synthesis as such a process directly relies on the

availability of PI coming from the ER.
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The two other short Osh proteins Osh6p and Osh7p have a sequence identity alike
Osh4p and Osh5p (70% identity, 80% similarity), yet the conservation level between the two
subfamilies is lower (Beh, Cool et al. 2001). Most research effort has been intended for
Osh6p, neglecting Osh7p due to its high sequence similarity and thus functional conservation,
but considering the differences in Osh4p- and Osh5p-related phenotypes, more detailed
analysis of Osh7p could reveal functional differentiation between Osh6p and Osh7p.

Osh6p and Osh7p are cytosolic proteins that are also enriched at cortical patches of
the ER, presumably ER-PM contact sites, as determined by fluorescence microscopy. Wang et
al. found Osh6p to be a major regulator of cellular ergosterol, as its deletion lead to increase
and its overexpression to decrease of total ergosterol (Wang, Duan et al. 2005; Wang, Zhang
et al. 2005). This was underlined by findings showing both Osh6p and Osh7p interacting with
the vacuolar yeast NPC1 homolog Ncrlp in an Arvlp-dependent manner, yet the impact on
Arvlp on sterol homeostasis appears to be minor as recently reported (Du, Kumar et al. 2011;

Georgiev, Johansen et al. 2013).
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Figure 37. Osh6/7p are PS transporters

Left: Yeast strains without Osh6p and Osh7p (Osh6/0sh7) show decreased PS levels at the PM
compared to WT (Osh6*/0Osh7") as observed using a genetically encoded PS probe (GFP-C2.,). PS
levels are decreased by 30 % whereas they are in increased in the ER, highlighted by Rtn1-mCherry.
Right: Model showing different PS transport pathways that are Osh6/7p-dependent (red) or -
independent (green). lllustration modified from (Maeda, Anand et al. 2013).
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However, a recent study and our own results will show that Osh6p is clearly not
capable of interaction with ergosterol (Maeda, Anand et al. 2013) (Figure 46). Osh6p rather
binds PS in its conserved hydrophobic pocket and transports newly synthesized PS from the
ER towards the PM (Maeda, Anand et al. 2013) (Figure 37). Deletion of both Osh6p and
Osh7p is necessary for affecting PS transport, indicating a functional redundancy between
the two proteins (Maeda, Anand et al. 2013). PS transport towards sites of polarized growth
is also mediated by vesicular trafficking, whether these vesicular and non-vesicular transport
pathways are coupled awaits further elucidation (Fairn, Hermansson et al. 2011; Mioka,
Fujimura-Kamada et al. 2014). The Osh protein family is not implied in PS transport towards
Psd1p or Psd2p for PE and PC synthesis and yet total PS levels in Osh deletion mutants are
significantly decreased favoring PE and PC synthesis, underlining the importance of Osh
proteins in alternative PS trafficking routes like those shown by Maeda et al. (Raychaudhuri,
Im et al. 2006; Maeda, Anand et al. 2013). Albeit the clear effect of Osh6p and Osh7p on ER-
PM PS transport, this is not an essential function as ablation of both proteins is not lethal.
Also, both proteins can restore cell growth in mutants lacking all other Osh proteins, whereas
Osh7p bearing mutations in residues not affecting PS binding (HH159/160AA) fails to do so,

indicating further essential functions for Osh6p and Osh7p (Tong, Yang et al. 2013).

Recent Structural aspects of Osh protein lipid binding

The intriguing finding that Osh4p does not only bind sterols (Im, Raychaudhuri et al.
2005) but also PI(4)P (de Saint-Jean, Delfosse et al. 2011) represented a paradigm shift in
ORP/Osh research as for the first time a non-sterol lipid ligand was found to bind to an Osh
protein. Crystal structures of Osh3p-ORD (PDB entry: 4IC4), the Osh3p-ORD-PI(4)P complex
(PDB entry: 4INQ) (Tong, Yang et al. 2013) and the Osh6p-PS complex (PDB entry: 4B27)
(Maeda, Anand et al. 2013) showed that the overall fold of Osh proteins is well conserved, as
well as the PI(4)P-binding site (de Saint-Jean, Delfosse et al. 2011; Tong, Yang et al. 2013).
The second GPL ligand found to bind to an Osh protein was PS in Osh6p, but whether PS-
binding is structurally conserved in Osh proteins has not been shown so far (Maeda, Anand
et al. 2013). Intriguingly, the ORP/Osh fingerprint motif found to be implied in PI(4)P binding
in Osh4p and Osh3p, but does not interact with the PS molecule in the Osh6p structure nor

with sterol in the Osh4p structure (Im, Raychaudhuri et al. 2005; de Saint-Jean, Delfosse et al.
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2011; Maeda, Anand et al. 2013). As the geometry of the PI(4)P binding site is conserved in
Osh6p, this leads to the intriguing question whether Osh6p can also bind PI(4)P. Moreover,
does it bind PS and PI(4)P in the same mutually exclusive manner than for ergosterol and

PI(4)P in Osh4p?

98



99



Hypothesis for ORP/Osh protein function and objectives

Sterols are unevenly distributed in eukaryotic cells: Sterols are scarce at the ER, where
they are synthesized, whereas they are enriched at the TGN and PM. In yeast and human
cells, the uneven distribution of sterols, ergosterol in yeast and cholesterol in human, plays a
key role as sterols render membranes more rigid in presence of saturated phospholipids. The
accumulation of sterol species at the PM thus allows formation of a rigid barrier shielding the
cell from external influence (van Meer, Voelker et al. 2008). Early studies from the Simoni
group suggested that sterol is rapidly transferred (t;» =10 min) from the ER to PM mostly
along non-vesicular routes in an energy-dependent manner (DeGrella and Simoni 1982).
Likewise, ER-to-PM transfer of ergosterol, the major sterol in yeast, takes place along non-
vesicular routes (Baumann, Sullivan et al. 2005). Whereas the trafficking in the secretory
pathway is well established and defined, little is known about the non-vesicular trafficking of
lipids and sterols inparticular (Drin 2014). Among the LTPs that could be able to serve as
sterol transporters are the ORP/Osh proteins (Beh, Cool et al. 2001; Lehto, Laitinen et al.
2001). Whether ORP/Osh proteins participate in active sterol transport in vivo and how their
activity is regulated is largely unknown (Raychaudhuri, Im et al. 2006; Alfaro, Johansen et al.
2011; Georgiev, Sullivan et al. 2011). Yet the current opinion on sterol transport proteins
considers the chemical potential gradient sufficiently powerful for the establishment of sterol
concentration gradient by random shuttling (Sullivan, Ohvo-Rekila et al. 2006; Beh,
McMaster et al. 2012) (Figure 19).

Our group has proposed an alternative hypothesis: We posit that Osh4p exchanges
newly synthesized sterols from the ER for PI(4)P at the trans-Golgi. Anterograde sterol
transport is fueled by retrograde PI(4)P transport and PI(4)P hydrolysis (de Saint-Jean,
Delfosse et al. 2011) (See our working model (Figure 36)). We therefore wanted to test this
model by very precise quantitative analysis. One of our goals was to measure whether
Osh4p acts as an efficient sterol/PI(4)P counterexchanger, i.e. by coupling intimately the
transport of its two lipid ligands in opposite directions between two membranes. We
further aimed to define whether the maintenance of a PI(4)P gradient by PI(4)P hydrolysis
provides additional energy for sterol transport to Osh4p. Ultimately we wanted to provide
evidence that this mechanism allows Osh4p to transport sterol against its concentration

gradient.
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MCSs are specialized zones in which the ER membrane is closely apposed to the
membrane of a second organelle (10-20 nm apart), and are increasingly considered as
essential hubs for the transport of lipids. In higher eukaryotes, MCSs between the ER and
trans-Golgi are notable because they host various LTPs, including OSBP, CERT and Nir2, which
play major roles for the remodelling of the Golgi membrane. OSBP has been shown to bind
and/or transport oxysterols and cholesterol with varying affinities (Wang, Weng et al. 2005).
Besides, it targets both the ER and the trans-Golgi network by interaction of its FFAT motif
with VAP-A and by coincidence detection of both PI(4)P and Arfl with its PH domain (Levine
and Munro 2002; Mikitova and Levine 2012). OSBP is mostly cytosolic, but binding to its high
affinity ligand 25-OH rapidly targets the protein to the Golgi (Ridgway, Dawson et al. 1992).
Our lab was interested in determining the actual function of OSBP. At one point, we aimed to
demonstrate that OSBP is also capable of counterexchanging P1(4)P for cholesterol and that
this activity determines its function at ER-Golgi contact sites.

Recent structural insight gave proof that sterol binding is not a common feature of the
ORP/Osh proteins (Maeda, Anand et al. 2013; Tong, Yang et al. 2013). The recognition of
PI(4)P, however, might be better conserved (de Saint-Jean, Delfosse et al. 2011; Tong, Yang et
al. 2013). The demonstration of a conserved PI(4)P-binding mode in ORP/Osh proteins could
thus help to identify a common mechanism of function, and be (possibly related to) the
common essential function of Osh proteins in budding yeast (Beh, Cool et al. 2001).

PS has been identified as ligand for Osh6/7p and potentially for ORP5 and ORP10;
Osh6/7p have additionally been shown to transport PS from the ER to the PM (Maeda,
Anand et al. 2013). We wanted to study whether Osh6/7p are capable of binding PI(4)P and
counterexchanging it for PS between membranes, and whether this transport is favored by
PI(4)P metabolism, in the same manner as for sterol/PI(4)P counterexchange by Osh4p,
allowing Osh6/7p to create a PS gradient between the ER and PM.

Using fluorescence-based lipid transfer assays in a reconstituted system of reduced
complexity we aimed to follow the effects of ORP/Osh proteins on transport of lipid species.
We developed, in addition of using well-established techniques, novel fluorescence-based
lipid transport assays in vitro, to examine with a high temporal resolution the ability of
ORP/Osh proteins to transport sterol and PI(4)P in opposition direction between two distinct
membranes. Such reconstituted system allows the observation of a strictly controlled

variable under constant control of all factors, excluding unwanted compensatory effects.
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We provide insight in the conservation of the proposed mechanism between budding yeast
and human as well as proof for the capability of Osh4p to transport sterol against its

concentration gradient using PIP metabolism as energy source.
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IMIATERIALS AND METHODS
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RECONSTITUTIVE APPROACH:

ASSAYING LIPID TRANSFER IN VITRO

Lipid homeostasis is very rapid and highly dynamic. Qualitative detection of the lipid
transport activity of protein in vivo is usually based on fluorescence-labeled, specific lipid-
interacting protein domains (GFP-Annexin V, GFP-C2 ., GFP-PHgapp) or naturally fluorescent
lipids (DHE), but quantification of lipid transport remains difficult, so that kinetics and
interplay in the case of lipid exchange cannot be easily assayed. Fluorescence-labeled lipid
molecules are to be used with caution as the presence of a fluorescent moiety might
influence the physical-chemical properties of lipids in both membrane insertion and
recognition by LTPs. Isotope labeling allows quantification of lipid transport by membrane
fractionation, lipid extraction and autoradiography, but the low time resolution prevents
detailed insight into the kinetics of lipid transport mechanisms.

Therefore, to fully understand the biochemistry of ORP/Osh proteins, it is necessary
to use a pure in vitro approach. We use artificial membranes of defined composition, small
fluorescence-labeled lipid probes and recombinant proteins to follow lipid transport by
fluorescence measurement under controlled conditions. Despite the fact that our system
does not perfectly mimic a cellular context, it allows us to measure with an unprecedented
precision the lipid transport activity of proteins. This precision is required to detect kinetic
coupling in lipid counterexchange, as compensatory or regulatory events possibly occurring
in vivo might prevent us from detecting such coupling. Once biochemically demonstrated,
proof from in vivo experiments is however required to ascertain the validity of the hypothesis
in living cells. This validation has been achieved for certain findings (see Results) or is

currently ongoing.
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Liposomes

In order to measure transport of lipids between lipid membranes we need to control
the lipid composition of those membranes. We use spherical vesicles with a defined
diameter (liposomes) and of defined composition that are produced from lipid films by
suspension in buffer and extrusion. Lipids were purchased from Avanti Polar Lipids, except
DHE, which was purchased from Sigma-Aldrich. The lipids solubilized in an organic solvent
(chloroform, methanol or more complex mixtures) were mixed in the desired molar ratios
and the organic solvent was evaporated under reduced pressure in a rotative evaporator. The
dried films were hydrated in buffer (120 mM K acetate, 50 mM Hepes, pH = 7.2) with small
glass beads under rigorous agitation and the suspension subsequently underwent five
freeze-thaw cycles (flash freezing in liquid nitrogen and thawing in a water bath at 37 °C) in
order to obtain multilamellar vesicles (MLVs). MLVs were then extruded into small
unilamellar vesicles (SUVs) by passing them 21-times through a polycarbonate filter with
pores of defined size (usually 0.2 um) using a mini-extruder (Avanti Polar Lipids). To produce
liposome of varying diameter liposomes were sequentially extruded through filters with
decreasing pore size (0.4 um, 0.2 pm, 0.1 um, 0.05 pum and 0.03 um). Dynamic light
scattering (DLS) was used to define the size distribution and average size of these unilamellar

vesicles.

Protein purification

In order to obtain high grade recombinant protein for our measurements, we used
isopropyl B-D-1-thiogalactopyranoside (IPTG)-induced overexpression from pET-24b (+)
(Saclp) or pGEX-4-T3 (all other proteins) plasmids in BL21 Gold cells (Escherichia coli).
Mammalian protein (PHrapp, C21act) Overexpression was induced with 1 mM IPTG for 4 h at
37 °C, whereas yeast proteins were induced with 1 mM IPTG over night at 30 °C. Cells were
harvested by centrifugation, washed with phosphate buffered saline (PBS) and again
sedimented. Bacteria pellets were stored at -20 °C prior to purification. For purification, cells
were suspended in lysis buffer (150 mM NaCl, 50 mM Tris.HCl pH = 7.4) and lysed in a French
Press in the presence of a protease inhibitor cocktail (EDTA-free protease inhibitor tablets

(Roche), pepstatin, bestatin, phosphoramidon and PMSF) and 2 mM dithiothreitol (DTT) to
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prevent oxidation. The lysate was treated with DNase | to remove longer DNA strands prior
to ultracentrifugation. For GST-tagged proteins, the supernatant was applied to Glutathione
sepharose beads (GE Life Sciences) and bound protein washed three times with lysis buffer
containing DTT. The GST-tag was cleaved by thrombine (Roche) treatment over night. Eluted
fractions were concentrated and further purified by on size exclusion chromatography
(Sephacryl S-300, GE Life Sciences). For Hisg-tagged proteins, the supernatant was applied to
Ni-NTA Agarose (Qiagen), the beads washed, protein eluted with 20 mM, 50 mM imidazole
and the concentrated eluate further purified by size exclusion chromatography (Sephacryl S-
300, GE Life Sciences) to remove imidazole. All proteins were assayed by Bradford assay,

absorbance at A = 280 nm and gel assay using SyproOrange (Life technologies).

Flotation assays

Binding of protein on membranes and its lipid specificity were assayed by flotation
assays that have been described previously. Briefly, proteins (750 nM) were incubated with
NBD-PE containing liposomes (750 uM total lipids) in 150 ul HKM buffer at room
temperature for 5 min. The suspension was adjusted to 30% sucrose by mixing 100 pul of a 75%
(w/v) sucrose solution in HKM buffer and overlaid with 200 ul HKM containing 25% (w/v)
sucrose and 50 ul sucrose-free HKM. The sample was centrifuged at 240,000 g in a swing
rotor (TLS 55 Beckmann) for 1 h. The bottom (250 pl), middle (150 pl) and top (100 wl)
fractions were collected. The top fractions were analyzed by SDS-PAGE using Sypro-Orange

staining and a FUJI LAS-3000 fluorescence imaging system (Bigay and Antonny 2005).

Fluorescence and FRET

P1(4)P detection by NBD-PHgapp

Multiple proteins are specifically localized to PI(4)P containing membrane
compartments via PI(4)P-interacting domains and have been described above (See Synthesis
and localization of phosphoinositide species). The approximately 100 aa long pleckstrin
homology (PH) domains can simultaneously bind PIPs and/or small G proteins. PH domains

are abundant and found in LTPs, such as FAPP1, FAPP2, CERT and ORPs, but also in
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phospholipase C6 (PLCS), and have been used extensively to study localizations of PIPs in
vivo. GFP-labeled PH domains of PLCS identifies PM PI(4,5)P,, whereas PH domains of FAPP1,
OSBP and CERT target Golgi PI(4)P and GFP-PHosh2, highlights both Golgi and PM PI(4)P (Roy
and Levine 2004; Lemmon 2008; Lenoir and Overduin 2013).

Crystal and NMR structures of several PH domains have been solved, yet the data for
FAPP1 is most complete. A first solution NMR structure (PDB entry: 2KCJ) solved by Lenoir et
al. revealed a seven-stranded B-barrel capped by an a-helix with a hydrophobic wedge
between the first two B-stands (Lenoir, Coskun et al. 2010), confirmed by a crystal structure
(PBD entry 3RCP) (He, Scott et al. 2011). Incubation of PHgapp1 With lipid/detergent micelles
showed a resonance shift for the residues of the loop, and molecular docking of PHgapp1
showed a deep insertion of this wedge into a model membrane (Lenoir, Coskun et al. 2010).
They also identified the PI(4)P-interacting residues by molecular docking, and this
identification was confirmed by the resolution of the structure of PHapp: bound to soluble di-
C6 PI(4)P (Lenoir, Coskun et al. 2010; He, Scott et al. 2011). Arfl-binding depends on the
bound nucleotide as only Arf1-GTP is bound on the outside of the B-barrel as determined by
resonance shift and molecular docking (He, Scott et al. 2011). Recently the structure of the
ternary complex PHapp1/PI(4)P/Arfl bound to a small bicelle surface has been presented by

Liu et al., resuming and confirming the previous findings (Figure 38) (Liu, Kahn et al. 2014).

Figure 38. Ternary complex PHFAPP1/PI(4)P/Arfl on a small bicelle.

Haddock molecular docking model illustrating the interactions of PHgapps (blue), PI(4)P (sticks in the
bicelle) and Arfl (green) with GTPyS (sticks in Arfl). PHeapp1/P1(4)P models and PHeapp:/Arf models are
superimposed for the ternary complex and combined with an Arfl/bicelle model. The deep insertion
of the wedge into the bicelle is well illustrated in the right representation. Illustration from (Liu, Kahn
et al. 2014).
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We wanted to develop a fluorescent tool that would recognize PI(4)P-containing
membranes and reflect binding by a change in fluorescence. We thus mutated the solvent-
exposed T13 residue localized in the hydrophobic wedge of PHgapp into a cysteine and
replaced other solvent-exposed cysteines to serine (mutations C37S and C94S). This series of
mutations allowed us to chemically label specifically the C13 residue with an environment
sensitive  probe, nitrobenz-2-oxa-1,3-diazole ~ (NBD). N-((2-(iodoacetoxy)ethyl)-N-
Methyl)amino-7-Nitrobenz-2-Oxa-1,3-Diazole (IANBD, Molecular Probes®, Life Technologies)
is a reagent which rapidly condenses with thiols attaching the NBD moiety (Figure 39a).
Insertion of this moiety into a lipid bilayer modifies the emission wavelength and intensity of
its fluorescence (Figure 39d).
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Figure 39. Characterization of lipid recognition and fluorescence of NBD-PH;app

See text and figure legend for figure S2 of the submitted manuscript for details.

We used IPTG-induced overexpression from a pGEX-4-T3 plasmid in E. coli to produce
a GST-PHgapp construct bearing the abovementioned mutations and purified it using
glutathione sepharose beads (GE healthcare), as described above, but in presence of 2 mM

DTT in order to prevent cysteine oxidation. DTT was removed by gel filtration on a NAP-10
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column (GE healthcare) before incubating the protein with a 10-fold excess of IANBD (life
technologies) dissolved in N,N-dimethylformamide (DMF). After quenching with L-cysteine
(10-fold excess over IANBD incubation) and intensive washing in DTT-containing buffer to
remove unbound probe, the NBD-PHgpp was further purified on size exclusion
chromatography (Sephacryl S-200, GE Life Sciences) and assayed, revealing a complete
labeling of PHeapp by comparing its absorbance at 280 nm over 480 nm (Figure 39b,c).
Incubating NBD-PHgapp With liposomes containing 4 mol% of PI(4)P induced a blue-shift (542-
529 nm) of the emission maximum and increased its fluorescence intensity six fold compared

to liposomes devoid of PI(4)P (Figure 39d,e).

Recognition of phosphatidyl-L-serine with NBD-C2,,;

The function of PS, the most abundant negatively charged phospholipid, is strictly
dependent on its localization, thus multiple strategies have been developed to analyze its
distribution. First insight came from subcellular fractionation and detection of PS by thin
layer chromatography (TLC). Notwithstanding the importance of this technique, organelle
isolation always bears the risk of cross-contamination. Additionally, this technique does not
give any information on the sidedness of PS and the temporal resolution is reduced. Different
fluorescent probes have thus been developed for PS detection in vivo. Headgroup or side-
chain fluorescence-labeled PS derivatives can mimic endogenous PS in membranes, but
protein interaction with PS might be affected by chemical lipid modification. The C2 domain
of Annexin V recognizes PS and can easily be tagged and genetically expressed, but its
binding is not specific for PS as it also recognizes other anionic phospholipids (PI, PA) and
requires high Ca®* concentrations, thus making it an adequate tool for measuring
extracellular PS (an apoptotic signal), but limiting its application for intracellular
measurements (Leventis and Grinstein 2010; Kay, Koivusalo et al. 2012).

Lactadherin is a glycoprotein secreted into milk by mammalian mammary epithelial
cells. It bears a discoidin-like C2 domain that stereospecifically recognizes phosphatidyl-L-
serine independent of Ca?*. Lactadherin C2 domains with fluorescent tags have recently been
used to detect PS in vivo (Yeung, Gilbert et al. 2008; Fairn, Schieber et al. 2011). The crystal
structure of the C2 domain of bovine Lactadherin has been solved by Gilbert and coworkers

(PDB entry: 3BN6), showing a B-barrel core as found in other discoidin-like C2 domains, but
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the Lactadherin C2 domain has particular membrane-interacting spikes. The PS-binding site
was determined by molecular modeling, and these findings were confirmed by a recent *3C-
and °N-NMR structure of human Lactadherin in complex with soluble di-C6:0 PS (Shao,

Novakovic et al. 2008; Yeung, Gilbert et al. 2008; Kay, Koivusalo et al. 2012; Ye, Li et al. 2013).

b (o
0.3 1
a /
na 4
c
o
2
8
a
= Py
0 T - T —
Wm’rﬂ:‘“ NBD fluorescence 280 490
wavelength [nm]
d e
100 15 —_—
£
2 -#-DOPC/brPS (95/5)
g €
o & ~-DOPC
S
.8 ~~DOPC/brPI4P (96/4)
X
0 14 —
0 5 10 15 2
Liposomes (uM)

(@ ‘\Q\Aﬁ \4?‘@?)“
S f«jf

Figure 40. Characteristization of lipid recognition and fluorescence of NBD-C2,,,

(a) Tridimensional model of the NBD-labeled C2,. based on the NMR structure of the crystal
structure of the C2 domain of bovine Lactadherin (PDB entry: 3BN6). The solvent-exposed cysteines
C240 and C427 are mutated for alanines, histidine H352 is replaced by a cysteine. An N,N’-dimethyl-
N-(thioacetyl)-N’-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)ethylenediamine moiety (in stick, with carbon in
grey, nitrogen in blue and oxygen in red), built manually and energetically minimized, is grafted to the
thiol function of C352. The figure is prepared with PyMOL (http://pymol.org/). (b) SDS-PAGE of
purified NBD-C2lact. The gel was directly visualized in a fluorescence imaging system to identify
labeled proteins (right picture) and then stained with Sypro Orange to visualize all proteins and
molecular weight markers (left picture). Unrelated bands have been excised. (c) UV-visible absorption
spectrum of NBD-C2tact. Considering a purity grade of 100% for the protein, the optical density value
at 280 nm (Trp) and 495 nm (IANBD) indicate that the C2 domain was labeled with the probe at a 1:1
ratio. (d) Flotation assays showing binding of C2,,.; (1uM) to extruded 0.2 um liposomes (1 mM total
lipid) depending on their lipid composition. Values are the means two independent experiments +
SEM. (e) NBD fluorescence intensity measured at 525 nm as function of total lipids concentration and
for different membrane compositions (in mol/mol). NBD-C2Lact only binds to PS -containing liposomes

and this interaction is not impaired when membrane contains PI(4)P.
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The identification of PS- and membrane-interacting residues allowed us to modify the
C2 domain (residues 270-427) of bovine Lactadherin for our purposes as PS probe. Solvent
exposed cysteines were mutated by Quikchange mutagenesis (Agilent) into alanines
(mutations C270A and C427A) and a histidine residue in the membrane-interacting third
spike was mutated to cysteine (H352C) in order to allow chemical labeling with an NBD probe
to yield NBD-C2 . The overexpression, purification and labeling protocols for NBD-C2 . are
identical with those for NBD-PHeapp. Binding and fluorescent properties were assayed as

described for NBD-PH¢app (Figure 40).

FRET-based lipid transfer assays

DNS-PE-based DHE transport assay

The assay has been described elsewhere (de Saint-Jean, Delfosse et al. 2011). In brief,
FRET (Forster Resonance Energy Transfer) is measured between DHE and Dansyl-labeled
lipids (DNS-PE) at A = 510 nm (emission slid width = 10 nm) upon excitation of DHE at A = 310
nm (excitation slid width = 1.5 nm) using a 0.6 neutral filter. At 30 °C, 200 uM liposomes (0.2
pum extrusion) containing 2.5 mol% DNS-PE and 5 mol% DHE were incubated with 200 uM of
a population of liposomes without DNS-PE (0.2 um extrusion), containing or not 4 mol%
PI(4)P and FRET is measured after addition of 200 nM protein in a stirred quartz cuvette
(Figure 41). Loss of FRET mirrors DHE extraction, and owing to the excess of DHE over Osh
proteins extraction is equivalent to transport. For every experimental condition (different
DHE gradients, GPL and sphingolipid composition), the obtained kinetics were normalized

compared to liposomes of the same overall composition but depleted of DHE as zero.

DNS-PE

iy

Osh4p-DHE
FRET

Figure 41. Schematic representation of DHE transport assay with DNS-PE.
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NBD-PHapp-based PI(4)P transport assay

NBD fluorescence of our NBD-PHgapp probe upon PI(4)P recognition is quenched by
FRET when the liposomes also contain Lissamine Rhodamine B headgroup labeled lipids
(Rhod-PE, Avanti Polar Lipids). Two liposome populations were used and only one initially
contained PI(4)P and Rhod-PE. We chose to follow the NBD fluorescence increase as it
directly mirrors transported PI(4)P. NBD-fluorescence was measured at A = 530 nm (emission
slid width = 10 nm) upon excitation at A = 460 nm (excitation slid width = 1.5 nm).

For PI(4)P transfer assays, 250 nM NBD-PHgapp and 200 pM liposomes containing both
PI(4)P (4 mol%) and Rhod-PE (2 mol%) (0.2 um extrusion) were mixed with 200 uM
liposomes deprived of PI(4)P and Rhod-PE containing or not 5 mol% DHE (0.2 um extrusion)
at 30 °C in a stirred quartz cuvette. NBD fluorescence was measured after injection of 200
nM Osh proteins (Figure 42). For every experimental condition, kinetics were normalized
compared to the signal measured with liposomes with the same overall lipid composition,
containing equal amounts of PI(4)P, mimicking full equilibration of PI(4)P (2 mol%), but only

one of them containing Rhod-PE.

Figure 42. Schematic representation of NBD-PH,pp-based PI(4)P transport assay.

NBD-PHg,pp-based PI(4)P extraction assay

For PI(4)P extraction assays, 250 nM NBD-PHgapp and 300 uM liposomes containing 2
mol% (3 UM accessible) PI(4)P were incubated with a stoichiometric amount of Osh protein
(3 uM) for 5 min at room temperature and NBD fluorescence spectra emission spectra were
measured (500 nm < A < 650 nm (emission slid width = 10 nm) upon excitation at A = 460 nm
(excitation slid width = 1.5 nm)). A blue-shift was observed upon liposome binding of NBD-
PHeapp (Figure 39). Emission maxima before and after incubation with Osh protein were

substracted and normalized to a control with liposomes devoid of PI(4)P.
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NBD-C2,..-based PS transport assay

As for NBD-PHeapp, NBD fluorescence of the NBD-C2,,: probe upon PS recognition is
qguenched by FRET when the liposomes also contain Rhod-PE. Two liposome populations
were used and only one initially contained PS and Rhod-PE. NBD-C2 .« equilibrates more
slowly than NBD-PHgpp, but equilibration is nonetheless faster than transport by Osh
proteins (not shown). NBD fluorescence increase thus directly mirrors PS transport. NBD-
fluorescence was measured at A = 530 nm (emission slid width = 10 nm) upon excitation at A
=460 nm (excitation slid width = 1.5 nm).

For lipid transfer assays, 250 nM NBD-C2,. and 200 uM liposomes containing both PS
(5 mol%) and Rhod-PE (2 mol%) (0.2 um extrusion) were mixed with 200 uM liposomes
deprived of PS and Rhod-PE containing or not 5 mol% PI(4)P (0.2 um extrusion) at 30 °C in a
stirred quartz cuvette. NBD fluorescence was measured after injection of 200 nM Osh
proteins (Figure 43). For every experimental condition, kinetics were normalized compared
to liposomes with the same overall lipid composition, containing equal amounts of PS,
mimicking full equilibration of PS (2.5 mol%), but only one of them containing 2 mol% Rhod-

PE.

Figure 43. Schematic representation of NBD-C2 ,-based PS transport assay.
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PART I:

STEROL HOMEOSTASIS IN EUKARYOTIC CELLS
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“A phosphatidylinositol 4-phosphate-powered
exchange mechanism to create a lipid gradient

between membranes”

Based on previous findings on the counterexchange of sterol with PI(4)P by Osh4p we
aimed to use a reconstituted system to follow transport of the two lipids in real time. We
therefore developed a tool that would allow us to follow transport of PI(4)P under the same
conditions as sterol transport and opted for a fluorescence-labeled PH domain. The
development and characterization of the NBD-PHgapp PI(4)P probe is described in detail. (See
PI(4)P detection by NBD-PHFAPP and Figure 36 in the Materials and Methods section and
Article Figure S2). For the transport assays, we used two distinct populations of DOPC-based
liposomes, one population containing 10 uM accessible DHE, mimicking the ER (Lg) and one
population containing or not 4 uM accessible PI(4)P, mimicking the trans-Golgi (Lg). In order
to distinguish the two populations, Lg liposomes contained Dansyl-labeled lipids (DNS-PE) for
DHE transport assays and Lg liposomes contained Rhodamine Lissamine A-labeled lipids
(Rhod-PE) for PI(4)P transport assays.

Measuring transport kinetics for both DHE and PI(4)P under identical conditions
allowed us to reveal a tight coupling of the transport in opposite directions of the two lipids.
The initial transport velocity for each ligand is increased by one order of magnitude under
conditions where counterexchange is possible (from 1-2 lipids/min to =20 lipids/min per
Osh4p, Article Figure 2a,b). The initial transport velocities were similar for both lipids, thus
endorsing the hypothesis of a counterexchange. Importantly, altering the affinity of Osh4p
for one ligand affected the transport velocities for both ligands in the same manner, another
affirmation of an exchange process (Figure 2c).

In our assays, we used a molar excess of DHE over PI(4)P. We observed that the DHE
transport is slowed down significantly once PI(4)P is equilibrated between the two liposome
populations. In cells, PI(4)P is produced by PI4Ks on trans-Golgi membranes and the PM and
hydrolyzed by the ER-resident PI(4)P phosphatase Saclp (Tahirovic, Schorr et al. 2005;
Faulhammer, Kanjilal-Kolar et al. 2007), thus creating and maintaining a PI(4)P gradient

between early and late membranes. We therefore sought to attach Saclp to the ER-
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mimicking liposome population to hydrolyze delivered PI(4)P into Pl and hence maintain the
PI(4)P gradient between the ER-like and the Golgi-like populations. Attachment was achieved
by integrating Ni**-displaying lipids (DOGS-NTA-Ni**) into the ER-like liposomes that interact
with a C-terminal Hisg-tag on Saclp. Saclp attached to liposomes efficiently hydrolyzed
PI(4)P and allowed continuing accelerated transport of sterol through maintenance of the
PI(4)P gradient (Article Figure 3).

In cells, a sterol transporter would have to transport sterol against its concentration
gradient to create and maintain this sterol gradient at the ER/Golgi interface. We therefore
assayed whether Osh4p could transport DHE between two liposome populations that initially
contained the same amount of DHE or even against a preexisting DHE gradient (Article Figure
4). In the absence of PI(4)P, transport was slow and followed the gradient, yet
counterexchanging DHE for PI(4)P allowed Osh4p to create or even increase the DHE gradient.
The effect was transient as, after equilibration of PI(4)P, sterol was transferred back along its
gradient. However, the transport of DHE up its gradient was maintained by sustaining the
PI(4)P gradient via Saclp. It has long been thought that the creation of sterol gradient could
be obtained simply by random transport of sterol and sequestration of transported sterols in
membrane rich in saturated GPLs and sphingolipids (Sullivan, Ohvo-Rekila et al. 2006; Beh,
McMaster et al. 2012) We were able to show that the presence of more saturated lipids or
SM in Golgi-like membrane favors the accumulation of sterol by Osh4p, against its
concentration gradient, but the counterexchange for PI(4)P was essential to observe this
(Article Figure 5).

We furthermore showed that packing defects induced by phospholipid unsaturation
or membrane curvature facilitates DHE extraction from ER-like liposomes. This suggests that
the transport of sterols from the ER towards better packed trans-Golgi membranes is favored
rather than in the opposite direction. Another aspect for this directionality is the dynamics of
the lid segment (Article Figure 6). Molecular dynamics simulations suggest that in the sterol-
bound form, the lid of Osh4p is tightly closed whereas it remains flexible when Osh4p is
bound to PI(4)P. We show that on ER-like membranes, i.e. neutral membranes, Osh4p is
more prone to deliver PI(4)P rather than DHE, favoring transport of PI(4)P towards these
membranes rather than sterol (Article Figure 7). This might prevent the back delivery of

sterol from the Golgi to the ER.
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Our results show that Osh4p disposes of different features that allow it to rapidly exchange
two different lipid ligands in opposite directions. Similar affinities for both ligands allow a
rapid exchange between them, whereas directionality is provided for the transport by
packing defect-favored extraction and delivery as well as by coupling the transport to PIP
metabolism. The maintenance of the cellular PI(4)P gradient by kinases and phosphatases
can therefore provide both energy and directionality to the anterograde sterol transport. This
feature is necessary for efficient transfer of sterol as the chemical affinity gradient alone is
not sufficient. Hence, we show that Osh4p displays all the features required for a genuine
sterol transporter in cells. The velocities of transport are compatible with a role of Osh4p in
providing sterol to late membrane during yeast growth phase. We will demonstrate in a near
future how sterol transport activity of Osh4p is coupled in vivo to PI(4)P turnover and will

help to further elucidate the function and molecular mechanism of other ORP/Osh proteins.
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ABSTRACT

Lipids are unevenly distributed within enkaryotic cells, thus defimng organelle 1dentity. How
non-vesicular transport mechanisms generate these lipid gradients between membranes remains
a central gquestton. With novel biochemucal approaches, we demonstrate that Oshdp. a
sterol/phosphatidylinositol-4-phosphate (PI(4)P) exchanger of the ORP/Osh famuly. transports
sterol agamst its gradient between two membranes by dissipating the energy of a PI(4)P
gradient. Sterol transport is sustained through the mamntenance of this PI(4)P gradient by the
FPI{4)P-phosphatase Saclp. Differences in lipid-packing between membranes can stabilize
sterol gradients generated by Oshdp and modulate its lipid exchange capacity. The ability of
Oshdp to recogmize sterol and PI(4)P via distinct modalities and the dynamic of 1ts N-termunal
Lid govern its activity. We thus provide the first direct demonstration that an intracellular lipad
transfer protein is sttucturally designed to actively create a lipid gradient between membranes.



INTRODUCTION

Sterol 1s a key lipid in enkaryotic cells that, owing to its nigid and planar structure,
reduces the flexability of neighbonng lipids, thereby enswrmng the impermeability of
membranes'. The ER. in which sterol is synthesized, displays low sterol levels (<3 mol% of
lipids)”. Contrastingly, sterol is abundant (up to 40 mol%) in the rans-Golgi, endosomes and
plasma membrane (PM)*. This gradient between early and late regions of the secretory
pathway is supposed to be mainly established by specialized lipid transfer proteins (LTPs)™*
able to transport sterol, insoluble in aqueous media, between membranes™. Some LTPs for
sterol belong to the ORP/Osh famuly, an evolotionary conserved famuly in eukaryotes,
mcleding oxysterol-binding protein-related proteins (OFP) m human and oxysterol-binding
homologue (Osh) proteins in j.-'E'ﬂ.Etg . In higher eukaryotes. members of the START family are
also potential LTPs for sterol’”

Defining the mechanisms by which I TPs create intracellular sterol gradients remains a
central issue in membrane biology ™~ One model posits that LTPs randomly equilibrate stercl
between subcellular membranes by bidirectional shuttling™''. The accummlation of sterol in
the frans-Golgi and PM would be exclusively doven by its high affinity for saturated
glycerophospholipids and aphjngu]jpidsl:'u._ largely abundant in these compartments BILIE
An alternative hypothesis, sugpested by our recent studies on OFP/Osh proteins. 1s that LTPs
actively create sterol gradients by vectorial transport’ .

Oshdp is an archetypical L TP whose structure consists of a 19-strand f-barrel defining
a sterol-binding pocket A short N-terminal segment forms a lid that blocks the sterol
melecule inside its binding cavity. We revealed that Oshdp can alternatively extract PI(4)P
from a membrane X-ray crystallography mdicated that the sterol-binding pocket
accommodates the PI(4)P acyl-chains whereas charged residues defining an adjacent pocket
recognize the PI(4)P headgroup. The lid, under a different conformation shields the lipid.
Strikingly., we observed that Oshdp transfers sterol and PI(4)P along oppesed directions
between membranes by counterexchange’’.

PI(4)P is mostly localized in the trans-Golgi and PM™ but is absent from the ER.
implying that a steep PI{4)P gradient exists between these distant cellular regions. In yeast
this gradient 13 maintaned by spatially-distant enzymes. Piklp and Stidp phosphorylate PI
into PI(4)P in the frans-Golgi and PM. respectively”, whereas Saclp, the major phosphatase
that degrades PI(4)P into PI''" resides at the ER". Intrisuingly, Oshdp downregulates
cellular PI(4)P levels and the availability of this lipid on Gelgi surface, thereby counteracting
Piklp and Secldp™. a PIVPC LTP that teams with Piklp to vield Golgi PI(4)P”. Several
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teports also suggest that Oshdp supplies the mrans-Golgi and PM with sterol™ .
Consequently, we proposed that Oshdp uses the PI(4)P gradient at the ER/Golgi interface to
supply the trans-Golgt with sterol. In our model, Oshdp extracts stercl from the ER, then
releases it by counter-exchange with PI{4)P at the Gelgi. and transports PI(4)P from the Golgi
to the ER. The ATP-dependant production of PI(4)P by Piklp would energetically dnive
sterolPI(4)P cycles by Oshdp, thereby promoting the active release of sterol into the trans-
Golgi and the creation of a sterol gradient (Fig.1).

Here, we have tested this model vpsing novel quantitative and real-time assays to
measure the transfer of sterol and PI{4)P between lLiposomes mumiclking the ER/Golgi
wmterface. We demonstrate that Oshdp transports sterol at high velocity, and remarkably. even
against a sterol concentration gradient, by dissipating a PI{4)P gradient. The mamtenance of
this PI(4)P gradient over tume sustains sterol transport by Oshdp. Differences in lipid-packing
between membranes influence the transfer of lipids and stabilize stercl gradients created by
Oshdp. Its activity relies on the dynamue of its N-ternunal lid. Our results provide the first
demonstration that an mtracellular LTP has a built-in capacity to actively create a lipd
gradient between membranes.

RESULT
Oshdp mediates fast sterolPI{4)P exchange.

To measure the sterolPI{4)P exchange capacity of Oshdp., we devised two FRET-
based assays with high temporal resolution to quantfy sterol transport from ER- to Golgi-like
liposomes (Lg and Lg liposome, Fig.la) and PI(4)P transport in the backward direction
(Fig.2b).

In the first assay, Lg liposomes contained both dehydroergosterel (DHE, 5 mol%o) and
DNS-PE (2.5 mol%), whereas L liposomes incorporated or not 4 mol%s PI(4)P. The decrease
in FRET between DHE and DNS-PE allows quantifying the transport of DHE by Oshdp (200
aM) from L to Lg liposomes'’. When L liposomes were devoid of PI{4)P, the initial DHE
transport rate was slow (Fig.la, black trace, 1 = 0.1 DHE/'min per protemn (mean = SEM,
n=4)). Contrastingly, when Ly hposomes contained PI{4)P, the transport rate was 17 times
higher (Fig.2a, blue trace, 17.4 = 1.1 DHE/min per protein (p=6)). The efficacy of Oshdp to
transport DHE was directly proportional to PI(4)P amounts mmitially present m Lg liposomes

(Supplementary Fig.1). These results corroborated our previous cbservations’ .
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To measure the back transport of PI(4)P from L; to Lz liposomes, we created a
PI{4)P-sensor based cn the FAPP1 PH domain (PHrapp). This domamn has a binding site for
the PI(4)P headzroup and a hydrophobic wedge that inserts into membranes™. We produced
a PHpapp domam including a single solvent-exposed cysteine (C13), localized in the
hydrophobic wedge, to which we grafted a polanty-sensitive NBD (7-mitrobenz-2-oxa-1,3-
diazol) probe (Supplementary Fig.2a-c). Incremental addition of liposomes doped with 2
mel% PI(4)P to the NBD-PHgspp construct resulted in a blue-shift of the maximal emission
wavelength of NBD from 342 to 529 nm with a maximal 6-fold increase in intensify
(Supplementary Fig.2d.e). A similar binding curve was obtammed with liposomes containing
PI{4)P and hugh DHE levels (10 mol%). No binding was seen with bposomes devoid of
PI{4)P or contaiming 2 mol% PI. Thus, NBD-PHrarr 15 a specific sensor of PI(4)P and its
efficiency 15 mdependent of sterol levels.

In the transport assay (Fig.2b), NBD-PHrare (250 nM) was nuxed with Lz hposomes
doped with 4 mol% PI(4)P and 2 mol% Fhod-PE. The NED fluorescence was quenched due
to a FRET process with BEhod-PE. Adding I s liposomes did not induce any signal increase: all
NBD-PHrarr coptes remained associated with Ls liposomes The subsequent imjection of
Oshdp (200 nM) provoked a fast dequenching, mdicative of the transport of PI{4)P by Oshdp
and translocation of NBD-PHrapp to Le hiposomes (Fig.2b). To quantify thus transport, the
NEBD signal was normalized (see Methods) by taking as reference the NBD signal measured
m a condition mumicking full PI{4)P equlibration between Lz and L liposomes, each
containing 2 mol% PI4)P (Supplementary Fig.2f). With DHE-free Lr liposome, Oshdp
transported PI{4)P with an initial rate of 1.9 = 0.6 PI{4)P/mun (p=3) (Fig.2b, black trace).
Strikangly, with L liposomes contaiming 5 mol% DHE, the transport rate was accelerated by
cne order of magnitude (222 = 0.7 PI{4)P/mun per protein (p=38)) resulting mn PI{4)P
equilibration between the two liposome populations within one mimute (Fig.2b, orange trace).
Remarkably. the mitial PI(4)P transport rate was sinilar to that measured for DHE under the
same condition DHE and PI(4)P being present m distinct membranes. This correlation
between hipid transport velocities, measured along apposed direction, strongly indicated that
Oshdp 15 a sterol PI{4)P exchanger.

SterolPI{4)P exchange activity of Oshdp mutants

To further address the coupling between sterol and PI{4)P transport, we tested mmtants
lacking residues that make major contact either with sterol (Q96A. Y9TF)” or PI{4)P
(K109A, K336E. H143A/H144A)". If the transport of the two lipids relies on a counter-
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exchange mechamsm then affecting the binding of one lipid igand should affect the transport
of the second ligand. We first assessed the ability of nmitants to extract lipids. Surpnisingly,
the QO6A and YO97F nmtants were not deficient m extracting DHE (Supplementary Fig.2a).
Mutants belonging to the second group (K109A, K336E. HI43AHI44A) properly extract
DHE" but not PI(4)P (Supplementary Fig.3b). Like Oshdp WT. all mmtants slowly
transported DHE or PI(4)P between membranes in the absence of the second hpid
{(Supplementary Fig.3¢). However, in transport assays including both hipids, the K336E and
H143AHI144A mutants displayed no sterol/PL{4)P exchange activity compared to Oshdp WT,
whereas the K109A nmtant retamned some residual activity, as indicated by both the imitial
DHE and PI{4)P transport velocities. (Fig.lc, Supplementary Fig.3¢). The Y97F mutant
{but not the QO6A mmtant) was twofold less active than Osh4p WT. Finally, we found that the
Lidless [30-434])0sh4p nmtant was vnable to propetly extract PI{4)P or DHE and exchange
lipids, indicating that the lid is a key struchural element for the fuonction of Oshdp
{(Supplementary Fig.3a-c, Fig.2c). This structure-function analysis shows that the sterol and
PI{4)P transport processes are mnfimately coupled and occur efficiently only when Oshdp
properly recogmzes the two lipids. This confirms that Osh4p 1s a sterol PI{4)P exchanper.

Maintaining the PI{4)P gradient sustains sterol transport by Oshdp

The DHE transport kinetic measured in the presence of PI{4)P was biphasic (Fig.2a).
The first phase corresponds to the sterolPI(4)P exchange and ends when PI(4)P is
equilibrated between hposomes. A similar amount of DHE and PI{4)P is exchanged (~ 2uM,
Fig.2a.,b). The second phase likely corresponds to the slow completion of DHE equilibration
by Oshdp smce, in our assays, the amount of DHE to be transported 1s higher than the amount
of PI{4)P. Thus Oshdp efficiently transports DHE, by sterolPI(4)P exchange, from ER to
Golgi-like membranes until it has fully equilibrated the PI(4)P gradient, which pre-existed
between these membranes.

In cells, PI(4)P gradients between the ER. and late membranes are maintammed by PI4-
kinases and Saclp’”. This might sustain sterolPI(4)P exchange cycles by Oshdp. To
examune this in vifro, we attached a Saclp[1-522]Hisg construct (200 aM), in which the His-
tag substitutes for the TM region, to Ly liposomes doped with DOGS-NTA-Ni* . Flotation
assays mdicated that Saclp[1-522]His; was fully and selectively attached to such lLiposomes
(Supplementary Fig. 4a).

With Saclp bound to Lz liposomes and under conditions where L hiposomes included
PI{4)P, the biphasic aspect of the DHE transport kinetics mediated by Oshdp was lost (Fig.3a,
B
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cyan trace). The transport of DHE was sustained over time and, at the end of the lanetic,
more DHE (1uM) was transferred mto Lg liposomes compared to the expenment without
Saclp. This effect is due to the hydrolysis of PI(4)P: an inactive Saclp mutant (C3925) did
not impact DHE transport. Moreover, the stimulatory effect of Saclp on DHE transport
required Saclp to be immobilized on Ly liposomes. Saclp i a schuble form did not influence
DHE transport. It is thus volikely that Saclp werks with Oshdp via direct protein-protein
interactions as suggested previously’". In our binding assays, whatever its status (empty or in
the presence of ligands), Oshdp was not recruited by Saclp onto biposomes (Supplementary
Fig. 4b).

In the PI{4)P transport assay. the increase in NBD-PHgapp signal indicative of the
transfer of PI{4)P from Lz to Lz liposomes by Oshdp, was followed by a large decay when
Saclp was immobilized on Lz Liposomes (Fig.3b, dashed line), which was not the case with
Saclp(C3925). Undoubtedly, PI(4)P hydrolysis prevented the relocalisation of NBD-PHeapp
on Lr liposomes, as PHrapp is vnable to detect PI (Supplementary Fig.2e), the reaction
product. Thus, the NBD trace, resulting from the combmation of transport and hydrolysis
processes, was no longer a direct readout of the amount of PI(4)P transferred by Oshdp. Thus
amount was estimated by fithing the trace with a kinetic model (see Methods) which integrates
the rate of PI{4)P hydrolysis by Saclp, estimated using a distinct assay (Supplementary
Fig.4c). This analysis indicated that Oshdp transferred more PI{4)P (~1.7 pM, Fig.3b) from
Ls to Le liposomes when Saclp was attached to Lz liposomes. The model wsed for fitting
procedures seemed adequate since 1t fairly predicted the DHE kinetic trace in the presence of
Saclp as well as the hpid transport kinetics m the absence of Saclp (Supplementary
Fig.5a). Together. these data mndicated that the hydrolysis of PI(4)P by Saclp on ER-like
membranes sustams PI(4)P transport by Oshdp. In fum, this transport allows extended
transport of sterol in the opposite direction.

Oshdp transports sterol against its concentration gradient by using PI(4)P.

To mamtain a sterol gradient intracellularly, Oshdp should be able to deliver sterol
from early to late membranes agamst its concentration gradient. Accordingly, we compared
the transport of DHE by Oshdp from Ly to L; liposomes in three situations: along the DHE
gradient as previously measured (Fig.2), in the absence of a DHE gradient or against a DHE
gradient. For this, we prepared Lz liposomes containing 5 mol% DHE and L; liposomes
mecorporating 4 mol% PI(4)P and respectively 0, 5 or 10 mol% DHE. In the first case, the
mitial DHE fransport rate was sumilar to previous values (20 DHE/'min per protein).
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Remartkably, in the second case, where DHE was already equilibrated between liposomes, we
observed a very fast diminution in FRET signal upon Oshdp injection, corresponding to the
transfer of ~1 pM DHE from Lz to L; liposomes (Fig.4a, upper panel. dark blue trace)
Moreover, m the third case, a very transient decrease was also observed, implying that Oshdp
had transported DHE from Ly to L; liposomes within the first seconds against its gradient. In
each situation the initial DHE transport was coupled to a backward transfer of PI(4)P of equal
velocity and no DHE transport ocourred if L liposomes were devoid of PI(4)P (Fig.da.b).
These observations revealed that Oshdp can create or maintain a stercl gradient between
membranes, owing to its sterolPI{4)P exchange activity.

Initial transport rates indicated that the sterolPI(4)P exchange was slower when the
preexisting Ls-to-Lg sterol gradient was positive and steeper (Fig.db). The FRET signal
recovery, after the lipid exchange step, also suggested that DHE was transferred back from L=
to Lz liposomes along its gradient by a PI(4)P-independent slow re-equilibration process.
Simmlations immdicated that the shape of sterol and PI(4)P linetic traces are primanly
influenced by the direction (posttive or negative) and steepness of the preexisting DHE
gradient (Supplementary Fig.5b). The attachment of Saclp on Lr hposomes mmproved the
transfer of DHE by Oshdp in all conditions (Fig.4a, upper panel, blue and cyan traces). Decay
of the NBD signal m PI(4)P-transport assays was mdicative of Saclp hydrolysis activity
(Fig.4a, lower panel). Moreover, a ngher density of Saclp (400 nM) on Lz liposomes was
required to help Oshdp operate against a steep DHE gradient. suggesting that an elevated
PI{4)P consumphtion was necessary in that case (Fig.da cyan trace). We conclude that the
maintenance of a PI{4)P gradient helps Oshdp to create and maintain a sterol gradient
between membranes.

High acyl-chain saturation levels stabilize sterol gradients generated by Oshdp.

The existence of a cellular sterol gradient possibly relies on the sequestration of sterol
in the trans-Golgi and PM at the expense of the ER’, due to its higher affinity for saturated
ghycerophospholipids and sphingolipids'™ . This process might help the delivery of sterol by
Oshdp in late membranes. We tested this hypothesis by comparing the transport of DHE by
Oshdp against its gradient from Lz liposomes made of diunsaturated lipid (DOPC, 5 mol%
DHE) to L; liposomes (mncluding 10 mol% DHE and 4 mol% PI{4)P) made either of DOPC
(as before, Fig.4), of monounsaturated lipid (POPC) or of a equal amount of DOPC and
saturated sphingontyeline (SM).
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As shown in the Figure Sa, the final amount of DHE transferred by Oshdp imnto Ig
liposomes was ligher when the acyl-chain saturation level of these hiposomes was superior to
that of Lz liposomes (dark blue traces). Sterol seems trapped in L liposomes: no return of
DHE from Lg to Ly lposomes was observed. However, DHE did not accumulate mn L
liposomes devoid of PI(4)P. demonstrating that the delivery of sterol was prmarily
conditioned by its exchange with PI{4)P and not its affinity for saturated lipids. The mitial
transport rate was up to 3 times higher with POPC or SM-contamming L liposomes,
suggesting that the sterolPI(4)P exchange was facilitated (Fig.5b). Concomitantly, the
transfer of DHE by Oshdp seemed moderately mfluenced by PI(4)P hydrolysis. A low density
of Saclp on Lg liposome (200 nM) was sufficient to sustamn the delivery of DHE imnto L
liposomes made of POPC and Saclp became almost dispensable with SM-contaming T¢
liposomes. Thus, the higher affinity of sterol for saturated lipids is a factor that helps Oshdp
deliver sterol against its gradient into acceptor membranes.

Lipid-packing defects control sterolPI(4)P exchange

The ER. membrane is nevtral. mostly made of unsaturated phospholipids’ and forms
extensive fubules charactenized by a positive curvature . Due to its unsaturation level and
shape. the ER displays lipid-packing defects, which are known to facilitate sterol desorption™ .
We exammed whether the extraction of sterol by Oshdp, which should eccur according to our
model (Fig.l) when Oshdp is i a PI(4)P-bound form was mfluenced by these defects.
Osh4p[PL(4)P] was incubated with large Lz liposome made of DOPC or POPC and contaiming
0.5 or 5 mel% DHE (lower and upper stercl concentration in the E.R:}- By measunng the
quenching of tryptophan residues, localized near the sterol-binding pocket, by DHE'', we
found that Oshdp[PI(4)P] extracted DHE from DOPC liposomes faster than from POPC
liposomes (Fig.6a). In each case the extraction process was accelerated when liposomes
contained 5 mol% DHE. Eventually we observed that Oshdp extracted more efficiently DHE
from POPC liposomes of decreasing radins, 1.e of increasing curvature (Fig.6b). Thus, Oshdp
efficiently exchanges PI{4)P for sterol on neutral membranes displaying lipid-packing defects
and contaiming sterol % simalar to that found at the ER

We further exammned whether the membrane curvature influenced the sterolPI(4)P
exchange activity of Oshdp between Lz liposomes made of POPC (with 5 mol% DHE) of
defined radii and L; liposomes made of DOPC (with 4 mol% PI(4)P). With large L:
liposomes (B> 100 nm), the imtial transport rates were up to twentyfold lower (1.8 = 0.1
DHE/mun and 1.1 £ 0.3 PI{4)P/nun per Oshdp (p=2-3)) than with large L liposomes made of
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DOPC (Fig.2). With POPC Lposomes of decreasing radms (down to ~40 nm), the velocities
were partially restored (Fig.6c,d). Jointly, these data suggest that the ER. both nich m
unsaturated lipid and cwrved. constifutes a permmssive membrane for sterol extraction by
Oshdp in the context of sterol PL(4)P exchange cycles.

The lid controls the release of sterol and PI(4)P into neutral membrane

To better apprehend the sterolPI(4)P exchange mechanism we examined how the
binding of each Lipid to Oshdp affects its structural and dynamical properties by mnning
molecular dynamics (MD) sinmlations of the protein bound to ergosterol (PDB ID: 1ZHZ) or
PI{4)P (3SPW). These simmlations indicated that the main contribution to ergosterol binding
arises from Van-der-Waals (VdW) interactions (98%, Fig.7a). Sterol in its binding pocket is
very stable, showing little deviations from its conformation in the crystal (Fig.7h).The F42,
Q96 and Y97 residues contribute the most to the Oshdp-sterol interaction (Fig. 7¢). However,
each residue only participates to ~7% of the total protein-sterol energy, indicating that the
wmteraction of stercl with Oshdp relies on mmlitple residues. For PI[4)P, the role of
electrostatic interactions was predominant, accounting for 73 % of the total lipid-protemn
mteraction energy (Fig.7a). Remarkably, the PI(4)P acyl-chamns, despite occupying the sterol-
binding pocket, showed a high flexibility compared to ergosterol (Fig.7h). In contrast, the
polar head of PI(4)P binds tightly to five residues (K109, H143, H144, K336, B344) (Fig.7h,
¢) that alone contribute for 65% of the total PI{4)P-protein interaction energy.

The remarkable difference in dynamics between sterol and the PI(4)P acyl-chains in
Oshdp 15 miimately linked to the behavier of the N-termunal hid. Stable VdW interactions
between ergosterol and hydrophobic residues restramn lid movement. In confrast, the Iid in the
PI{4)P-bound Oshdp 15 extremely mobile (Fig. 7d). Thus prompted us to exanune whether
Oshdp liberates more readily PI(4)P than sterol. For this aim we momtored using NBD-
PHgapp to which extent Oshdp, preloaded with PI(4)P, released PI{4)P into DOPC liposomes.
If these liposomes were devold of ergosterol. we observed a slow increase in the NBD signal
(Fig.Te, gray trace). Contrastingly with liposomes containing 5 mol% ergosterol, the NBD
signal reached a plateau within seconds, suggesting that PI(4)P was quickly delivered into
membrane by exchange with sterol (Fig.7e, black trace). CQuantification of PI{4)P by the
PHpapp domain indicated that all Oshdp protemn had released PI{4)P. Under identical
conditions, but with a different assay' ', we found that Osh4p exchanged DHE with ergosterol
very slowly (Fig.7f). suggesting that the lid does not readily open when covenng sterol. Thus,
Oshdp 15 more prone to deliver PI(4)P than sterol into nentral, ER-like membranes.
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DISCUSSION

Identifying the mechanisms that generate lipid gradients between organelles is an
mmportant 1ssue in cell biology. By measunng a lipid exchange process with an nnprecedented
accuracy, we reveal that an intracellular LTPs can create a lipid gradient by dissipating a
PI(4)P gradient.

We demonstrate that Oshdp 15 an efficient LTP only when it acts as a lipid exchanger.
In owr assays in which sterol (3 mol%) and PI(4)P (4 mol%) are in distinct membranes,
Oshdp transports the two lipids along opposite routes with equivalent velocities (~20
lipids/mun). Lipad transport 15 ten-fold slower when one of these two lipids 15 absent and
mmpairing the affinity of Oshdp for either sterol or PI{4)P systematically reduces both DHE
and PI{4)P transport rates.

Under condrtions where sterol 15 already equlibrated between membranes, Oshdp
mediates the accumulation of sterol in cne membrane at the expense of the other by
sterolPI(4)P exchange Moreover, Oshdp even transports sterol against a concentration
gradient, alike the gradient at the ER/Golg1 mterface (=5 mol% 1n ER’. 10 mol% in mans-
Gulgi”:l. The bpid exchange rates are lower (~13 and ~ & lhpids’'mun respectively);
nevertheless, they remain comparable to the rates measured for other LTPs (STABRDY: 7
sterols/min”"; CERT: 4 ceramides/min’"). This suggests that Oshdp is a gennine carrier that
can create and maintamm sterol gradients within cells.

Oy lanetic analysis indicates that Oshdp rapidly transports sterol by lipid exchange
until it has fully dissipated a pre-existing PI{4)P gradient between membranes. In cells, PI(4)P
gradients are mamntamed over time as PI{4)P is continnally synthesized on late membranes
and hydrolyzed by Saclp on the ER*™™ . n vitro, the sterol/PI(4)P exchange activity of Oshdp
15 sustamned in conditions where Saclp, by hydrolyzing PI(4)P, maintains the PI(4)P gradient.

The final amount of sterol delivered by Oshdp against a sterol gradient 15 higher in
membranes rich i saturated lipids, likely becanse sterol 15 sequestered in these membranes.
However, the delivery process per se remains strictly PI{4)P-dependent. Thus, 1f Oshdp create
sterol gradients, this 1s not via a process primarily driven by the affinty of sterol for saturated
lipids, as previously pnshﬂatedj'”- Conversely, the sterol extraction step of the sterol/PI(4)P
cycle 15 facilitated by the unsatwration level and positive curvatore of membrane. The ER
both highly tubulated and rich m wnsaturated bpid, likely constitutes a permissive membrane
for Oshdp to load sterol Jointly, these results suggest that the difference in lipid packing at
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ER./Golgi interface defines an ideal context for PI{4)P-mediated vectorial transfer of sterol by
Oshdp.

Menon and colleagues estimated that, during yeast asymmetric division. 60.10° stercl
molecules should be provided to the PM of the mother cell within 2 hours''. Oshdp might
sigmificantly contribote to this process. In the same time penod, considenng its stercl
transport rate driven by PI(4)P (3-10 sterols/min per protein, agamnst a sterol gradient) and its
natural abundance (32.10° copies/cell)*, Oshdp could supply the trans-Golgi with 19-38.10°
sterol molecules, which would be next conveyed by exocytotic vesicles to the PM. The ability
of Oshdp to massively deliver sterol by exploiting PI(4)P would explains why its kmock-down
impacts sterol distribution in the Golgi and PM*****" and why Osh4p acts as a repressor of
e:»:-::u:j..'tnsisas, a process that depends on appropnate Golgi PI(4)P levels™.

Several mutants. unable to recognize PI(4)P, have no sterol/PI(4)P exchange activity
in vitro. Interestingly. contrary to Oshdp WT. they do not rescue Osh-depleted strains whose
PM lack sterols and are not lethal in Secl4p-deficient strains displaying limited Golgt PI(4)P
levels'. Likely these nmitants cannot import sterol to and export PI{4)P from the Golgi. Other
mutants (Q96A, Y97F) lacking residuves that interact with sterol, still extract DHE and operate
sterol’PI(4)P exchange Presumably, as suggested by ow MD simulations and previcus
reports . the Oshdp-sterol interaction relies on numerous other residues. Our results agree
with the fact that these mmtants are not loss-of function mmtants” . Eventually we
observed that the lid 15 crucial for the activity of Oshdp and, moreover, prevents the release of
sterol but not PI(4)P into nentral membranes, owing to its versatile dynamuc. This mechanism
might explain why, when Oshdp transports sterol against its gradient from ER- to Golgi-like
membranes the back transport of sterol down 1ts gradient remains slow (Fig.4).

The ability to create a lipid gradient by using PI(4)P is likely shared by other ORP/Osh
proteins. Recent reports suggest that all members of this family bind PI(4)P™** but
recognize a second lipid that is not necessary sterol™ . A general and appealing hypothesis is
that OFP/Osh protems use PI{4)P gradients to convey sterol or other hipids from early to late
membranes to create various lipid gradients®. For such mechanisms to occur, the PIP tumn-
over should be robust enough. At steady state, PI(4)P levels are low in yeast (80,000 PI(4)P
molecules/cell)™®. This value is however not indicative of the amount of PI(4)P which is
hydrolyzed and regenerated over time. Further cellular studies with high temporal and spatial
resolution are necessary to define the interplay between PI(4)P metabolism and OFP/Osh-

mediated lipid movements.
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Figure 1. Working model of sterolPL(4)P transport cveles mediated by Oshdp at the
ER/Golgi interface

Figure 1. Coupling of DHE and PI(4)P transport by Oshdp between ER- and Golgi-like
liposomes. (a) DHE transport assay. DOPC/DNS-PE/DHE liposemes (92.5/2.5/5 mol/'mol,
200 uM total lipids, Lg) were mixed with DOPC liposcmes (200 pM lipids, L;) containing or
not 4 mol% PI(4)P at 30°C. After 3 min Oshdp (200 oM) was added. FRET between DHE
and DNS-PE in the Lg liposomes diminishes as DHE is transported to the L posomes. The
signal was converted mto amount of DHE present in I hposome (in uM). The slow decay
observed without Oshdp was due to spontaneous DHE transfer. The dashed line corresponds
to foll equilibration of DHE between Lliposomes. (b) PI(4)P transport assay.
DOPC/PI{4)P/Rhod-PE liposomes (94/4/2 mol'mel, 200 uM lipids, L) were mncubated with
NBD-PHgapr (250 nM). Then DOPC liposomes (200 pM lipids. 1) contaiming or not 5 mol%
DHE were added. After 3 min Oshdp (200 oM) was mnjected. The dequenching of WBD
signal mirrors the translocation of NBD-PHrare from Le to Le liposomes. The dashed line
corresponds to the signal of NED-PHrare obtamed under condiions mumicking full PI(4)P
equilibration between hiposomes. (¢) Plot of mitial DHE transport rates versus mitial PI{4)P
transport rates (mean £ SEM (n = 2)) for Oshdp WT or mmtants (200 oM) measured with Le
and Lz liposomes containing 5 mol% DHE and 4 mol% PI(4)P, respectively. Localization of
key residues (m stick with nitrogen in blue, and oxygen m red) are shown n a close-up view
of the PI{4)P headgroup or sterol binding-poclket. The H-bonds are represented.

Figure 3. PI{4)P hydrolysis by Saclp on ER-like liposome sustains sterol transport by
Oshdp. (a) DOPC/DOGS-NTA-Ni'/DNS-PEDHE liposomes (90.5/2/2.5/5 mol/mol, 200 pM
total Lipids, Lz liposomes) were preincubated or not with Saclp[1-322]His; or an inactive
vanant (C3925) and mixed with DOPC liposomes (200 pM lipids, L; liposomes) containing
0 or 4 mol% PI{4)P. After 3nun3 min Oshdp (200 oM) was added and DHE transport was
monitered. The experiment with soluble Saclp (200 M) was done with Ly liposome devoid
of DOGS-NTA-Ni* . (b) The transport of PI(4)P was monitored with L liposomes devoid of
Saclp or with Lg liposomes covered by 200 oM Saclp[l-522]Hiss or Saclp[l-522]Hisg
(C3925). The amount of PI{(4)P (solid hine) transported by the protein 15 only indicated for
experiments in which no PI{4)P hydrolysis occurs. For experiments with Saclp. only the
Fyorm sigmal 15 indicated (dashed line). The estimated trace comesponds to the amount of
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PI{4)P which 15 likely transported by Oshdp into Ly liposome when Saclp 1s present on ¢

liposome and active.

Figure 4. Oshdp uses PI{4)P to create and maintain sterol gradient. (a) Upper panel:
DHE transport assay. Oshdp (200 oM) is added to DOPC/DOGS-NTA-Ni' /DNS-PE/DHE
liposomes (90.5/2/2.53/5 mol'mol, 200 pM total lipids, Lz liposome) muxed with DOPC
liposomes (200 pM total lipids. L; liposome) containing 0. 5 or 10 moel% DHE, with or
without 4 mol% PI(4)P. Altematively, an equivalent amount of HEM buffer was injected.
Lower panel: PI{4)P transport assay. DOPC/PI{4)P/Rhod-PE liposomes (96/4/2 mol/mol, 200
uM total lipids, Lg liposome) contaiming 0, 5 or 10 meol% DHE were wncubated with NBD-
PHrare (250 oM). Next, DOPC/DOGS-NTA-Ni" liposomes (9872 mol'mol, 200 pM total
lipids, Lz liposome) doped with 5 mol®s DHE were added. PI{4)P and DHE were
mcorporated in the liposome at the expense of DOPC. After 3 mun Oshdp (200 oM) was
mjected. For experiments with Saclp (200 or 400 oM) Lr liposomes were premixed on ice for
10 munutes with Saclp[1-522]Hiss. (b) Initial DHE and PI{4)P transport rates as a function of
the difference of DHE (ADHE) between L and Lz liposome. The rates (mean = SEM (DHE
transport assay: o = 3; PI4)P transport assay, n=4)) were determuned from experiments
simlar to that shown in (a) performed in the absence of Saclp and with L; liposome doped
with 4 mol% PI(4)P

Figure 5. Acyl-chain saturation in Golgi-like membranes favors sterol transport up its
gradient by Oshdp. (a) Upper panel: DHE transport assay. DOPC/DOGS-NTA-Ni* /DNS-
PEDHE lipesomes (90.5/22.5/5 mol/mol, 200 pM total lipids, Ly liposome) were mixed
with DOPC/DHE (90/10 mol'mel), POPC/DHE (90/10) or DOPC/SM/DHE (45/45/10)
liposomes (200 pM total lipids, L liposome) doped or not with 4 meol% PI(4)P (at the
expense of DOPC or POPC). Thereafter, Oshdp (200 oM) or an equivalent volume of HKM
buffer was mjected. Lower panel: PI(4)P transport assay. DOPC/DHE (90/10 mol'mol),
POPC/DHE (90/10) or DOPC/SM/DHE (45/45/10) liposomes (200 pM bhpids, Lz liposome)
containing 2 mol% Rhod-PE and 4 mol% PI{4)P (at the expense of DOPC) were incubated
with NBD-PHgare (250 nM) and mixed with DOPC/DHEDOGS-NTA-Ni"~ liposomes
(97.3/3/2 mol/mel, 200 pM lipads, L liposome). After 3 mun Oshdp (200 nM) was added.
For expermments with Saclp, Lz liposomes were premuxed on ice for 10 mumutes with
Saclp[1-322]Hiss. (b) Imtial DHE and PI{4)P transport rates as a function of the bulk
composition of Lg liposomes. The rates (mean = SEM (DHE transport assay: n = 3; PI(4)P
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transport assay, o=4)) were determined from experiments, as shown in (a), camied out in the
absence of Saclp with L; liposcme doped with 4 mol% PI4)P.

Figure 6. Effect of lipid packing and cuwrvature of Ly liposomes on sterolPI{4)P
exchange. (a) Infrinsic flucrescence at 340 om of Osh4dp[PI(4)P] (500 oM) vpon addition to
large hiposomes (500 pM total lipids) made of DOPC (blue trace) or POPC (black trace), and
containing 0.5 or 5 mel% DHE. A reference signal was measured with DHE-free liposomes.
(b) Osh4p[PI(4)P] (300 nM) was added to large POPC of defined radius and doped with 0.5
or 5 mol% (DHE). (c¢) Upper panel : the transport of DHE mediated by Oshdp (200 nM) was
measured between POPC/DNS-PEDHE hposomes (92.3/2.5/5 mol/mol, 200 uM lipids, L
liposome) of defined radu and large DOPC liposomes (200 pM lipids. Le liposome) doped
with 4 mol% PL{4)P. Lower panel : the transport of PI(4)P by Oshdp (200 oM) was measured
with NBD-PHgape (250 nM) from DOPC/PI{4)P/Rhod-PE liposomes (92.5/2.5/5 mol/mol,
200 pM lipids. L liposome) to POPC liposomes (200 pM lipids, Lz liposome) of defined
radius doped with 5 mol% DHE. (d) Imtial transport rate for DHE and PI{4)P (mean + SEM
(o = 2)) as deduced from the expenment shown in (¢) and plotted as a function of the
hydrodynamic radins (Rg) of L hposomes.

Figure 7. Differential control of ligand release by the N-terminal lid of Oshdp (a)
Electrostatic and Van der Waals contribution in the binding of ergosterol or PI{4)P to Oshdp.
(b) Dynamic behavier of ergosterol (left) and PI(4)P (right) inside the binding pocket of
Oshdp. The time evolution of the lipids 15 shown dunng 1 ps of MD simmlations with colors
going from red (beginming of the MD trajectory) to blue (end of the trajectory). The RMSD of
ergosterol or PI{4)P polar head and acyl chains is represented. (c) Contnibution to the ligand-
protein interaction energy of residues that closely interact with sterol or PI(4)P. (d) Motion of
the N-terminal lid (residues 1-29) during 1 ps MD sinmlation of Oshdp bound to PI(4)P (left)
or ergosterol (right). The time evolation of the lid is shown with colors gomng from red to
blue. Lipids are shown mn licorice representation. RMSF of residues 1-29 are plotted for the
simmlation of Oshdp bound to ergosterol (blue) or PI{4)P (orange) in the bottom panel (e)
Oshdp (300 oM) preloaded with PI(4)P was added, in the presence of NBD-PHgapp (250 nM),
to DOPC liposomes contaming or not 5 mol% DHE at 30°C. As a control, we mcubated
empty Oshdp. (f) DNS-Osh4p leaded with DHE (~300 nM) was incubated at 30°C in buffer.
At the ndicated time, large liposomes (with or without 3 mol% ergostercl) were injected (500
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uM final lipid concentration). The release of DHE was followed by measunng the dimimution
in FRET between DHE and DNS-Oshdp.

METHODS

Protein expression and purification. Full-length Osh4p and Osh4p[30-434] were cloned in
pGEXAT-3 vector to code for GST-fused constructs. The different site-specific mutations m
Oshdp (Q26A. YOTF. K109A. H143A/H144A, E336E....) were obtamed by the Quikchange
kit (Stratagene). The PH domamn (FAPP1[1-100] construct, PHgapp) of the Phosphoinositol 4-
phosphate Adaptor Protein-1 (FAPP1) protein was cloned i a pGEX-4T-3 vector. A linker of
O residues was mserted by the Quikchange kit between the thrombine cleavage site and the
first residue of the PH doman (NGNLSSLSA) to gnarantee accessibility to thrombin. The
PHgpapr sequence was next mutated to replace two solvent-accessible cysteines by serine
(mutation C375 and C945) and to introduce a cysteine into a membrane-inserting wedge of
the domain (T13C). A Saclp[1-552] fragment was PCR-amplified from a initial plasmid
using primers mcorporating a Whel and Notl restriction site and inserted into a pET-21b(+)
vector to code for a solhuble form of Saclp tagged with a C-termunal hexahistidine sequence.
A single muotation was introduced to obtain a catalytically-dead Saclp (nmtation C3925). All
sequences of Oshdp, PHzapp and Saclp were checked by DNA sequencing.

GST-Oshdp, GST-Oshdp[30-434] and Saclp[1-522]His¢ were expressed in E. coli at
30°C overmight whereas the GST-PHrarr was expressed at 37°C for 3 h upon mduction with 1
mM IPTG (at O.D.600= 0.6). For GST-tagged proteins, all punfication steps were conducted
i 30 mM Tns, pH 74, 120 mM NaCl 2 mM DTT. For Hise-tagged proteins a buffer
containing 50 mM Tns, pH 7.5, 300 mM NaCl, 20 mM innudazole was used. All buffers were
supplemented dunng the first purification steps with PMSF (1 mM), bestatine (1 pbd),
pepstatme (10 puM), phosphoramuidon (10 pM) and protease inhibitor tablets (Roche). Cells
were lysed by a French press and the lysate was centrifuged at 200,000 g for 1 howr.

For G5T-fused protemm (Oshdp and PHpape), the supematant was applied to
Glutathuone Sepharose 4B beads. After 3 washing steps. the beads were mcubated with
thrombin at 4°C overnight to cleave the GST fusion and allow the release of Oshdp or PHpape.
All constructs contain an N-termunal GS sequence from the thrombin cleavage site. All Oshdp
constructs were next purified by gel filtration on a Sephacryl 5300 HRE. XK16-70 column.
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For Hiss-tagged proteins (Saclp), the supernatant was mixed with Ni-NTA Agarose
beads (Qiagen). After 3 washing steps, proteins were eluted from the beads with btuffer
containing first 250 mM, then 500 mM imidazole. All Saclp constructs were subsequently
purified by gel filtration on a Sephacryl S300 HR. XK16-70 column.

For NBD labeling of PHgapp, the crude eluate was mixed (after DTT removal by gel
filtration on illustra NAP-10 columns (GE Healthcare)) with a 10-fold excess of NN'-
dimethyl-N-(iodoacetyl)-N"-(7-nitrobenz-2-oxa-1_3-diazol-4-yljethylenediamine ~ (LANBD-
amide, Molecular Probes). After 90 mun on ice, the reaction was stopped by adding a 10-fold
excess of L-cysteine over the probe. The free probe was removed by gel filtration on a
Sephacryl 5200 HR. XK16-70 colunm_ The labeled protein was analyzed by SDS-PAGE and
UV -visible spectroscopy. The gel was directly visualized in a floorescence imaging system
(FUJI LAS-3000 fluorescence imaging system) to detect NBD-labeled PHzapp excited in neat-
UV and then stamed with Sypro Orange to determine the purity of NBD-PHrare. The labeling
vield (= 100 %) was estunated from the ratio of the optical density (OD) of tyrosine and
tryptophan at 280 nm (e=29 450 M .cm™) and NBD at 495 nm (£=25,000 M cm™ according
to the manufacturer). The production and purification of DNS-Oshdp have been described
previcusly'’.

For all purified proteins, the concentration was determined by a Bradford assay, by
SDS-PAGE analysis using a BSA standard curve and UV spectrometry.

Lipids. DOPC (1.2-dicleoyl-sn-glycero-3-phosphocholine). POPC (1-palmitoyl-2-cleoyl-sn-
glycero-3-phosphocholine), liver PI (L-o-phosphatidylinesitol), bramn PI4)P (L-o-
phosphatidylinositol-4-phosphate), DNS-PE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(5-dimethylamino-1-naphthalenesulfonyl)), NBD-PE (1.2-dioleoyl-
sn-glycero-3-phosphoethanclamine-N-(7-nitro-2-1_3-benzoxadiazol-4-y1)) , Rhod-PE (1.2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(hssapuine rhodamine B sulfonyl)) and
DOGS-NTA-Ni*"™  (1.2-dioleoyl-sn-glycerc-3-[(N-(5-amino-1-carboxypentyl)jiminodiacetic
acidjsuccinyl]) and 18:0 SM (N-stearoyl-D-erythro-sphingosylphosphorylcholine) were
purchased from Avanti Polar Lipids. Ergosterol and dehydroergosterol (DHE) were from
Sigma Aldrich The concentration of DHE in stock solution in methanol was determined by
UV-spectroscopy using an extinction coefficient of 13.000 M'.cm™. The preparation of
radiolabeled [ P]PI(4)P was described previously' '
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Liposomes preparation. Lipids in stock solutions in CHCl; were muxed at the desired molar
ratic and the solvent was removed in a rotary evaporator. For lipid films mchiding PI(4)P or
DOGS-NTA-Ni"", the mix was pre-warmed to 33°C for 5 minufes prior to drying under
vacuum. For fornmlations containing [“PJPI(4)P, the mixture was dried in a hemolysis tube
under argon. The films were hydrated m 30 mM Hepes, pH 7.2, 120 mM K-acetate (HK
buffer) to obtain a suspension of multilamellar liposomes. Alternatively, to produce liposomes
loaded with sucrose, films were hydrated with 50 mM Hepes, pH 7.2, 220 mM sucrose. After
five thawmng-freezing cycles with liqud mitrogen, the suspensions were extruded through
polycarbonate filters of 0.2 um pore size using a mini-extruder (Avanti Polar Lipids). The
extruder was set with a heating/holder block to extrude at 45°C liposomes contaiming SM. To
produce liposomes of defined curvature, the liposomes were extruded sequentially through
04,02 01, 005 and 0.03 pm (pore size) filters. The hiposome hydrodynamic radms (Bx)
was estimated by dynamic light scattering in a Dyna Pro instroment. Liposomes were stored
at 4°C and in the dark when contaimmng light-sensitive lipids (DHE, DNS-PE. ergosterol,
NBD-PE, Rhod-PE) and used within 2 days. .

Fluorimetric activity assays. All fluormmetric activity assays were cammed out in a Shimadzu
EF 5301-PC fluonmeter. The sample (volhume 600 pl) was placed in a cylindncal quartz cell.
contmuously stirred with a small magnetic bar and thermostated at 30°C. At the indicated
time, sample was injected from stock solutions through a guide m the cover of the fluorimeter
adapted to Hamilton syringes. such as to not interrupt the fluorescence recording.

DHE transport assay - A suspension (370 pl) of Ls liposomes (200 pM tfotal hipids) was
incubated at 30°C under constant stimng in HEM (HK + 1mM MgCl:) buffer. After 1 min
30 pl of Le hiposomes (200 pM lipid, final concentration) contaiming 2.5 mol% of DNS-PE
and 5 mol% of DHE was added. The volumic concentration of DHE was equal to 10 pM.
DHE iz quickly equilibrated between the mmner and outer leaflet of liposomes (tiz of
transhilaver movement <1 minute™) implying that the entire DHE pool is accessible to
Oshdp. After 3 mun Oshdp was injected at 200 oM. Lipid transport was followed by
measuring the dansyl signal at 325 om (bandwidth 10 nm) uwpon DHE excitation at 310 nm
(bandwidth 1.5 nm). The amount of DHE (in pM) transferred from Lz to L liposome
corresponds to 10 * ((F-Fg)/(Fuu-Fi)). Fuw 15 the signal before Oshdp mnjection and Fy 15 the
signal measured with hposomes contaiming 2.5 mol% DNS-PE but devoid of DHE.
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PI(4)P transport assay - A suspension (570 pl) of Lg liposome (200 pM total lipids)
containing 2 mol% Rhod-PE and 4 mol% PI{4)P was incubated with 250 nM NBD-PHg spp at
30°C in HEM buffer under constant stiming. The volume concentration of accessible PI{4)P
(in the outer leaflet) is 4 pM. After 1 nun 30 pl of Lz liposome (200 pM total lipids. final
concentration) were mjected. After additional 3 mun Oshdp (200 oM) was mjected. PI{4)P
transport was followed by measunng the NBD signal at 530 om (bandwidth 10 nm) wpon
excitation at 460 nm (bandwidth 1.5 nm). The NBD signal mirrors the distnibuotion of NBD-
PHpapp between L and L; Lposome. In the case of a transport process without PI{4)P
hydrolysis, we could diectly determune the amount of PI{4)P transported by Oshdp by
normalizing the NBD signal. To do so, we measured the NBD signal (F.;) that comresponds to
a situation where PI(4)P is fully equilibrated between liposomes. NBD-PHpapr (250 nM) was
muxed with Lz and Le liposome (200 pM total lipid each) with a size and lipid composition
similar to that of the iposomes vsed in the transport assay, except that each contains mitially
2 mol% PI{4)P. Liposome-binding assays indicated that NBD-PHrape is completely bound to
membrane for a swface-accessible amount of PI{4)P between 2 and 4 pM (Supplementary
Figure 2f). Consequently. the fraction of PI(4)P on Lr hiposome, PI(4)P=/PI{4)Pr, 15 directly
equal to the fraction of PHrare on Lg liposome and correspond to Fuom =0.5%(F-Fa/Feg-Fi)
with Fz corresponding to the NBD signal prior to the addition of Oshdp The amount of
PI{4)P (in pM) transferred from Lg to Lg liposome corresponds to 4* From

PI{4)P hydrolysis assay - DOPC/PI{4)P/Rhod-PE liposomes (96/2/2 mol/mol, 200 pM total
lipids) and DOPC/PI(4)P liposomes (98/2 mol'mol. 200 pM total lipids) were nuxed with
NBD-PHgapp (250 nM) at 30°C under constant stinng. At the indicated time, Saclp[l-
522|Hiss or Saclp[1-522)(C3925)Hiss (200 or 400 nM) was injected. The NBD signal was
measured at 530 om (bandwidth 10 nm) upon excitation at 460 nm (bandwidth 1.5 nm). To
calculate the amount of PI(4)P hydrolyzed by Saclp on Lz liposome (x), we considered that
the normahized NBD signal Frem=0.5%(F-Fo/Fux-Fg) 15 equal to (PI{4)Pe-x)(PI{4)Pr-x) with
Fax comesponding to the initial signal measured prior to the mjection of Saclp and Fp is the
signal measured with NBD-PHgape in the presence of Rhod-PE-contaimng Liposomes only.
Considermg that PI(4)P;=2 pM and PI{4)P;=4 pM at the beginning of the experiment, x is
equal to (2-4F o)1 -From).
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DHE loading assay - The loading of Oshdp with DHE is measuwred by following the
quenching of the intrinsic fluorescence of the protein as described in detail in 1.

DHE extraction assay - The sample (150ul) containing DOPC hposomes (150 pM total
lipids) doped with 2.5 mol% of DNS-PE and 2 mol% of DHE was incubated at 30 °Cina
small quartz cuvette. Lipid extraction was followed by recording the dansyl signal at 525 nm
{(bandwidth 10 nm) upon DHE excitation at 310 nm (bandwidth 1.5 nm) before and 5 pun
after the addition of 3 pM Oshdp or mutants. The signal comesponds to Fp,, and F,
respectively; the intensity signal corresponding to the maximal DHE extraction (Fp), was
determined with 2mM methyl-B-cyclodextrin The percentage of DHE extraction is given by
100*(1-((F-Fo)/(Fzax-Fuo)).

PI(4)P extraction assay. The protocol has been described in detail in '

PI{4)P and DHE delivery assayvs - We prepare Oshdp mn complex with PI(4)P and DNS-
Oshdp in complex with DHE as described previousl'’. For PI{4)P delivery, we added Oshdp-
PI(4)P to large liposomes (500 pM total lipids) in the presence of 250 nM NBD-PHrare.
PI{4)P delivery was monitored at 530 nm (bandwidth 10 nom) wpon excitation at 460 nm
(bandwidth 1.5 nm). For DHE delivery, we added 30 pl of liposomes (stock solution 5 mM,
final concentration 500 pM) to DNS-Oshdp-DHE (-500 oM). Sterol delmvery was momtored
at 510 nm (bandwidth 20 nm) upon excitation at 310 om (bandwidth 1.5 nm) at 30°C. The
recordings were corrected for the light scaftering signal and the dilution effect induced by
liposome addition

Flotation experiments. The protocol has been described in detail’”’. Briefly, proteins (730
M) were incubated with NBD-PE contaiming liposomes (750 pM total lipids) m 150 pl
HEM buffer at room temperature for 5 nun. The suspension was adjusted to 30% sucrose by
mixing 100 pl of a 75% (w/v) sucrose solution in HEM buffer and overlaid with 200 pl HEM
contamming 25% (w/v) sucrose and 50 ul sucrose-free HKM. The sample was centrifnged at
240,000 g m a swing rotor (TLS 35 Beclkmann) for 1 h. The bottom (250 pl), middle (130 pl)
and top (100 pl) fractions were collected. The top fractions were analyzed by SDS-PAGE
using Sypro-Orange staining and a FUJI LAS-3000 fluorescence imaging system
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Data fitting and kinetic simulations. In order to determine the time evolution of PI(4)P in I ¢
and L; liposomes (Pg and Pz, respectively) from the raw NBD signal (F), in transport

experiments in the presence or absence of Saclp, we considered the general function.
F = a[PH — P] + S[PH — Fz] + #[PH] (1)

where PH corresponds to NBD-PHgspp, [PH — Pg] and [PH — F;] are the concentration of
the PH domain bound to Lz and L; hiposomes, respectively, via its interaction with the polar
head of PI{4)P. The parameters o, [ and ¥ correspond to the molar flnorescence of the PH
domain bound to L liposome, of the quenched NED-PHrare bound to Lz liposomes and of
the soluble PH domain, respectively. As [PH] = PHy — [PH — P;] — [PH — P;] . with PH,
comresponding to the total concentration of PH domain  we have

F=(a— y)[PH - Fe] + (f— y)[PH — Fg] + yPHy (2)

If we consider a competition between the PI{4)P pools of Lg and L liposomes for recrutting

PHrarp.
[Pel

HE{L":-_E:]"'[PE]

[.FH — .Fg] = .PHD

PH—P.]=PH [Fo 4
[ c] 0 E,;{Lq[—:_EE-. +Pg] )

By combining the equation (2). (3) and (4), we obtain

F = (a— 7)PH,— &l + (f— ¥ \PH,——5L 4 »PH. (5
( ¥) GHE{J-"";EI'_]"'[PE] F—=x ﬂHcLl'lLE_l_]ﬂFc] ¥PHy (3)

The dissociation constant Kz and Kz are identical and are equal to ~0.25 pM, as estimated
from the binding curve of NED-PHrare with DOPC liposomes containng 2 or 4 mol% PI(4)P
(data not shown). The total amount of NBD-PHrapp in the experiment is 0.25 uM. Therefore,

F=0.25((a— P——D8_—) 4 (f— N—aZ—)+ 7) (6)

025+[Pel+[Pg] 0.25+[Pgl+[PE]
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The ¥ value was estimated from the fluorescence (Fy) of 0.25 pM scluble NBD-PHgspp
([FH]=0.25) in buffer ; ¥ is equal to Fe/0.250. The B value is equal to Fe/0.25 where Fg is the
fluorescence of 0.25 pM NBD-PHs spp bound to Lg liposome ([PH — P;] =0.25 uM) prior to
the injection of Oshdp. The o value was estimated from the fluorescence Foq measured under
conditions where the NBD-PHpapp construct was equally bound to Ly and L; liposomes
(which each contains 2 mol% PI{4)P). Consequently [PH — Pg] = [PH — Pz] = 0.125 pM,
and F,.=0.1250t + 0.1250 meaning that o=(F.-0.1250)/0.125.

To analyze the experimental data, we considered that the Oshdp-mediated
sterolPI(4)P transport cycle shown in Figure 1 can be described by the following sequence of

reactions:

Oz and Og comresponds to Oshdp, in an empty state, bound to ER- and Golzi-like
liposomes, respectively; OS and OP cormresponds to Oshdp. i solution, bound to sterol and
PI{4)P, respectively ; Sz and S; are the amount (in pM) of DHE in the I ; and L liposomes,
respectively ; Pz and P; are the amount of PI{4)P (in puM) in the Iz and L; liposomes,
respectively. Pz’ is the amounts of PI derived from the hydrolysis of PI(4)P by Saclp on the
surface of Ly liposomes. For simplicity the very slow spontanecus DHE transfer between
membranes 1s not taken into account in our model.

The time evolution of the sterol and PI{4)P concenfrations m ER- and Golgi-like
membranes 15 determuned by mtegrating a system of ordmary differential equations
comesponding to owr model whose parameters are adjusted to fit the F function with the raw
NBD trace. The initial Sz, S¢, P; and P; concentration were set according to the experiment
that was analyzed. At time zero, when Oshdp is mnjected, Oshdp (200nM) is empty and is
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considered to equally target Ly and L; liposome (O-0; =100 oM). To reduce the number of
adjustable parameters. ky and ko, values were arbitrary set at 0.5. The value of k; (PI{4)P
hydrolysis by 200 oM Saclp on Lz liposome) was derived from the measure of PI(4)P
hydrolysis by Saclp, assuming a first-order reaction (Fig. S2d). For conditions without
Saclp, k;; was set to zero. The implementation of the lanetic model, the fitting procedure and
the sinmlations were camied out with the software GEPASI v33% For graphical
representation, the predicted raw NBD traces (F) were normalized to obtain Fyyomp.

MD simulations. All simmlations are based on the crystal structure of Oshdp bound to
ergosterol (PDB ID: 1ZHZ" and to PI(4)P (PDB ID: 35PW)'". Missing residues (notably
residues 1-12 of the N-terminal bd) were added to the PI(4)P-bound strocture using
MODELLER9v10® The model with the lowest DOPE score * was retained. All ionizable
side chains, as well as the C- and N-termini were modeled in their defanlt ionization state,
with the exception of H143 and H144 residues in the PI{4)P simulations, where the two
histidines were modeled as protonated to balance the negative charge of the PI{4)P molecule.
The system was inmmersed in a box of water of approximately 83x76x96 A’ contatming 16330
molecules. The box dimensions are chosen m soch a way that the minmmmm distance between
peniodic images of the protein is always larger than 25 A during the sinmlation. Neutrality of
the system at physiclogical ion concentration (120 mM) was obtained by adding 47 sodmm
and 37 chloride ions to the aqueous phase. The total number of atoms i ouwr models is about
56000. After insertion of the protemn the system was minmwized using a steepest descent
algorithm and then heated up to 300K in 1200 ps while keeping positional restraints on
crystallographic Ca atoms (Cas) that were slowly removed in two successive runs of 3 ns at
300K_ Positional restraints on crystallographic Cas were set to 1000 kI mol-1 nm-2 and 100
k] mol-l nm2, respectivelv. The all-atom CHARMM27" force field was used in
combination with the TIP3P ** model for water. The force field for non standard residue
ergosterol was taken from™ while the force field for PI{4)P was adapted from" . Electrostatic
interactions were calculated with the Ewald particle mesh method™ with a real space cutoff of
10 A. Bonds involving hydrogen atoms were constrained using the LINCS algorithm™ and
the integration time step was set to 2 fs. The system was coupled to a Bussi thermostat’ and
to an isotropic Parrinello-Fahman barostat’ ' at a temperature of 300K and a pressure of 1 atm
The MD trajectories described in the text are the following: two MD mns of 1 ps each of
Oshdp bound to PI{4)P; one MD run of 1 ps of Osh4 bound to ergostercl.
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All data analysis were done using GROMACS™ utilities and all molecular images
were made with Visual Molecular Dynamics {"»-‘T'-f'ﬂ]jw. All analyses reported are performed
over the last 500 ns of the trajectories; for PI(4)P the data are averaged over two independent

trajectories.
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SUPPLEMENTARY RESULTS

A phosphativlinesitol-4-phosphate powered exchange mechanism to create a lipid

gradient between membranes. Joachim Moser von Filseck, Stefano Vanni, Bruno Mesmin,

Bruno Antonny and Guillaume Drin®

Oshdp
1 Lo
s 9
Z g !
1 1
5 L
E 4
g J N

Supplementary Figure 1. The amount of PI(4)P in L Liposome directly governs the
transport of DHE mediated by Oshdp from Lg to L¢ liposomes. Oshdp (200 oM) was
added to DOPC/DNS-PEDHE liposomes (92.5/2.5/5 mol'mol, 200 pM total Lipids, Lg
liposomes) and DOPC liposomes (200 pM total lipids, L liposomes) containing 0.1, 2, 3. 4,
or 5 mol% PI(4)P. The FRET signal was converted into DHE concentration.
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Supplementary Figure 1. Biochemical characterization of the NED-PHpspr PL4)P
sensor. (a) Tndimensional model of the NBD-labeled PHrare based on the NMR. structure of
the PH domam of the human FAPP1 protein (PDB ID: 2KCJT). The solvent-exposed cysteine
C37 is mmtated for serine; threonme T13 is replaced by a cystemn. An N N'-dimethyl-N-
(thicacetyl)-N'{7-nitrobenz-2-oxa-1,3-diazol-4-yljethylenedianune modety (in stick, with
cartbon in grey, nifrogen m blue and oxygen in red), bult manually and energetically
munimized, 15 grafted to the thiol function of C13. The hydrophobic wedge (residues 8 to 16),
15 colored m dark grey and the PI{4)P-binding residues (Lenowr ef al., EMBO Rep. 11, 279-
284 (2010)) are colored in green The figure 1s prepared with PyMOL (http://pymol.org!). (b)
SD5-PAGE of purified NBD-PHpape. The gel was directly visvalized m a fluorescence
imaging system to identify labeled proteins (right picture) and then stamed with Sypro Orange
to visualize all protems and molecular weight markers (left picture). (¢) UV-visible absorption
spectmim of NBD-PHpapp. Considenng a punty grade of 100% for the protein, the optical
density value at 280 nm (Trp) and 495 nm (IANBD) indicated that the PH domain was
labeled with the probe in a 1:1 ratio. (d) Fluorescence spectrum of NBD-PHpapp (250 nM)
with increasing amount of large DOPC/PI(4)P Lhposomes (982 mol/mel; from 0 to 300 uM
total lipids). (e) NBD intensity measured at 525 nm as fonction of total lipids concentration
and for different membrane compositions (m mol/mel : DOPC, DOPC/PI(4)P 98/2, DOPC/PI
082, or DOPC/DHEPI(4)P 88/10/2). NBD-PHpspp cnly binds to PI[4)P-contaming
Liposomes and this interaction 15 not mpaired when membrane contans large DHE amounts
(f) To convert the NBD signal in term of quantity of transported PI{4)P. we deternuned the
NBD signal comrespending to a full equilibration of PI{4)P between L and I liposomes.
NBD-PHrapo (250 M) was muxed with DOPC/PI(4)P liposomes (98/2 mol'mol. 200uM total
lipids) and DOPC/PI(4)P/Rhod-PE Liposomes (96 /2//2 mol/mol. 200 uM lipids).
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Supplementary Figure 3. Lipid extraction and transport ability of Oshdp mutants. (a)
DHE extraction assay. DOPC liposomes (150 pM) contaming 2.5 mel% DNS-PE and 2
mol% DHE were incubated with Oshdp WT or mmtants (3pM) for 5 nunumtes at room
temperature. The amount of extracted DHE was calculated by normahzing the dansyl signal
measured in the absence and the presence of protein. (b) PI{4)P extraction assay. Sucrose-
loaded DOPC liposomes (300 uM lipids), containing 2 mol% PI(4)P and doped with
[HP]PIH}P._ were incubated with Oshdp WT or mutants (5 puM) for 20 ounutes at room
temperature. After centrifugation, radicactivity in the supematant and i the pellet was
counted to calculate the fraction of extracted lipid. Data are represented as mean = SEM (n=2-
3). (c) Left panel : Oshdp WT or mmtants (200 oM) were added to DOPC/DNS-PEDHE
liposomes (92.5/2.5/5 mol'mol, Lg hiposomes, 200 pM total lipids)) suxed with DOPC
liposome (Lg liposome, 200 pM) doped or not with 4 mol% PI{4)P at 30°C. The horizontal
bar, corresponding to the inmial transport rates, are indicated for each mutant (grey bars, 0
mol% PI{4)P ; datk blue bars. 4 mol% PI{4)P in I G liposome). Data are represented as mean
= SEM (n = 2). Right panel : PI(4)P transport by Oshdp and nmitants (200 oM) were measured
with DOPC hiposomes (200 pM total lipids. Ly liposome) doped or not with 5 mol% DHE and
DOPC/PI(4)P/Rhod-PE Liposomes (94/4/2 mol'mol, 200 puM lipids, L liposome). The initial
transport rates are mdicated for each mmiant (grey bars. 0 mol% DHE; orange bars, 3 mol%
DHE in I g liposome). Data are represented as mean £ SEM (n=12).
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Supplementary Figure 4. Characterization of Saclp[l-511]Hisg bound to liposomes (a)
Flotation assays. Oshdp (750 noM), Saclp[1-322]Hiss (750 oM) or bu:nth proteins were
incubated with DOPC liposomes doped or not with 2 mol% DOGS-NTA-Ni~™ (750 puM total
lipads). After centrifugation. the liposomes were recovered by cenfrifugation at the top of a
sucrose cushion and analyzed by SDS-PAGE. The amount of protein recovered in the top
fraction (lane 1 to 4) was quantified and the fraction of liposome-bound Osh4dp and Saclp. as
reported in the upper panels, was deternuned by using the content of lane 5 (total 100%) as a
reference. The error bars show the variation observed between two independent experiments.
{b) Flotation assays. Oshdp (750 oM) was incubated with or without Saclp[l—ﬁ"?]}hsﬁ in the
presence of DOPC liposomes (750 pM total lipids) contaiming 2 mol% DOGS-NTA-Ni*™ and
etther 5 mol% DHE or 4 mol% PI{4)P. (¢) Hydrolysis activity of Saclp attached to Lg
liposomes as monitored with the PI{4)P sensor under condition where PI(4)P was equilibrated
between Lg and Lg liposomes. Saclp[1-322]Hiss or Saclp[1-522)(C3925)Hiss (200 or 400
oM) was incubated with DOPC/PI(4)P/Rhod-PE Liposomes (92.5/22.5 mol/mol, 200 pM
lipids) and DOPC/PI(4)P Lposomes (98/2 mol/mel). The amount of hydrolyzed PI(4)P was
calculated from the normalized NBD signal (see procedure i the Material and Methods
section).
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Supplementary Figure 5. Analyvsis of the kinetic trace of DHE and PI{4)P transport. (a)
The kmmetic traces of DHE and PI(4)P transport by 200 oM Oshdp in the presence or the
absence of 200 nM Saclp are represented (corresponding to expenments shown in Fig3.a.b).
The kinetic constants associated with the sterolPI{4)P exchange cycle model described in the
Matenal and Method were optimized to fit the raw NBD trace measwred in the presence of
200 oM Saclp (dashed red line). The transport of PI{4)P (represented in Fig.3b) and DHE
(upper panel, dashed dark green trace) were predicted. The liprd transport activity of Oshdp
was also summlated for simations where Saclp 15 absent (dashed dark red line, lower panel;
dashed dark blue line, vpper panel). (b) Simulated kinetic traces of Oshdp-mediated
DHE/PI{4)P exchange as a function of a pre-existing DHE gradient between L and Lg
membranes. NBD fraces corresponding to several experiments m which Oshdp (200 M) 15
added to DOPC/PL{4)P/Rhod-PE lipesomes (96/4/2 meol'mol 200 pM total hpds, Lg
liposome) and L liposomes containing either 0, 5 or 10 mol% DHE in the presence of NBD-
PHrapp (250 nM) were averaged (n=2-3 for each gradient condition). The three curves, each
representing one gradient condition were mndividually fitted with the lanetic model. The
parameters were averaged and adjusted to obtain a general model which was then used to
simulate the transport of PI(4)P (normalized siznal Friomy) and DHE for different mitial DHE
gradient between Ly and Lg liposomes.
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Article Il

A Four-Step Cycle Driven by PI(4)P Hydrolysis Directs
Sterol/PI(4)P Exchange by the ER-Golgi Tether OSBP

Bruno Mesmin, Joélle Bigay, Joachim Moser von Filseck,

Sandra Lacas-Gervais, Guillaume Drin and Bruno Antonny
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“A Four-Step Cycle Driven by PI(4)P Hydrolysis Directs
Sterol/PI1(4)P Exchange by the ER-Golgi Tether OSBP”

Analyzing the architecture of OSBP, we were able to show that the N-terminal region,
containing the PH domain and the FFAT motif are responsible for the targeting to these
perinuclear structures that we identified to be ER-Golgi contact sites by thin-section electron
microscopy. For the full length protein, this targeting is however controlled by binding of 25-
OH (Article Figure 1). Using giant unilamellar vesicles, bead-supported bilayers and small
liposomes we showed by transmission electron microscopy, fluorescence microscopy and
dynamic light scattering that the PH-FFAT tandem efficiently aggregated functionalized
bilayers containing VAP-A or Arf1-GTP and PI(4)P, respectively. (Article Figure 2) Interestingly,
OSBP was capable of tethering artificial membranes in the absence of 25-OH in vitro. Trying
to link this relocalization to a molecular function, we observed the Golgi PI(4)P level with a
tagged version of the PH domain of OSBP, and we found that the levels were significantly
decreased when OSBP was overexpressed. This decrease was found to be dependent on 25-
OH binding and mutation of residues in OSBP corresponding to residues that are implied in
PI(4)P binding in Osh4p, as well as deletion of the ORD. These findings imply that OSBP like
Osh4p is capable of extracting and transport PI(4)P from Golgi membranes. Following the
movement of DHE we observed that OSBP overexpression prevented retrograde movement
of exogenous sterol to lipid droplets. (Article Figure 3) Jointly, these results suggested that
OSBP transports cholesterol towards Golgi membranes in a PI(4)P-dependent manner.

We therefore assayed the sterol transport activity in vitro using the abovementioned
FRET-based assay for following DHE transfer between artificial membranes. We observed
little transfer by the full length OSBP, but proteolysis with trypsin produced fragments of
different lengths that were capable of transporting DHE efficiently between liposomes. The
active fragments all comprised the ORD of OSBP, whereas the PH-FFAT-containing fragments
had little activity. (Article Figure 4) We thus tried to integrate the tethering activity of the PH-
FFAT into the transport by the ORD by functionalizing the liposomes: DHE-containing, ER-
mimicking liposomes were covered with VAP-A (by interaction of the VAP-A Hise-tag with

Ni**-displaying lipids) and Golgi-mimicking liposomes were decorated with myristoylated
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Arfl-GTP. DHE transport by OSBP was activated by both VAP-A and Arfl-GTP, though
activation by VAP-A was a prerequisite for Arf1-GTP activation. (Article Figure 5)

Intrigued by the question whether PI(4)P could stimulate the transfer of DHE by OSBP
in the same manner as for Osh4p, we replaced myristoylated Arfl-GTP by PI(4)P. The
observed effect was complex: whereas PI(4)P increased the initial transport velocity of DHE
transport by OSBP it became inhibitory after several transport cycles, decreasing the overall
transport velocity. Integrating PI(4)P and control PIPs in the DHE-containing liposomes, only
PI(4)P competed with DHE for extraction and reduced the DHE transport activity. This
indicated a mutually exclusive DHE- and PI(4)P-binding as shown for Osh4p. Importantly, we
showed using the NBD-PHgapp PI(4)P probe that OSBP is able to of extract and transports
PI(4)P between artificial membranes. (Article Figure 6)

If OSBP transports both DHE and PI(4)P in opposite directions, why is
counterexchange slowed after a certain number of exchange cycles? As PI(4)P is delivered to
the DHE-containing membranes, it would compete with DHE for extraction by OSBP and thus
block the DHE transport. In cells, PI(4)P is hydrolyzed by the ER-resident phosphatase Sacl.
Hence we attached Saclp-Hisg to Ni**-displaying lipids in addition to VAP-A and hydrolysis of
PI(4)P in cis on the DHE-containing liposomes actually relieved the competition between the
two lipids. To make sure that Saclp would not act in trans on PI(4)P on the Golgi-mimicking
liposomes we tested the phosphatase activity in absence of tethering between liposomes
and with liposomes tethered by the PH-FFAT tandem that was shown not to transport PI(4)P.
Saclp was not capable of hydrolyzing PI(4)P in trans, contradictory to previous findings
(Stefan, Manford et al. 2011). (Article Figure 7)

We have shown how OSBP uses retrograde transport of PI(4)P for anterograde
transport of sterols both in vivo and in vitro. Maintenance of a PI(4)P gradient between
membranes is a prerequisite for continuous sterol transport, as demonstrated in presence of
the PI(4)P phosphatase Saclp in vitro. Presence of PI(4)P also controls transport by another
mechanism: The PH domain’s PI(4)P recognition and Arf1-GTP-binding, together with VAP-A-
recognition, allows OSBP to target both ER and TGN membranes and thus serve as a
tethering factor to create a MCS. This would also explain why blocking OSBP with its high-
affinity ligand 25-OH triggers its relocalization on the Golgi, as PI(4)P levels there are
increased in absence of OSBP PI(4)P/cholesterol counterexchange. With PI(4)P providing both

targeting to membranes and transport activity, kinase and phosphatase activity regulation
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would allow regulation of sterol transport towards late membranes.

This could additionally affect transport of other lipids as OSBP regulates the
recruitment of CERT and FAPP2 at ER-Golgi junctions. CERT transfers ceramide from the ER to
trans-Golgi, in which ceramide is converted into SM, whereas FAPP2 is a glucosylceramide
transporter at the same site. CERT and FAPP2 share a common domain organization with
OSBP, comprising both a PI(4)P-specific PH domain and a FFAT motif. By modulating the Golgi
PI(4)P pool, OSBP likely controls the presence of CERT and FAPP2 in ER-Golgi junctions. Such
a mechanism would synchronize fluxes of sterol, ceramide and glucosylceramide, and
eventually other lipids by controlling Nir2, thereby allowing co-enrichment of several lipids at
the trans-Golgi, essential for the proper function of the secretory pathway (Drin 2014)

(Figure 44).

(a) (b) (c)

trans-Golgi
limiting P1(4)P

ceramide

e o :}Q) OSBP-PI(4)P

i '
cholesterol i
synthesis !

ER > VAPtg ER-Golgi contact site (ﬁ ?Sac1 v

Figure 44. Function of OSBP at ER-Golgi contact sites.

(a) OSBP interacts through its FFAT motif with the ER-resident VAP receptors and, via its PH domain,
with Arfl (in the GTP-bound state) and PI(4)P. (b) As such, OSBP tethers the ER and the Golgi
membrane and operates cycles of cholesterol/PI(4)P exchange, thereby creating a cholesterol
gradient. This tethering activity could facilitate the recruitment of CERT by PI(4)P and VAP and allows
synchronizing cholesterol and ceramide fluxes, thus guarantying the co-enrichment of sterol and SM
in the trans-Golgi. (c) The consumption of PI(4)P would eventually trigger the disassembly of ER-Golgi
contact sites and stop lipid transfer. 25-OH block the transport of sterol and would block the OSBP
function, thereby increasing PI(4)P levels at the Golgi surface and a stable recruitment of OSBP in ER-
Golgi contact sites. SM: sphingomyelin; SMS: sphingomyelin synthase. See also Figure 7F.
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SUMMARY

Several proteins at endoplasmic reticulum (ER)-Golgi
membrane contact sites contain a PH domain that
interacts with the Golgi phosphoinositide PH4)P, a
FFAT motif that interacts with the ER protein VAP-
&, and a lipid fransfer domain. This architecture
suggests the ability to both tether organelles and
transport lipids between them. We show that in oxy-
sterol binding protein (OSBP) these two activities are
coupled by a four-step cycle. Membrane tethering
by the PH domain and the FFAT motif enables sterol
transfer by the lipid transfer domain (ORD), followed
by back transfer of PI{4)P by the ORD. Finally, P1{4)P
i hydrolyzed in cis by the ER protein Sac1. The
energy provided by PH4)P hydrolysis drives sterol
transfer and allows negative feedback when PI{4)P
becomes limiting. Other lipid transfer proteins are
tethered by the same mechanism. Thus, OSBP-
mediated back transfer of PI4)P might coordinate
the transfer of other lipid species at the ER-Golgi
interface.

INTRODUCTION

Mambrana contact sites (MCSE are regions whare the meam-
branes of two organslles are clossly apposed, typically 10—
20 nmapart{Friedman andVoalz, 201 1; Helleetal., 2013; Levina,
2004). In a few cases, such structures are obvious by thin-section
glactron microscopy ([EM) as the two mambranas are aligned
along significant distances. The best examples are contact sites
betweean the endoplasmic reticulum (ER) and the plasma mam-
brane (PM) in yeast (Manford et al., 2012; West &t al, 2011). In
maostcasas, howsver, morealaboratemorphologicalapproaches
ara required; for exampla, EM tomography of cryo-fixed prepara-
tions identified MCSs between a specialized region of tha ER,
called frans ER, and tha trans Golgi (Ladinsky et al., 1999).
MCSs are diversa, but a recurment observation is the imohe-
mant of the ER (Friedman and Vosltz, 2011; Helle et al., 2013;
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Levina, 2004). By making an extensive netwaork, tha ERisindaad
in the best position to contact othar cellular organelles. In addi-
tion, because the ER is the main ste for lipid synthesis, MCSs
suggest ways to supply lipids to a second mambrane with limited
lipid synthesis ability. This hypothesis is supported by the pres-
anca of protains with lipid exchange activityin many MGSs (Halle
aetal, 2013; Lev, 2010; Levina, 200:).

MGCS s batween the ER and tha Golgi contain the following lipid
transporters: CERT, which transports ceramide (Hanada et al.,
2003);, FAPP2, which transports glucosylceramide (D'Angelo
at al., 2007); Sec14/Mir2, which transports phosphatidylinositol
(Litwak &t al., 2005); and OSBP, which might transport choles-
tarol (Pamy and Ridgway, 2006). ER-to-Golgi transfer of car-
amide and glucosylceramida by CERT and FAPP2 are of hay
functional importance because they are mandatory for the syn-
thesis of sphingomyelin and glycosphingdlipids by enzymes pre-
sant only in the frans Golgi (0" Angelo et al., 2007; Hanada et al.,
2003). The function of O5BP is less clear, and it has bean pro-
posed that OSBP and related proteins (ORP in mammals, Osh
in yeast) either sense or transfer sterols (Beh &t al., 2012; Bah
and Rina, 2004; Mousley et al, 2012; Raychaudhur at al,
20046; Wang et al., 2005). Newerthaless, the prasence of O5BP
in zones where CERT and FAP P2 act is intriguing becausa coan-
richmeant in sphingolipids and cholesterol iz a hallmark of late
({trans Golgi, endosomes and PM), as opposed to early (ER and
cis Golgl), compartments. O5BP and other lipid transporters
mightwork in a coordinated manner to control the composition
of the frans Golgi using the reservoir of lipids present in the ER
{Lew, 2010; Perattiat al., 2008).

O5BP, FAPP2, and CERT share a similar domain organization
consisting of an M-terminal plechkstrin homalogy (PH) domain, a
cantral FFAT muaotif (two phenylalanines in an acidic track), and
a C-terminal lipid transport domain (Lev, 2010; Levina, 2004).
The PH domain detects two determinants of the frans Golgi:
the phosphoinositida P4)P and the small G protein Arf1-GTP
(Godietal, 2004; Levine and Munro, 2002). On the otharhand,
tha FFAT motif binds specifically the typs | ER membrane pro-
tain VAP (Furuita et al., 2010; Kaizer et al., 2005; Loewan et al.,
2003; Mikitova and Levina, 2012). Thus, OSBF, FAPP2, and
CERT are equipped to bridge the ER and the Golgi, although
thiz tetharing activity has not bean recapitulated in vitro. As for
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their C-terminal regions, they are structurally diverse and come-
spond to domains that can extract specific lipid species; for
exampla, the OS5BP-related domain (ORD) in the case of D5BP
{lm et al., 2005 or tha START domain in the case of CERAT
{Kudo et al., 2008). Overall, and despite differences betwean
thesa transportars, their domain organization suggests a similar
division of labor betwean the PH-FFAT tandem, which might
bridge tha ER and the Golgi, and the C-tarminal domain, which
conveys speciic lipids betwean the two membranes.

OSBP has recently been identified as the target of several anti-
cancear and antiviral compounds (Arita et al., 2013; Burgstt et al.,
201 1) pointing to its important role in cellular homeostasis. How-
evar, how OSBP and its relatives function at mambrana intar-
faces is poordy understood. Here, we use a combination of
reconstitutions on artificial membranes and cellular approaches
to address the mechanism of membrane tethering and lipid
transfar by OSBP, as well as the coupling betwesn thesa
activities. Wa show that the PH-FFAT region of OSBP bridges
mambranes contsining the ER protein VAP-A to membranes
containing PI4)P or Arfl <G TP. Furthermore, mambrans bridging
directs sterol transfar by the ORD domain. Surprisingly, how-
ever, the ORD domain in turn controls membrane tetharing by
the PH-FFAT region. This feedback is dus to two additional reac-
tions. First, PI)P is transported by the ORD domain, which, like
the yeast protein Oshd, acts as a sterol’P4)P exchanger (da
Saint-Jean &t al., 2011). Second, P4)P, once transported back
from tha Golgi to the ER, becomes accessible to the PI4)P phos-
phatasa Saci, which, in contrast to a previous report {Stefan
at al., 2011), preferantially hydrolyzes P{4)P in cis rather than
in fran=s. This first complete reconstitution of a lipid transportar
at ER-Golgi contact sites suggests a ganeral way to couple a
specific lipid transfer reaction with the back transfer and hydro-
lysis of PIE)P.

RESULTS

058P Contains a Potent Membrane Tethering Region
but Is Predominan tly Cytosolic

To detarmine the ability of OSBP to tethar the ER to the Golgi,
wa first compared the localization of full-length OSBP and a
construct encompassing the PH domain, the coiled-coil region
and the FFAT matif (PH-FFAT; Figure 1A). Baoth constructs
wars tagged with mCharry and cotransfected with a GFF version
of tha ER recaptor VAP-A {GFP-VAP-A) in Hala calls.

Figura 1B and Figure 51A (available online) show that OSBP
iz predominantly cytosolic, with some faint staining of the ER
natwork, which iz marked by GFP-VAP-A. In agreamentwith pre-
vious observations (Ridgway et al., 1982), the addition of tha
oxystarol 25-0H induced a dramatic shift in the localization of
0OEBP, which translocated completely to perinuclear structures
{Figura S51A). This shift was accompanied by the displacemant
of VAP-A, which no longer decorated the ER network, but
instead concentrated in the same pernuclear regions as O5BP
{Figura 1B).

In contrast to OSBP, PH-FFAT was never cytosolic: eveninthe
absance of 25-0H, it localized to perinuclear regions whara VAP-
A, but not a mutant deficiant in FRFAT maotif binding (KM = DD,
concentrated (Figures 1C and 51A). These ragions wera also

positive for the frans Golgi markar TGN-46 (Figura 518), thera by
suggestive of ER-Golgi MCEs

To further characterze the perinuclear regions whers VAP-A
and the OSBP constructs concantrated, we used thin-section
EM. We observed extansive ER/Golgi apposed regions in cells
treatad with 25-0H and exgpressing VAP-A and OSBP, as well
&s inuntreated cells expressing VAP-A and PH-FFAT (Figures
10, 51C, and 510). In some cases, Golgi cisternas and vesicles
wara completaly enwrapped by the ER and lipid bilayars wears
systematically paired at an even distance of ~20 nm. Fuoras-
cance recovery after photobleaching [FRAF) indicated that
VAP and OSBP or PH-FFAT exchangad wery slowly from such
zones ftye > 5 min) compared to conditions where VAP and
tha O5BP constructs do not colocalize (Figures 1Eand 1F).

W introduced point mutations in PH-FFAT to determina the
maolecular basis of membrane tethering. The R10BL mutation,
which prevents the interaction of the PH domain with PP
{Lewine and Munro, 2002), shifted the localization of PH-FFAT
toward the ER (Figure S1E). Corvarsely, mutating the FFAT
motif shited the localization of PH-FFAT toward the Golgi
{Figure S1E). Intriguingly, when the sama mutations weara intro-
duced in full-length OSBP, the membrane association of this
essantially soluble protain increased: the PH domain mutation
promoted OSBP binding to the ER, whereas the FFAT motif
mutation promoted OSBP binding to the Golgi (Figure 51F).
Tharefora, whareas the PH domain and the FFAT matif hawve
additive effects for the localization of PH-FFAT at ER-Golgi
MCS, they have a curious subtractive effect in the context of
full-length OSBP.

These experiments indicate that the PH-FFAT tandem of
OSBP is a very potant bridge to connect ER and Golgi mam-
branes and that it does =0 by binding VAP-A via its FFAT motif
and PI)P via its PH domain. Howewver, in the contesd of full-
length OSBP, the awailability of the PH-FFAT tandam for mam-
brane tethering is reduced and can be controlled by 25-0H,
which targets tha ORD.

Reconsfitution of Membrane Tethering by the PH-FFAT
Region of OSBP

‘W wished to recapitulate membranea tathering by the PH-FFAT
tandem of O5BP in minimal systems. For this, wa mixed purified
PH-FFAT with two types of artificial liposomes (Figure 24). Lipo-
somes L, contasined a nickel lipid (DFOGS-NINTA) to which tha
cytosolic domain of VAP-A was attached through a C-terminal
polyhistidine tag; liposomes L, contzined PN4)P andior wears
covared by Arfl1-GTP (Figure 2B). As such, La and Ly mimicked
tha ER and the Golgi apparatus, respectively.

W first used dynamic light scattering (DLS) to follow liposome
aggregation. Initially, the L, + L, mixture showed an apparant
radius of ~. 70 nm. Lipon PH-FFAT addition, the radius increased
steadily, reaching values in tha range of 500 nm within tens of
minutes, suggesting massive liposome aggregation (Figure 2C),
which was confirmed by negative stained EM (Figure 2D). Con-
trol experiments indicated that aggregation required VAP-A
on L, and Arf1-GTF or PIf4)P on Ly, At low tether concantration,
the effacts of Arfl-GTP and PI{)P were addtive; at high tethar
concentration, efficient tethering was observed with eithar
Arf1-GTP ar PH4)P (Figura 2C).
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Figure 1. The PH-FFAT Region of OSBP Promotes ER-Golgi Tethering

(A) Dornain orgarnizaton of OSBP and of the PH-FFAT construct.

(B) Hola cels cooxpms=ng GFP-VAP-A and mCharry-OSBP; VAP-A labals fie ER netwark, wheareas OSBP |= mastly cytosolc (lop). Upon additon of 25-0M
(6.5 uM, for 1 Ir at37°C), OSBP transibcates © a padnudear mgion whare VAP-A d=o concantmiins.

(C) Hela cels expressing GFP-VAP-A and PHFFAT-mChary; fe itter is erviched in parnucioar structres n which GFP-VAP-A concentrates. The VAP-A
matant deficlant in FFAT tindng (VAP -A KM = DD) remains spmad inthe ER netwark.

(D) Thin-saction EM of cels exgressing GFP-VAP-A and PH-FFAT-mCherry ar mCharry-OSBP. Extended membrane-sppasad regons sre otmenved in calls
tmaind by 25-0H and coempressing VAP-A and OSBP and in cels coexpressing VAP-A and PHFFAT. Magnificatons of ER digtatons within Golg stacks e
shown on theright

(E and F) FRAP anayst of cels coaxpressing GFP- VAP and PH-IFAT-mCherry (E) or GFP-VAP and mCherry-OS BP In the presence or in the abeance of 2504
(F). The races show e memn of atleast three aperiments. Shaded amas represent SD.
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To further analyze PH-FFAT-mediated membrane tethering, tact zones between the giant liposomes, which camied VAP-A,
we used artificial membranes that can be visualized by light mi- andthe bead-supported bilayers, which camied PI@)P (Figure 2E;
croscopy, namely giant liposomes and bead-supported bilayers, Movie S1). Contact zones were also observed when PH-FFAT
which were labeled with red and green fiuorescent lipids, was added to two populations of bead-supported bilayers with
respectively. PH-FFAT promoted the formation ofextended con-  a similar segregation of mambrane determinants (Figure 2F).
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Figure 2. Reconstitution of Memb rane Tethering by the PH-FFAT Region of OSBP
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(5 Canfoced micmscopy images of glant liposomes (md covered with VAP-Attrough e nickel Ipid DOGS-NINTA and mixed with bead-supported lipd blayers

(green) contaning 2 md % PGP and with o withaut PHFFAT.
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See also Figum S2 and Movie S1.

Full-Length OSBP Promotes Membrane Tethering

In Vitro independently of 25-OH

Using the same assays, we compared the tethering activity of
purified full-length OSBP to that of PH-FFAT. Given our cellular
observations (Figure 1), we expected OSBP to be much less
active than PH-FFAT. Surprisingly, OSBP readily promotad
the tethering of lipid membranes containing Af1-GTP and/or
PY4)P to lipid membranes containing VAP-A. In fact, under all
conditions tested, OSBP was at least as efficient as PH-FFAT
(Figures S2A-S2C). Furthermore, 25-OH, which promotes
OSBP-mediated membrane tethering in cells, did not influence
the tethering activity of OSBP in these reconstituted systems
(Figure S2D). Thus, whereas the tethering activities of PH-FFAT
in vivo and in vitro matched well {compara Figures 1C and 2),

this was not the case for OSBP, which sfficiently connected
membranes in vitro (Figure S2), but not in celis, except in the
presance of 25-OH (Figura 1B).

OSBP Changes the Cellular Distribution of Sterol and
PI4)P

Despite the lack of observable association of OSBP with organ-
alles, wa wonderad whether the protein affect s the distribution of
its two putative lipid ligands: cholesterol and PI)P.

To follow the distribution of PI{4)P, we used a GFP fusion of
the PH domain of OSBP, which has bean shown to be a fair
raporter of PI4)P levels at the Golgi (Levine and Munro, 2002).
In control cells, the PI{4)P probe stained the Golgi apparatus
and showed minor cytosolic distribution (Figure 3A). In contrast,
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overaxpression of O5BP caused a 3.5-fold drop in the Golgi
staining by the probe (Figure 3A), suggesting a large decreass
in the amount of PI4)P in this organalle. Expariments using
diffarant forms of OSBP indicated that this decreasa required a
fully functional protein. First, mutations that compromise the
interaction of OSBP with either VAP-A jmutation FF = AA in the
FFAT motif) or Pi4)P jmutation R108L in tha PH domain) made
OSBP less eficient in reducing the PIM)P level. Second,
mutating two histidines and one lysine, which are shrictly
consened in the ORD and essantial for the extraction of P4)P
by Oshdp (da Saint-Jean &t al, 2011), abolished the drop in
P4)P {Figures 3A and S53A). PH-FFAT, which lacks the ORD,
also did not affect the localization of the P4)P probe. Third,
25-0H raversed the sffect of OSBP on PI4)P levels, causing
relocalization of tha PId)P probe to the Golgi (Figure 34). Taken
together these experiments suggest that O5BP controls the
tumaover of PIE)P at the Golgi in a manner that invalves its PH
domain, its FFAT maotif and its ORD. This effect requires the pro-
tain to not be blocked by 25-0H and involves the samea residues
that enabla Oshdp to extract PIE)P.

Visualizing cholesteral levels in cells is challenging due to its
broad subcallular distribution and the lack of organalle-specific
probes for this lipid. As a first step toward assessing the effect
of OSBP on sterdl trafficking, we pulse-labeled calls with dehy-
droergosteral (DHE), a naturally fluorescent analog of choles-
tarol, and chased it with an excess of cholastarol (Figure 3B).
DHE can substitute for cholesterdl because both hawe a very
similar chemical structure in contrast to artificial fluorescent
analogs (Mukherjea &t al., 1988). In control calls, the exogenous
addition of DHE caused immadiata staining of tha PM, followed
within a few minutes of internal membranes and, after 1-2 hr, of
lipid droplets {Figure 3B), indicative of a retrograde route from
tha PM totha BR, whera lipid droplets form. In contrast, oversex-
pression of O5BP, but not of PH-FFAT, prevented DHE incorpo-
ration in lipid droplets (Figura 36). These experiments suggest
that OSBP countaracts the retrograde traffic of sterols. Howewer,
they do not indicate at which location O5BP prevents this flu.

How can tha inhibition of the flux of sterol from PM to lipid drop-
lets ba linked tothe reduction ofthe Golgi podl of PI4)P ? The first
effact leaves many possibilities for the exact site of OSBP action,
whereas the second effect suggests that OSBP works at the ER-
Golgiinterface. Interastingly, mutations predicted to abolish PI{)
P binding (Figure 53A4) prevented OSBP from counteracting the
accumulation of DHE in lipid droplets {Figure 3H), suggesting
that the two activities of OSBP are coupled.

Cholesterdl is esterified and incorporated into lipid droplets
whan its level at tha ER is high. Tharafore, we hypothesized

that OSBP exports sterol out of the ER at the expanse of starol
incorporation into lipid droplets and in 8 mannar that “con-
sumes" PI)P at the Golgi. Specifically, OSBP might exchange
the two lipids at the ER-Golgi interface. Measwing such an
exchange in vivo and in the confined anvironmeant of Golgi'ER
MCSs was, howswer, not possibla. To determine if OSBP acts
an the pool of cholestaral present in the ER, we used an altema-
tive strategy: we lowerad the level of cholestarol at the ER using
lovastatin. As shown in Figures 3C and 538, this treatmant pro-
tected the pool of PIM)P at the Golgi from baing consumed by
0OSBP, which became trapped at the ER-Golgi interface. We
concluded that OSBP controls the balance betwesan sterol at
the ER and P4)P at the Golgi.

Altogether, the expariments of Figures 3 and 53 suggest that
the apparent cytosolic localization of OSBP is deceptive and
masks an ephemearal interaction with the ER and the Golgi. In
the case of PH-FFAT, we observe stable tethering becausa
thiz construct acts solaly as an ER-Golgi bridge. In contrast,
OEBP via its ORD displaces PIM)P from the Golgi (Figure 34).
Bacausa Pl4)P contributes to the Golgi attachment of OSBP
fvia the PH domain), its displacement should eventually inte fara
with mambrane tethering. In line with this hypothesis, OSBP
mutants predic ted to ba deficientin PIE)P transfar not only pra-
sarved tha Golgi localization of the PI{#)P probe (Figure 3A) but
alzo remained concentrated at ER-Golgi MCSs (Figure 309.
Tharefora, OSBP might be controlled by a negative feedback
loop whareby membrana tethering promotes stercl/PI4)P ax-
changa, which in tum impairs membrana tetharing.

OSBP Is Autoinhib ited for Sterol Transport

Asz a first step toward testing this feedbachk modsel, we azsassad
the lipid transport activity of OSBP in vitro. OSBP did not accel-
arate the exchange of the sterol DHE betweaen liposomes that
contained no determinants to promata binding of the PH-FFAT
region (Figura 44, black trace). We then submitted CSBP
to limitad proteotysis and observed a dramatic accelaration of
DHE transfer, which paralleled the first steps of OSBP cleavage
{Figure 4 A, red traces). Thesa results suggest that O5BP is auto-
inhibitad for steral exchanga.

W analyzed the products of the proteohysis using N-tarminal
saquancing and gel filtration chromatography (Figures 48, 4C,
and S4). This analysis revealed a few major products: (1) a
43 kDa fragment encompassing the PH domain and the FFAT
meatif, (2) a 35 kDa fragment derived from the previous one but
lacking the FFAT matif, (3] varous fragments of 30-35 kDa cor-
responding to the M-terminal part of the ORD, and (4) a 20 kDa
fragmant comesponding to the remaining region of tha ORD. In

{B) Epfluomescenca images of Hala cals puse-chasad with DHE and subsequen ty incubated far 2 br at 37 Cwith 500 uM cholesemi-baded MCD. Cals wera
labalnd with the lipid-dmplie marker Ligd TOX grean 15 min pdior imaging.. Mote e abes nos of colocalzation betwean DHE and Ligd TOXin e mChery-CS BP-
transfacted calls, but nat in control calls ar in oalls tarefeced with fie indicated OSEP mutnts. Histogram repm sant guan ffication (+5E) of DHE caocalization

with the lipdd dmpie s fom thres inde pandent axpearimeanks.

{3 Hala calls wers ransfaced with a PSP pobe and with o without mChesy-CESBP. To ower ER cholesiami, e calls wars first incubated overmight in growth
madun suppiemantad with 5% lipopotein-depdved serum. Therestier and 2 hr bafom imaging, 15 pM lovastdin was added 1o the madium in arder to siop
cholesteml bosyrthass. Under fiase condtions, OSEP doss not pramots dieappeamnce of PESP from the Golgl. Maxirmal and minimal PES)P staining at the
Gag wera deteminad fram tao confrol expadments where Hela calls axpressing theP B4P probae anly were treated or notwith phamdarsine addea (PAD, 10 b,
5 min) to Hodk PRSP bosynthesi=. Massummants wares paformed on 40 to 50 oalls for sach condition using confocal microscapy.

{0} In contrast o wild-type mChary-05EP, the HEZ2AMHEZIA, K7T36A, and tdple mutants concentrated with VP-4 in the padnudear mgian.

Sea also Figums 51
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Soa azo Figurs 54,

gel filtration chromatography, the first two products eluted at an
apparent molecular waight (MW) of about ~80 kDa, suggesting
dimerization through coiled-coil regions betwaen the PH domain
andthe FFAT maotif. The ORD fragments (30-35 and 20 kDa) cos-
luted at a MW of 50 kDa, suggesting that cleavage of the ORD at
position Ragg-Gayg does not promote separation of the domain
parts. Mambrana tetherng activity was present in the first
gel-filration peak, whereas DHE exchange activity was presant
predominantly in tha second peak (Figure 40). Thizs analysis
confimms the division of laborin O5BP: the PH-FFAT tandem me-
digtes meambrana tethering and the ORD medistes lipid
transport.

Sterol Transfer by O5BP Requires VAP-A and Is
Facilitated by Arf1-GTP

To detemine the mechanism by which O5BP becomes active
for sterol transfer, we included various combinations of VAP-A,
Arfl45TP, and PIi)P on the lipopsomes used forthe DHE assay.
Thared trace in Figura 5A shows a represantative tima course of
DHE transfer in an exparimeant wheara VAP-Awas attached to La
and Arf1-GTP was attached to L, Under such conditions, tha

B36 Cell 155. B30-843. Novembar 7. 2013 ©2013 Basver Inc.
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rate of DHE transfer catalyzed by 10-7 M QOSBP was wery fast
and close to that observed with 10~ M mathyl-f-cyclodetrin
({MCD; Fgure 5A, gray trace), indicating that OSBP has a
10,000-fold higher exchange activity than the drug.

Remaoving VAP-A from L, abolished OSBP-catalyzed DHE
transfer, whereas removing Arfl-GTP from L, reducad the rate
~3-fold to 5-fold (Figures 58-5C). Tharefora, the intaraction of
OEBP with VAP-A is mandatory for sterol exchanga, wheraas
thainteraction with Arf1-GTP iz helpful, but not strictly required.
Titration exgperimeants gave a half-stimulatory effect of 300 nM for
VAP-A and of 100 nM for Arf1-GTP (Figures 5B and 5C). From
the amounts of DHE and OSBP present (11 pM and 100 nM,
respectively), we calculsted that each cycle of starol transfer
takes about 2-3 5 (k = 0.3-05 =~") under optimal conditions
{Figures 5B and 5C). 25-0H blocked OSBP-catalyzed transfer
of DHE with a K; of 50 nM (Figure 50, a value compatibla with
the reported affinity of 25-0OH for OSBP (~10 nM) (Ridgway
atal, 1983).

To better characterize the mechanism of OSBP activation,
wa conducted experimants with soluble forms of VAP-A and
Arf1-GTP. VAP-A retsined a substantial stimulatory effect
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awven in the absance of nickal lipids (Figure 554), whereas sol-
uble Arf1-GTP had no significant effiect (Figure 55B). Thesa
obsarvations suggest that VAP-A not only acts as a mam-
brane anchor but also affects the conformation of OSBP,
whereas Af1-GTP acts prmarily a5 a mambrane anchor.
The importance of the VAP-FFAT interaction in OSBP-medi-
ated DHE exchange was underscored by the effect of a pep-
tide comesponding to the FFAT motif, which complately
blocked DHE transfer {Ki = 0.B2 = 0.15 pM, Figura 5E). As
for the stimulstory effect of Af1-GTP, it disappeared when
the small G protein was attached to L, instead of L, {Fig-
ure 55H), suggesting that the membrane determinants of
OE5BP should be presant on differant liposomes to promote
lipid exchange.

Complex Effect of PI4)P on 5terol Transfer by OSBP
In mambrane tethering assays, Arfl-GTP and PIE)P had inter-
changeable roles, both promoting liposomea aggregation by
PH-FFAT (Figura 2C). In contrast, the effects of PId)P and
Arf1-GTP on DHE transfer by OS5BP wers vary different. In the
prasance of P4)P in Ly, the kinetics of DHE transfer from L. to
Ly, displayed a biphasic shape (Figures 6A and S6A). During
the first minuta, DHE transfar occumad rapidly. Than, it abrupthy
slowad down. Considaring that, under our conditions, the avearall
transfar of DHE from L, toL,, requires about 50 cycles of OSBP-
mediasted DHE transfer, this obsaration suggests that PI4)P
becomes inhibitory after OSBP has undergone a few cycles
{Figura 568).

To explain these obsarations we emvizsaged that, through
& mechanism akin to Oshdp {de Saint-Jean et al., 2011), the
ORD of OSBP could extract PN4)P from Ly, and transfer it to L.
As such, PId)P should gradually inhibit DHE transfer by two
affects: compstition with DHE on L, for OSBP extraction and
redirection of the PH domain of O5BP from L, to L,. In agres-
mant with the competition hypothesis, PI4)P strongly and spe-
cifically inhibited DHE transfer by trypsin-activated OSBF; ie.,
under condtions whera the ORD domain is dissociated from
tha PH-FFAT tandam (Figure GH).

to transfar PIM)P, we used a novel assay

based on the detection of PI{)P by a fluo-
rescent PH domain, ™“PH. Whan PI{#)P is presant in unlabslad
liposomes, the fluorescence of membrane-bound MEOEY s
high; whan Pi[4)P iz presant in liposomes containing a rhodamine
lipid {Rho-FE), FRET accurs between “®“PH and Rho-PE at the
expansa of MBD fluorescence. As schematized in Figura 6C,
PI{#) P iz initially present in Ly, which alzo contain Rho-PE, result-
ing in low "“PH fluorescance. PIM)P transfer to L, which do
not contain Bho-PE, causes an increase in the fluorescance
aof ME0pY,

Figure §C demaonstrates that OSBP, but not PH-FFAT, trans-
fars PH4)P from L, to L, and that this transfer is promoted by
the presence of VAP-A. OFf note, whereas OSBP was initially
abla to transfer Pl )P with a rate comparable to that obsarved
for Oshdp, the reaction slowed down significantly after a few
rounds. As a result, less PI)P was transported compared to
tha reaction with Oshd p. This obsarvation hints at a possible in-
hibition of OS5 BP activity as the PI{4 )P transfer reaction proceeds,
an affect reminiscent to what we observed for DHE transfar

({Figura GA).

Control of 05BP-Induced Membrane Tethering by the
Pi{4)P Phosphatase Sac1

We reasoned that OSBP, by being able to transfer PIE)P in a
VAP-A-depandant mannar, should, in the context of ER-Gaolgi
MCS, promote the transfar of PIf4)P from the frans Golgi, which
is rich in this phosphoinositide, to the ER. There, PI#)P could
be hydrolyzed by the integral ER mambrana protein Saci {Kim
at al., 2013). This sequance of events would explain why OSBP
reduces the amount of PI4)P at the Golgi (Figure 3A) and why
the combinad effects of the PH domain and the FFAT motif are
subtractive for the localization of full-length OSBP (Figure S10):
mambrane tetharing is followad by the transfer and degradation
of PI#)P, leading to membrane detachment of O5BP.

To test this hypothesis, we first used small interfaring AMA
{5iRMNA) against Sac1 in callsexpressing O5BP and VAP-A. Strik-
ingly, knocking down Sac1 completaly shifted the localization of
OSBP from an essentislly cytosolic distribution to a perinuclear
ona whara VAP-A colocalized (Figure TA). Thus, in the call,
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OSBP has the ahiity to tether ER and Golgi membranes, but
Sac1 counteracts this activity.

Menct, we addressed the effect of Sac1 on the tetharing activity
of OSBP in vitro. For this, we mixed L, and L, liposomes to
imitate the BR/frans Golgiintarface and monitored liposome ag-
gregation by DLS. Liposomes L, weare coated with both VAP-A
and with Sacl via their C-terminal polyhistidine tags, which
replaced the juxtamembrans regions of these ER proteins L,
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contained PI4)P. Thus, PI{4)P and Sac1 weare initially presant
in differant membranas, ie., in a frans ofentation. These expar-
iments revealed a marked difference batwesan full-length OS5BP
and PHFFAT (Fgura TH): membrana tetherng induced by
0EBP strongly diminishad in the presence of 5 to 10 nM Bac1,
whearazs membrana tatharing induced by PH-FFAT was mare
rasistant, diminishing significantly only at Sac1 concentration
above 15 nM.



The experiments shown in Figures TA and TB suggest that
Sac1 is the mizsging link for reconciling the in vitro and ceallular
obsarvations. Adding Sac1 to liposome reconstitutions recapit-
ulated the differences in the tethering activities of O5BP and
PH-FFAT that were obvious in cellular expariments (Figures 1B
and 1C). Conwersely, depleting Sacl from cslls by siRMA
randared OSBP as efficiant as PH-FFAT in Golgi-ER tethering,
in agreemant with our initial liposome reconstitutions wheare
Sacl was absant (Figures 2 and 52).

Saci1 Preferentially Hydrolyzes Pi{4)P in cis

In Sac1, the catalytic site is cytosdlic and is connected to the
transmembrane domain with a putative 17 nm flesdible linkar. 1t
has bean proposed that this feature allows Saci to hydralyze
PY4)P in frans, i.e., whan PH4)P is prasent in an apposed mam-
brane {Stafan et al., 2011). However, we noted that the results
of our tethering assay ware more consistent with a cis activity
of Sac. In this assay, PIM)P was initially present in frans from
Sacl, yet Sac1 disrupted mora efficiently membrane tetharing
by OSBP, which should transfer PI{4)P betwean the liposomes,
than by PH-FFAT, which should leawe the frans segregation
unchanged {Figure 7B).

Tao directly address the optimal orentation of PIf4)P for Saci-
mediated hydrotysis, wa monitored phosphate release using a
grean malac hite assay. Again, L, and Ly, liposom es wers mixed;
the former contained DOGS-MINTA to bind Sac1 and VAP-A,
and the latter contained PI4)P. PH-FFAT, which stably bridges
thesa liposomes, thareby imposing a frens segregation of Sac
and Pi[4)P, did not promata PI{ )P hydrotysis (Figura TG, gray cir-
cles). In contrast, O5BP, which transfars PIE)P from Ly, to L,
stimulated PH4)P hydrobysis in a VAP-A-dependant mannar (Fig-
ura 7 0y. Control experimeant in which Pi4)P was directly included
in L. demonstrated that Sacl readly hydrolyzed PIM)P in cis
{Figure TG, pink circlas).

PI{4)P Hydrolysis by Sac1 Relieves OSBP Blockage

As aforementioned, the gradual inhibitory effect of PIM)P on
05BP-catalyzed DHE transfer probably arises from PI4)P back-
ward transfer to the ER-ike mambrane (liposomes L), where it
should antagonize DHE extraction. We predicted that Saci, by
hydratyzing PI{4)P in cis, should relieve this inhibition. Wa thus
repeated the DHE transpot experment in the presence of
Sac1, which was attached to L, togethar with VAP-A. As before,
L contasined DHE, wharaas Ly, contained PI{4)P. Strikingly, Sac1
had no effect on the initial fast phase of DHE transfar but strongly
accelerated the second phasa in a concentration-depandent
manner (Figura TE), emcept when 25-0H was present {Fig-
ura 57A). This observation demonstrates that VAP-A, OSBP,
and Sac1 act ina sequential manner: VAP-A directs the ahenta-
tion of OSBP, OSBP exchanges starol for P4)P, and Sac1 spe-
cifically hydrohyses PIi4)P when thislipid becomes in cis. Another
cycle of sterolPI# )P exchangs can then resume until the pool of
PY4)P leftin L, is consumad.

DISCUSSION

Owur work suggests a minimal modal for how threse proteins —
the lipid transporter OSBP, the general ER recaptor VAP-A,

and tha P4)P phosphatase Sacl—coordinate their activities
to tether membranes, to promote the specific exchange of
lipids betwean them and to make these events selfregulated
over tima. Our model includes four steps (Figura 7F), each of
which wea hawe reconstituted with minimal componants: (1)
mambrana tethering, ) forward sterol transfer, {3) backward
Pi4)P transfer, and (4) PP hydrolysis. This last reaction
makes the cycla irreversible and, whan P4)P becomes limiting,
acts as a timer to stop membranea pairing. In the following par-

agraphs, we discuss each step separately, and then envisage
their coordination.

Step 1: Membrane Tethering

The PH-FFAT tandem of OSBP is aneficient mambrane tather.
In cealls, it caused massive pairing of Golgi mam branes with the
ER {Figure= 1C and 10). In vitro, it promotad the aggregation
of membranas in an asymmeatric manner according to specific
determinants (Figure 2): on the ona hand, VAP-A, which intaracts
with the FFAT maotif (Furuita et al., 2010; Kaizer et al., 2005); on
the other hand, PI)P or Af1-GTP, which interact with tha PH
domain {Godi &t al., 2004; Levine and Munro, 2002). Tha net
step will be to determine the structure of the entire PH-FFAT
maodule. The presence of coiled coils betwean the PH domain
and tha FFAT motif suggests a dimearic rod-like structure [Figures
57B and 5TC). This architecture, which is found in many teth-
aring molecules, combines two advantages: it imposes a tether
length and allows multivalent interactions with the membrana
{Dumas et al., 2001). Tha predicted coiled coils of OSBP would
give a rod of about 11 nm intarrupted by an elbow. Whan the
sizes of the othar domains are taken into account, this length is
compatible with the distance betwsen tethered membranes
observed in cells (~20 nm; Figures 10vand 57C).

Step 2: Sterol Transfer

The ability of OSBP to bind sterols and moysterols is established
(Ridgway et al., 1982). Mora debated is 05 BP's function in staral
transfar. It has been argued that the rate of sterdl transfer by Cshf
ORP proteins isnot fast enough to account for the quick redistri-
bution of cholesterol between organslles [Beh atal, 2013). Using
assays with high temporal resolution, we report & maximal tum-
over rate of 0.5 577, e, 30 DHE transfemad per OSBP and per
minuta (Figure 5C). This valua is much faster than what has
baen measured in vitro for the transfer of ceramide by CERT,
which is unambiguously a ceramide transfar protein (Hanada
et al., 2003; Kawano et al., 2006). Tharsfora, OSBP seems intrin-
sically adapted to quickly transfer sterols betwesan the ER and
the Golgi.

Step 3: PH4)P Transfer

Wa previously demonstrated that Oshdp exchanges sterol for
Pi4)P between artificial membranes and resclved the structure
of Oshdp in complex with PN4)P (d& Saint-Jean at al., 2011).
Our experimeants indicate that OSBP is also capable of trans-
faming PI{)P betwesn membranes (Figure &C). Furthemaore,
mutating conserved residues that allow Oshdp to extract PIE)P
prevantad OSBP from reducing the PIE)P level at the Golgi (Fig-
ure 3A). Thus, the ORD might be a genaral fold to exchange
spacific lipids with PIE)P.
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) Hela cals axpmssing GAP-VAP-A and mChary-05BP wem fransieciad with sorambind siAMNA jcontrol) or Sac] siANA and incubated for 24 hr in growth

rraciurm. DSEP and VAP-A moved o pernuciBar araas in Saci-slenced calls.

{B) Lipasorme fathering amwry. The sampls contained liposaomes L, (125 pM lipids, 2% DOGS-MNTA), L, (12,5 pM lipids, 2% PGP, 1 pMVAR, and incressing
concanrafons of Sact. At 1= 100 =, PHFFAT (02 ph, Bft) or OSEP (0.2 uM, dgit) was added Uiposoma aggmgation was falowed by DLS. Sacl dasfcaly

raducad liposams tethadng induced by OSBEP, but not by FH-FRAT.
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Step 4: PI4)P Hydrolysis

P{4)P iz zynthesized by specific Pl-4 -kinases at the Golgiand the
PM, yetits phosphatasa, Sac1, is an integral ER membrana pro-
tain (Kim et al, 2013). Recently, 8 mechanism has been pro-
posed to solve this parado: that Sacip hydrolyses PIE)P in
trans (Stefan et al., 2011). All our results point to the opposite
mechanizm, whareby Sac1 hydrolyzes P{4)P in cis, ise. inthe
same mambrana. PH-FFAT, which bridges waery efficiently ER
to Golgi membranes, thereby positioning Sac1 in frans toward
Fi4)P, doas not affect the cellular distibution of PP [Fig-
ure 34). Recapitulating the frans segregation betwsen Saci
and PI{4)P using two liposome populations and PH-FFAT as a
tathar also doas not promote PH4)P hydrolysis (Figure 7C). In
contrast, full-length OSBF, which transfers PI4)P from frans to
cis membrane, allows P4)P hydrolysis by Sac1 (Figure TD).
Thus, in the context of ER-Golgi MCSs promoted by OSBP,
Sac1 works incis, although we cannot exclude that itacts in frans
inother circumstances. In yeast, Sac deletion causes PY4)P to
redistribute from the Golgi to other mambranes, including the ER
{Faulhammer &t al., 2007; Roy and Levina, 2004), an obsaervation
that fits with a sequence of events in which PI{4)P hydrolysis
occurs after its transfer from the Golgi to the ER.

Coordination between Membrane Tethering, Lipid
Exchange, and PIH4)P Hydrolysis

P{4)P hydrolysiz by Sac1 allows multiple round of starol transfer
by QOSBP in the presance of VAP-A (Figure TE). This result dem-
onstrates that OSBP functions in a cyclic manner by using the
metabolic enargy of PI)P and implies tight coupling betwean
all steps of the cycle.

Conditions for efficient sterol transfer (step 2) parallel condi-
tions for efficient tetharing {step 1) (Fgures 2C and 54), suggest-
ing that OSBP simultaneously contacts the ER and the Golgi
during &t least one step of its cycle. In the confined space be-
twean two apposed mambranes, the ORD mustmove within dis-
tances - four times largar than its own size (Figure 57C), implying
& fascinating gymnastic. | seems that the PH-FFAT tandem not
only restricts the diffusion of the ORD, but also plays an active
rada. First, the interaction betwean VAP-A and the FFAT motif
iz mandatory for lipid transfer by the ORD (Figures 5 and &6C).
Second, sequance comparison betwesn ORP/Osh proteins
shows that the FFAT maotif is localized at fixed distance from
tha ORD' M terminus, which itsalf acts as a lid to control accessi-
bilityto tha lipid-binding pochet (Im &t al., 2005). Thus, tha FFAT-
WAP-A intaraction is probably critical to unlock the ORD.

Whan OSBP harbors mutations preventing the ORD from
extracting of PI)P (Fgures 34 and 30), it can no longer coun-
taract retrograde sterdl transport in cells{Figura 3B). Convarsaly,
lowearing the amount of cholastarol in the ER prevents OSBP

from displacing PI4)P form the Golgi (Figura 3C). Tharefore, for-
ward transport of sterol by OSBP at MCSs seams coupled to
backward transport of P4)P. Direct demonstration of this
coupling will require detecting simultansously the exchange of
thesa two lipids at MCSs. This task is wary challenging in viva,
as it implies following the displacemeant of lipids within distances
of tens of nanometars. In vitro, howavear, the fact that exdended
MCSs with a simple geometry can be recapitulated (Figure 2E;
Maovie 51) suggests possd bilities for visualizing lipid movemants
using fluorescent analogs and probes.

‘Whereas the causality betwean membrane tetharing (stap 1),
sterol transfer {step Z), and PI4)P back-exchange (step 3) could
be anticipated given the architecture of O5BP and the similarity
betwean its ORD and Cshdp (Me=min et al, 2013), the PIf)P
hydrol ysis step (step 4) after retrograde transfer of P4)P, seems
countarintuitive: by transfeming PIfd)P to the ER whara PI{)P is
hydralyzed by Sac1, OSBP "shoots itself in the foot,” eliminating
a determinant that contributes to its own attachmeant. Howevar,
thizs reasoning is valid whan the level of P4)P at the Golgi
bacomes limiting, i.e., when the trans Golgi looses its identity.
When Pl-4-kinases continuously regenerate PI)P at the frans
Golgi, OSBP can cycle many times provided that Saci hydroly-
sas PIf)P at the ER. For such an unidirectional cycle to function,
it iz @ssantial that Pi4)P hydrolysis occurs in cis; if Bacl acted in
frans, it would bum P4)P prematurely, i.e., before sterol trans-
far. Tha OSBP cycle relies fundamentslly on the segregation of
VAP-A, Sacl, and PH-kinases between the ER and the Golgi,
which allows PId)P hydrolysis at the ER to provide the enengy
for sterol transfer. Interestingly, similar cycles may occur at othar
MCS: recant observations indicate that Pl-4-kinases contributa
to sterol enrichmeant at the PM where other ORPADsh proteins
act (Makatzu et al., 2012). Because PIE)P is prasant not only at
the Golgi but also at tha PM, further work isnesded to determine
the combinations of membrane determinants that direct the spa-
cific targeting of OSBP and its relatives to differant membranas.

Wea note that the apparent coupling betwesan wvarous lipid
transfar reactions at ER-Golgi MCSs (Peratti et al., 2008; Pamry
and Ridgway, 2006) can be explained on the basis of tha
0OSBP cycle. FAPF2 and CERT rely on the sama membrane de-
terminants as OSBP. By controlling the amount of PI4)P in tha
target meambrana, O5BP could set the tempo for the delivery
of precursors of complex lipids to the frans Golgi, theraby
inzuring that the concentrations of cholesterol and sphingolipids
increasa in parallel along the ER-Golgi interfaca.

CONCLUSIONS

Tha sequance ofreactions that we demonstrate for OSBP invites
a comparison with ion pumps. Through the use of metabolic

{Cand Dy Sac1 phosphatiseassry. To test the ofs odenta fon, Sac {50 nb) was added o liposomes L, containing 2 mal % DOGS-NINTAand 20mal % PESP. To
tet the tm s oriantafion, Sac {50 N was added toa mixburs of L, containing 2 mol % DOGS-HINTA and L containing 20 mol % PY4)P. L, and Ly wers bdidgad
with 012 M PH-FFAT (C)or OSBEP [I) in fhapresencs of VAP {1 ubd). Whan PELPwasinitially pemsent in tans, PRSP hydrolysi= ooourmad in an OSBP- and VAP-A-
dapandent manner. Data mpresant avamge (+5E) from 3 to §indepandent axpedments.

{B Sac stimulaies DHE tansir. The axpadmental conditions wars the same as in Fgure 64 axoept fatincmasing anourtsof Sac] wem addad L, comainad
1 M VAP, L containad 10% PESP. Sac1 ralieves fhe inhbifon causad by PES)P after a few rounds of lipid tansker.

{F) Modal of the OSBP cyde. For simglicity, anly ana OSBP monomer ks shown.

Seaalso Figum 57.
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anargy (phosphordation and dephosphorylation of a catalytic
residug), ions pumps cycle up to 100 timesfs to maintain an
asymmetric distribution of ions across lipid membranes (Falmg-
ren and Misszen, 2011). Functionally, the O5BP cycle seams
analogous, except that it helps to maintain an asymmetric distri-
bution of lipids across a hydrophilic barrier using the metabolic
anargy of phosphoinoatides.

EXPERIMENTAL PROCEDURES

Profin expression, purification, limited proteclysi, and gl fitmfon, as wall
a= osll-culture conditions, tmmslections, and imaging, am desaibad in the
Extendad Expadmental Procadums.

Liposomas

The default compostion of liposomas L, and L. was agg PCYbmin PEDOGES-
MINTA (23752 ma %) and agg PCliver PEBbain PSlver P1 (6619757
10 mol %), mepactively. Depending on the assay, DHE, Dareyl-PE, Fhoda-
mine-P E, Oragan grean-DHPE, andfor P Pwam included in falipd compa-
sifion as ndicated. See the Extended Exparimental Proosdums for additional
detali.

Liposome Aggrogat ion

Lipas ame ag gragation was followad by DLS on mibdures containing liposomes
La 25 M lipids) + VAP-A 200-250 nM) + Sacl, and lposomes Le 25 uM
ligids) + 200 ndd AN -GTP + 2 mol % PRSP, Aggmgaton was inifated by
the addition of 100-250 nkd PH-FFAT ar 250 nb OSBP and was follosad at
30-C by acguiring ons auiboaraiation curve evary 10 =. Data were analyzed
azsuming a single Garsian dstdbution, thus giving an average radius. Sea
the Extendad Exparimantal Procedures for addifonal details.

Tothoring Assay with Giant Liposomes and Tem plates

Glant liposames ftypa L, + 2% Fhodamine-PE) wam pmpared by sponta-
naous forrmation. Beadsupporisd bilayers wem preparad by incubating
5w slica beads for 30 min with Iposomes {type L., 200 pM, 2% Oregon
gman-DHPE). Tetharing was nifated by adding the giant liposomes loaded
with 250 n VAP-A 1o the bead-suppadad bilayers (5 uM lipids) n the pes-
anca of 250 nk PH-FFAT o OSBP. Auorescence images wam acquirad
with a canfocal microscope using a 63X abjective. See the Extended Expari-
mantal Poocadums for detals.

DHE Microscopy

DHE imaging was caried out using a Laica DMIRBE micmscops aquipped
with an Andar ond blus-opfmized EMCCD camera and Semmdck BrightLine
fluorescence files (32040 nm bandpass filter, 347 nmdichmic beamsplitia,
and 39040 rm bandpass fiter). mages were acquired using a 100/1.3 al
abjectva. Ses fa Extended Exparimental Procadures for additional detaiis.

DHE and PI4)P Tronsfor Assays

Far DHE transfer, the sample inffaly containad liposomes L (+PEHP + A1 -
GTP) and VAP-A-His, FFAT paptide, or 25 0H as indicated. Liposomes L,
{18% DHE) and OSBP wars fhen added. FRET batwsan DHE and Dereyl
was massumd 2t 525 nm jeaxcitation: 310 nmj). For PRSP tanster, liposomes
L. 2% FhoPD wers inoubated with "OPH and with VAP-A 2= ndoated.
HBD amission was maasumd at 510 nm jaxdtafon 460 nmj. At the indicated
tirmes, liposamas L, and OSEP wam addad. See e Exiended Expearimantal
Procedures for details.

Sac1 Pi4)P Hydrolysis Assay

Uposamnes L, wam noubated with Sacl and with fie indicated amounts
of VlP-A and OSBP ar PHFFAT. The reacfon was inffated by fhe addition
oflipasormes L 20% P EGP). At the indicated Srmes, an aliquot waswithdraen,
mizad with 50 mikd NBM, and supglemarnisd with malachibe gresn magent for
phosphate quanificafion. For the axperimant in fe os adentation, L, wam
supplemeniad with 20% PGP See the Exended Exparimantal Proosdums
for additional detail.

B42 Cell 155, B30-843. Movembar 7. 2013 @3013 Baswver Inc.

186

SUPPLEMENTAL INFORMATION

Supgenartal nforrmation indudes Extended Experirmen tal Proc adures, sevan
figures, and ana maovie and can ba found with this arfde anineat it dol.
ang 1010716 call X 3.09.068.

ACKNOWLEDGMENTS

Wa fiank Célne Thanant, Feidédc Baw, Juls Cazamt, and Natalie Laroud-
o for technical assistance; Fablen Alpy, Scott Erme, and Franck Paraz far
reagants; Manka Coplc for commants on the manusaipt; and al members
of the labomiosy for discussions. This workl is suppariad by the CHRS, e
Agenos Nationals de la Recharcha (" jpune chamheur” ANR-1 0-JC0C-1503-
1 and “Fwvestments for fie Futue™ ANR-11-LARX-0028-01), and by an
ERC advanced gmant (268858 .

Racaived: Aped 19, 2013
Renimad: July 12, 2013
Mooapted: Septenbar 23, 2013
Publshed: Nowarmber 7, 2003

At ML, Kafirma, H., Magana, T., Okaba, T. Wakdta, T, and Shirmizu, H. 2013).
Oxystrobbinding prowsin family | i= e trgel of minor envimadrme-lke
congaunds. J. Viesl. 87, 2524280,

Beh, C.T., and Rina, J. 2004). A rae for yeast cxysiemkbnding pmsin
hamalogs in endocytosis and in the mMainenance of intacelulr stera-lipd
distitufon J. Call Scl 177, 2983-2996.

Bah, CT., McMaster, CH, Kozminsld, KG., and Manan, AK 20123, A
detour for yeast axpsterad binding protens. J. Bol Cham 287, 11481-
11488,

Burgatt, AW, Poulkan, TH., Wangkanart, K., Anderson, DA, Kkuchi, C,
Shirmda, K, Okuba, 5., Fortner, B_.C, Mimakd, Y., Kuroda, M., et &l 2011).
HNatual pmduct reveal canos oal dependence on axysierokbinding
protairs. Nat Cham. Bial. 7, 839-647.

D'Angeio, G., Pdishchuk, E., O Tulia, G, Saniora, M., 0§ Campdi, A, Gadi, A,
West, G, Bialawski, ., Chuang, C.C., van der Spoal, &G, etal {2007). Glyoo-
sphingolipid smthess mguims FAPP2 tmnsier of gucosyiceramide. Natura
449, B2-67.

da Sant-Jsan, M., Defossa, V., Douguet, D, Chicanne, G., Paymastra, B,
Boumuet, W., Antoony, B, and Drin, G. {201 1). Cshdp axchanges staras far
phospha fdyinosiinl 4-phosphate between lipd blayes. J. Cal Biol 185,
965-978.

Dumas, L, Meaithaw, E., Sudharshan, E., Rgjamani, [, Hayes, 5, Lawa, D,
Corvam, 5., and Lamiright, DUG. 2001 ). Multivalen andosome tameting by
hamadme—ic EEAT . Mol. Call 8, 947-958.

Fauhammer, F., Kanjla-Kolar, 5., Knodler, &, La, 1, Lea, ¥, Korrad, G.,
and Mayinger, P. (2007). Gowh cotrol of Gagl phosphoinositides by
raciprocal localimfon of sac] lipkd phosphatase and pik1 4-knasza. Traffic
&8, 15541567

Frindman, LA, and Voaditz, GK 2011 The ER in 3D: a muiffunctonal
diynamic mambane netwod. Trends Call Bial. 27, 709-717.

Furuita, K., Jaa, ., Fukada, H., Mishima, M., and Kgjima, C. 201 0. Eectm-
static interacfon batwesn aoystera-binding protain and VAMP-associated
protain A revealad by NMA and mutagensse studies. J. Biol. Chem. 285,
12961-12970.

Gadi, &, i Campli, & , Konstantakopouios, &, 0 Tullia, G, Messi, DAL, Kular,
G5, Daninis, T., Masa, P_, Lucoog, JM., and De Mattei=, MA 2004). FAPPs
cantra Gag-to-cal-surface membane traffic by binding to ARF and Pidine] <)
P. Nat. Call Biol & 393-404.

Hanada, K, Kurnagal, K., Yasuda, 5., Miora, Y., Kawano, M., Fukesnea, M.,
and Mishijima, M. (2003). Maecuar machinary for non-vesicular raffickdng of
caramide. Nature 426, B03-809.



Hala, 5C., Kanfer, G, Kaar, K, Lang, A, Michal, AH., and Kormmann, B.
({21 3. Omganization and function of mamirane contact sies. Bochim.
Blapkys. Acta 7833, 2526-2581 .

Imy, Y., Raychaudburd, 5., Pdrz, WAL, and Hudey, JH. (2006). Structural
machanizm for seml sansing and ransport by OSEP -minted protens. Nature
437,154-158.

Kaimer, 5.E., Bdckner, J M., Railain, A A, Fan, T.D., Walter, P, and Brunger,
AT, 2005 Stuctural basis of FFAT maotif-mediated ER targetng. Structure
13, 10351045

Kawana, M., Kunagal, K., Nishijma, M, and Hanada, K 2006). Effidenttmaf-
ficking of caramide from fhe endoplasmic miculum o e Golgl apparatus
raquires a Vi MP -axsodated posin-interacting FRAT moff of CEAT. J. Biol.
Cham. 287, 30273-30288.

Kim, .., Homandaz, ML, and Bala, T. {2013). nosiol ligd mguinfon of ligd
trarefer in spachlzed mambrana domains. Tmnds Call Biol 23, 270-278.

Kuda, M., Kumnagal, K, Tormishiga, N, Yarma|, T., Wakst=uid, 5, Nishijima, M.,
Hanada, K, and Kata, A {2008). Structuml sk forspacific lipd recognifon
by CEAT msporsible for nonvesicular tmficking of commide. Pmoc. Natl
Acad Sd. USA 106, 288290

Ladireky, M5, Mastonards, DN, Mdrtash, LA, Howal, KE., and Stashe-
lim, LA (1999, Golgl stuctum n fime dmensions: functional insgits fom
the normal mtkidney cal. J. Call Biol. 744, 1135-1149

Lew, 5 (210} Non-wesicuar lpid tmneport by lipid-ransfe posins and
bayard. Mat Rev. Mol Call Bidl. 17, 7359-750.

Lewina, T. {2004). Shod-range intaceluar tmficking of sml maecues
acrass endoplasmic miculum uncfons. Trends Call Biol. 74, S85-290.

Lewina, TP, and Munra, 5 2002). Targeting of Gagi-spadfic pleckstin
hamalogy domains imoives both Priine £-knass-depandent and -indepan-
diant componants. Curr. Biol 12, 895704,

Litvax, V., Dakhan, M., Remachandmn, 5., Sabamay, H., and Lew, 5. (2005).
Mainsnance of the diacyigcerd leval in the Golgl apparatus by the Nir2 pm-
tain & oritical for Golgl secmiosy fnction. Nat. Call Biol 7, 225-234,

Loswen, C.J., Roy, &, and Levina, T.P. {2003). Aconsarved BR tamating metif
in thres familes of ligd bndng peoteins and in Opilp bnds VAP, EMBO . 22,
202 5-2035.

Marford, AG., Stefan, G, Yuan, HL., Macgun, JA, and Bnr, 5.0 2012).
ER-o-plazma mamirana ehadng moteins reguiate cal signaling and BR
maphaogy. Dev. Cal 23, 1129-1140.

Ma=min, B., Artanery, B., and Drin, G. 2013). Insghts nio fia machanizms
of steral franspon batwean omganales. Call. Mol. Life Scl. 70, 3805-3421.

Mikitova, V., and Levina, T.P. {201 2. Analysi=of the key el ments of FFRA T-like
matifs idenffies new rotains that poentialy bind VAP on fa ER, including
v AKAPs and FAPP2. PLoS ONE 7, a30455.

Mousiny, &, Yuan, P, Gaur, NA_, Tretfn, K10, Nile, AH., Deminoff, 5.1,
Dewar, B.l, Wapaert, M., Macdonaid, JM., Harman, PR, ot al. 2012 A
swmmkbinding protain negrates andosomal lipd metabai=m with TOR
sigralng and nitrogen sensing. Cal 748, 702-715.

Mukharpa, 5, Zha, ), Tabes, L, and Madfield, FA. (1998, Chdesteral
dstibation in Iving calls: fluorescences imaging using defydmergostena as
a fluorescent choleserol aalog. Biophys. J. 75, 19151925,

Makat=y, F., Baskdin, J M., Chung, J., Tamner, LA, Shul, G, Lee, 5Y_, Pirmuc-
calla, M., Hao, M., Ingola, NT., Wark, MA, and De Camilli, P. 2012
Piiin=4P synthesis by PLK lz at the plasma mambrane and s impact on
plaszma menbans denfty. . Call Bal. 199, 1003-1016.
Palmgren, M.G. , and Nesan, P. {3 1. P-type ATPases. Annu. Rev. Bophys.
40, 243268,

Paratf, O, Dahan, M, Shimani, E., Himchbarg, K, and Lav, 5. 2008). Coord-
ratad [pid traneier bate sen the endaplasmic mEculumand the Golgl complax
mauims fia VAP proteins and is essential for Golgi-mediaed ransport Mal.
Biol Call 13, 3871 -3884.

Parry, AL, and Ridgway, MO (2006). Oxysterd-binding pofein and vesice-
a=madaied mambane poein-assodated protein are required for stera-
dapandent actiwfon of the ceramide ran=port profain. Mol. Biol. Call 17,
2B04-2616.

Raychaudhud, 5., bn, Y.L, Hurley, JH, and Prire, WA (2006). Monvesicular
stml movarmant from plasm membane o ER requires axysterd-binding
roin-mised rofins and phasphanosifdes. J. Call Bol 773, 107-114.

Fidgeay, NI, Dawson, PA, Ha, YK, Beown, M5, and Goldstan, JL
1992, Transiocaton of oxysterd bindng peotein o Gagl apparatus tdggamd
by Igand binding. J. Call Biol 176, 307 -3149.

Ray, A, and Lawina, T.P. {2004). Mulfpis pods of phosphatidyinosiol 4- pghas-
phatedeiec ed using the pleckestdn hamology domain of Osh2p. J. Bial. Chem.
278, 4R~ 4583

Swfn, G, Manford, AG., Baird, D, Yamada-Hanff, 1, Maa, Y., and Ermr,
5.0 2011). Osh proteins regulas phosphoinostides metabolsm at ER-plasma
rarnirana contact shes. Cal 744, 383401 .

Wang, P.Y., Weng, [, and Andemon, RLG. 2005. OSBP is a chaesterd-
mguiniad scaffading protain in control of ERK 1/2 activaton. Science 307,
1472-1478.

Weaest, M., Furek, N, Hoenger, A, and Voelz, GE 2011 A 3D analyss
of yaast ER structure reveals how ER domains am organizad by mambane
aurvatura. J. Cal Bol. 783, 333346,

Cell 155, BE30-843, November 7, 2013 @2013 Elsevierinc. 843

187



EXTENDED EXPERIMENTAL PROCEDURES

Reagents

Full4ength and fragments sequence of human OSBP1 ware PCR amplified from the ImaGENES clone |RAUpSGAHDS6ED.
Methy-fi-cyclodextrin, N-ethylmaleimide (NEM), the oxysterol 25-hydroxycholesterol 25-0H), Phenylarsine Oxide (PAQ) and
lovastatin were purchased from Sigma-Aldrich. The SYPRO-Orange protein gel stain and the neutral lipid stain LipidTOX green
warg from Invitrogen. Rabbit anti-Saci and anti beta-actin were purchased from Themmo Fisher Scientific and Epitomics,
respectively.

058P Expression and Purification

Full4angth, C-tarminal His-tagged O5BP1 was expressed and purified from baculovirus-infected 58 calls. DMA was amplified by
PCR and cloned into pENTR/D-Topo (Invitrogen), then modifiad by insertion of a thrombin site sequance in frame at the end of
the O5BP saguence. Insarts weare varified by sequencing, insarted into linearized BaculoDirect {C-terminal W5 and His tagged) by
recombination, and transfected into 58 cellz. For large-scale expression and purification, 58 cells wers infected at an MOI of 0.1
for 1 hrat room tem parature, suspended in 500-1000ml of Sf-800 1| mada with 1.5% FCS and incubated with shaking at 27°C. After
T2 hr, cells wera collected by centrifugation at 300 = g for 10 min and stored at —20°C. Pellets were resuspended in 1/50 volume of
lysis buffer (20 mM Tris pH 7.5, 300 mM MaCl, 20 mM imidazola, EDTA-free protease inhibitors and phosphatases inhibitors) and
ly=ad with Dounce homogeanizer. After centrifugation (50 000 = g, 30 min, 4°C) O5BP from the supematant was adsorbed on an
MNi-NTA metal-affinity resin {21AGEM), submitted to 3 washes with lysis buffer supplamentad with 800, 500, and 300 mh MNaCl,
respectively, and then eluted with 0.25 M imidazole-containing buffer. DSBP fractions were podled, concantrated on Amicon Uitra
{cut-off 30 000 kDa), and then puifiad on a Superdex 200 HR10/30 column {GE Healthcare). OSBP fractions were pooled, concan-
trated and than submitted to thrombin cleavage for 1 hr at 25°C to eliminate the C-terminal His tag. The purified protein was stored
at —B80°Cin presence of 10% ghycarol.

Expression and Purification of PH-FFAT, FAPP1-PH Domain, VAP-A, and Sac1

PH-FFAT | = O5BP T6-408) was sub-cloned into pGEX-4 T3 vector (GE Healthcare) for expression as a GST fusion protein in E. coli.
FAPP1-PH domain (kindly provided by Franck Perez, Institut Curie) wassub-clonedinto pG EX-4 T3 and wasmodified by point muta-
genasis [C3TE/CH45/ T13C/T1008) for specific NBD labseling of C13. A linker insartion (MGMLS SL5A) upstream of the PH sequenca
allows thrombin cleavage of the GET fusion as well as recovery of the izolated FAPP1-PH domain. Human VAP-A {B-212) and yeast
Sacl (1-522) fragments ware sub-cloned into pET-21b for expression as G-tarminal His-tag proteins in E. coli. In both cases the
position of the G-tarminal tag comesponds to beginning of the C-ter tranamembrane region. As such, the constructs should be pos-
tioned on DDGS-MINTA, liposomes in 8 manner similar to the authantic membrane proteins. GET fusion proteins were purified on
glutathiona Sepharose beads (GE Healthcars), cleaved by thrombin, and His-tag fusion protsins were purified on M-NTA beads
(QIAGEN). Myristoylated Arf1 was purified from E. colif coexpressing bovine Arfl and M-myristoyltransferase through ammonium
sulfate precipitation, DEAE chromatography, and MonoS chromatography as described (Franco et al., 1985). Puified recombinant
proteins ware stored with 10% glycarol at —80°C. NBD labsling of FAPP1-PH domain was performed as described {de Saint-Jaan
atal, 2011).

N-Terminal Sequence Determination

QEBP fragments obtained from 250 pg of purified OSBP after trypsin proteolysis ware resolved on a Superosa 12 gel filtration
column. Fragments separated in two peaks. The protein material from each peak was pooled, concentrated and separated on
SDS-PAGE befors transfar onto PYDF membrane. Two main fragments of 43 kDa and 35 kDa weare obtained from peak 1, wheraas
threa othar main fragments of 35 kDa, 33 kDe and 20 kDa were obtained from peak 2. |zolated protein bands were extracted from
the membrane and sent for sequencing at the Plate-forme Protéomigua de I'institut de Microbiclogie de la Méditamanss (Marseille
Protéomiqua, 1BiSA, CNRS).

Cell Culture and Transfection

Hala cells wera grown in DMEM (Invitrogan) supplemented with 10% fetal calf serum [FCS) and antibictics (Zell Shield, Minarva
biolabs). For protein expression, calls were transfectad with Lipofectamine 2000 reagent for 18 to 24 hr. O5BP with mCherry at
tha M terminus was constructed in a pmCharny-C1 vector. The PH-FFAT tandem {OSBP[F&6-408]) with mChamy at the C terminus
was constructed ina pmChamy-MN1 wctor. Altem atively, PH-FFAT was subclonadin a FTunenC-GFP vector (Clontech Laboratories).
Mutants were genarated with the QuikChange Lightning site-directed mutagenesis kit (Agilent Technologies). The PH4)P proba
{O5BP PH domain with GFP at the M terminus) was cloned in a pEGFP-C1 vector. VAP-A and VAP-A KB4DVMBED (VAP-A KM =
DO with M-terminal GFP ware constructed in a pEGFP-C1 vector (gift from Fabien Alpy, lkirsch). For Saci silencing, Sacl siRMNA
(Santa Cruz Biotechnology) was transfectad in Hela calls with Lipofectamine 2000 for 24 hr. Control siRMA wers purchasad from
Santa Gruz. For confocal fluore scence microscopy, cells were plated on fibronactin-coated glass coverslips. For wide-fieldimaging,
cells ware plated on ibiTreat p-Slides B well {Ibidi).
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Live Cell Imaging, FRAP Assay, and Data Acquisition

Faor live cellimaging and FRAF assay, Hela cells ware maintained at 37°C in growth medium supplemented with 2.5 mM HEPES, or
in madium A (NaCl 150 mM, HEPES 20 mM pH 7.55, CaCl, 1 mM, KC1 5 mM, MgCly 1 mM) supplemeanted with 2 mgi/ml glucosain
tha case of DHE imaging. Confocal fluorescence microscopy and FRAP assays were camied out using a Mikon Eclipse Ti inverted
microscope equipped with an LitraVIEW Vol spinning disc imaging system (PerkinElmear) driven by Volocity software. Images
ware acquired using an 100x oil-immersion objective (Mikon CF Plan Apochromat 100=/1.4). For FRAP experiments, photo-
hlaac:lingwasparfuTnaduncirl::.lla:araasuf:!.ﬁpm?mincdlpaﬁnudaa:mguns. Fuorescenca in thessa areas was than recorded
evary 0.5 s,

Wide-fisld microscopy imaging of the PId)P probe was camied out using a Plan-FLUAR 100x/1 .45 oil objactive on a Axiowert
200 M microscope (Zeiss) equipped with a CoolSNAP HO CCD camera (Roper Scientific). Image acquisition and analysis was per-
formed with MetaMornph software (Molecular Devices). Todetermine the fraction of the PIi) P probe in the perinuclear region, images
ware first background corrected, then two fluorescence intensity thresholds were applied to the images. A low threshold was st to
define the total area of the cells, wharsas a high threshold wa s setto identify the bright, PIi4) P probe4abeled, parinuclear regions. The
fluorescence intensity ratio obtained from the two threshold values gives PI4)P probe amounts in the perinuclear region of the calls.
Altamativaly, imaging of tha Pl )P probe was camied out using confoc al microscopy. In this case, the Golgif cytosol P4) P probea fluo-
rescance ratio per cell was determined by dividing the mean fluorescance intensity abtsined from three regions of 3 pm® within the
Golgi area to the mean fluorescence intensity obtained from thres regions of 3 m® within the cytosolarsa.

Wide-field microscopy for DHE imaging was camied out using a Leica DMIRBE microscope equipped with an Andor DXon3
blue-optimized EMCCD cameara driven by Solis software {Andaor). Cells were incubated with DHE in complex with MCD (1:5 ratio)
for one minat 37 C and washed 3 times in medium A. Calls were further incubated in growth medium containing cholesterol in com-
pleoe with MCD for 2 hr befors imaging. DHE was imaged using Samrock BrightLine fluorescence filters (320/40 nm bandpass filter,
34T nm dichroic beamsplitter, and 390/40 nm bandpass filter). Images were acquired using a Leica HCX APO 100 /1.3 oil U-V4
objactive.

FFAT Peptide

Peptida synthesis was orderad from Proteogenix {Oberhausbargen, France). The sequence (WCSGKGDMSDEDDENEFFDAPEITM
PEMLGH) reproduces the FFAT motif sequance of OSBP with an extra M-terminal tryptophan for accurate concentration de termina-
tion by UV spectroscopy.

Lipids

Egg-PC, brain PS, brain P 4P, brain PI{4,5P2, iver P, liver PE, Dansyl-PE (1,2-dioleoyl-sn-glcero-3-phosphosthanol amine-N4{5-
dimethylamino-1-naphthalenesulfornyl)), Rhodamine-PE [1,2-dipalmitoyl-sn-glycaro-3-phosphoethanolamine-N-{lissamine rhoda-
mine B sulfony]], and DOGS-MNINTA [1 2 -dioleoyl-sn-ghlycero-3-[N-{5-amino-1-carboxypantyliminodiacetic acid)succinyl] (nickel
=alt)] wers obtained from Avanti Polar Lipids. PIE)P (1,2-dioleoyl-sn- glycero-3-inositol-3-phosphats) and PSP (1,2-dioleoyl-sn-
ghycero-3- inositol-5-phosphats) were obtained from Echelon. Oregon green 488 DHPE (1,2-Dihexadecanoyl-sn-Glycero-3-Phos-
phosethandlaming) was from Invitrogan. Cholesterol and DHE were from Sigma-Aldrich. The concantration of DHE in the stock
solution in methanol was carefully determined by UV spectroscopy.

Liposome Preparation

Lipids in stock solutions in chloroform weare mixed at the desired molar ratio, and the solvent was removed in a rotary evaporator. The
lipid film was hydrated in 50 mM HEPES pH 7.2 and 120 mM potassium acetate (HK buffer) to give a suspension of larga multilamellar
liposomes (lipid concantration: 2-5 mM). The suspension was than frozen and thawed five times {using liquid nitrogan and a water
bath) and extruded through polycarbonate filtters of 0.1-pm pore size using 8 mini-extruder (Avanti Polar Lipids). Liposomes were
stored in the dark and used within 2 days.

In all expariments except those performed with proteclyzed OSBP, liposomes L, have an ER-like composition: egg PG/ brain PS/
DG 5-MIMTA (83 5 2 mol %) and are supplemeanted with 18 mol % DHE in the case of DHE transfer expermeant. Liposomes Ly have
a Golgi-like composition: egg PG/ lver PES brain PSS iver PI/ Dansyl-PE (63.5/ 19/ 5/ 10/ 2.5 mal %). Whan indicated, thesa liposomes
ware supplementad with PId)P at the expensa of iver PL

For expariments with proteolyzed OSBP, both liposomes L, and Ly, have a Golgi-like composition gg PG/ liver PES brain PSS liver
PI/B5 19/ 5/ 10 mal %] and are supplamentad with 18 mol %% DHE or 2.5 mol % Densyl-PE, respectively. When indicated, liposomes
La wers further supplamentad with 2 mol % of specific phosphoinositide at the expensa of liver PI.

For PI{)P transfer assay, liposomes Le were supplamantad with 2 mol % cholestarol and liposomes Ly, with 2 mol % PH4)P and
2 mol % Rhodamine-PE.

058P Proteolysis
Purified OSBP was incubated at 30°C under constant agitation, in the presence of eithar 1 or 2 pg/ml trypsin. Tha reaction was

stopped at the indicated timea by addition of 2 mM PMSF. For activity measuramants, the fragmants obtained from 250 g purifiad
0OSBP weara resolved on a Superose 12 column. Each fraction was then tested for DHE transfer and lippsome tetharing activity.
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DHE and PH4)P Transfer Assays

All fluorescence experimeants weara parformed in a Shimadeu RF-5301-PC spectrofiuoromeater using a cyiindrical quarz cuvette
(600 pL) equilibrated at 37 Cand equipped with a magnetic bar for continuous stiring. For most DHE transfer assays using full-langth
OS8BP [Figures 5,6, and T, the cuvette initially contained Golgi-like iposomes [Ly) with 2.5 mal % Dansyl-PE (63 pM total lipids) in HK
buffer supplemanted with 1 mM MgCL, (HKM bufier). When indicatad, VAP-A-His, Arf1-GTP, FFAT paptide, or 25-0H wereincluded
inthe cuvetta. At the indicated times, OSBP 0.1 M) and ER-like liposomes (L; &3 M lipid) containing 18 maol % DHE were sequan-
tially added. Tha sterol transport activity of 05 BF was monitored by FRET between DHE and Dansyl, measured at 525 nm (bandwidth
5 nm) upon excitation at 310 nm {bandwidth 1.5 nm) {fohn et al., 2002). Concentrated MCD (1 mM) was used to determina the
maximal FRET signal due to full starol equilibration betwean Ly and Ly, liposomes.

For the DHE transfer expariments of Figures 4A and 6B, liposomes L, and L, displayed the same Golgi-like composition. L, also
contained 18 mol % DHE and Ly, contained 2.5 maol % dansyl-PE.

To analyzs the sterol exchange activity of the various Superose 12 fractions, 250 @l of each fraction ware mixed with pure DOPC
liposomes {450 pM total lipids). DHE transport was initisted by the addition of 50 pM DOPC/DHEDansyl-PE (B7.5/10/2.5 maol %)
lippsomes and was followed by measuring the decrease of the FRET signal at 525 nm (bandwidth: 5 nm) upon excitation at
310 nm {bandwidth: 1.5 nmj. The signal for maximal DHE transport was determined by addition of 1 mM MCD.

For Pi[4)P transfer assay, Golgi-like liposomes with 2% Rho-PE Ly, 300 pM lipids) were incubated in HKM buffer with 250 nM
MBD-FAPP1 PH domain {("®°PH) and with 1 M VAP-A-His when indicated. PI{4)P transport was followed by mezsuring the
NBD emission signal at 510 nm (bandwidth 10 nm) upon excitation at 460 nm (bandwidth 1.5 nm). At the indicated times, ER-
lika liposomes (L, 300 pM lipid) and 0.1 @M O5BP wers saquentially added. Maximal signal comesponding to PIf)P equilibration
betwesn both types of liposomes was detarmined by miking control ER-like &) and Golgidike (B) lippsomes, each containing 1%
PI4)P.

Liposome Binding Assay and Liposome Aggregation Measurements

Flotation a=says on sucrose gradiant were used to determine protsin binding to liposomes, as described previously (Bigay &t al.,
2005). Liposomea aggregation induced by OSBP and PH-FFAT was followed by dynamic light scattering {DLS) using a Dynapro appa-
ratus (Protein Solutions) as described (Dirin et al., 2008). The sample in HKM buffer initially contained ER-like iposomes [Le, 25 pM
lipids) loaded or not with VAP-A-His 200-250 nM) and with Sac1-His fwhen indicated), and Golgi-like liposomes (L, 25 pM lipids)
supplemantad or not with 200 nM Arf1-GTP and with 2 maol % PIE)P. A first sat of 10 autocomelation curves was acquired to assess
the initial size distribution of the liposome suspension. Then tether proteins were added manually (100-250 nM PH-FFAT or 250nM
0EBP), mixed thoroughly and the kinetics of aggregation was followed by acquiring one autocomalation curve every 10 s (temper-
ature 30°C). The data were analyzed using the algorithm provided by the Dynamics vi. 1 software (Protein Solutions). During the
aggregation process, the autocorrelation functions were fitted assuming that the size distribution is a Gaussian function, giving a
mean radius and the polydispersity.

Tethering Assay with Giant Liposomes and Templates

For membrane tethering observation by light microscopy, giant ER-like liposomes were prepared by spontaneous formation as
described (Orin et al, 2008). Briefly, a lipid film containing egg PCY brain PS/ Rhodamine-PES DOGS-MINTA (81, 5, 2, 2 mal %)
was prepared in a 50 ml round flask, sealed under argon, and then hydrated ovemight at 37°C in 50 mM HEPES, pH 7.2,
210 mM sucrose. Red clouds formed by giant liposomes in the supamatant were harvested and lipid concentration was estimated
by fluorescence. To prepara bead-supported bilayers, we used a protocol derived from that of Pucadyil and Schmid (P ucadyil and
Schmid, 2008). Extruded Golgiike liposomes (200 pM lipids) containing egg PC liver PE/ liver PI brain PS/ PIid)P/ Cregon grean-
DHPE (85, 18, 8 5, 2, 2 maol %) wersincubated with 5 = 10® uniform silica beads of 5 wm {Bangs Laboratories) in HK buffer (100 4
total volumea) for 30 min at room temperature undar regular vortese. Templates were washad thres times by centrifugation in HK
buffer (200 = g for 2 min). The lipid concentration of the templates was estimated by fluorescence. Tethering was initisted by mix -
ing at room temperature a small volume of giant liposomes loaded with 250 nM VAP-A-His with templates {5 M lipids) and with
250 nM PH-FFAT or OSBP as indicated. Fluorescance microscopy was camied out using a Confocal Leica TGS SP5 microscope.
Images were acquired using a HCX Plan Apo G5 63x/1.4 objective. Altemativaly, templates were imaged using wide-field
microscopy.

Electron Microscopy

For transmission electron microscopy analysis, cells expressing GFP-VAP-A and mChamy-05BP or PH-FFAT-mChemry wers
sorted using a FACS Asda Il cell sorter (BD Biosciences) and plated for 4 hr. Calls were fixed with 16% glutaraldehyde in
0.1 M phosphate buffer, rinsed in 0.1 M cacodylate buffer, and postfixed for 1 brin 1% osmium tetroxide and 1% potassium famo-
cyanida in 0.1 M cacodylate buffer to enhance mambrana staining. The cells wera then rinsed in distilled water, dehydrated in
alcohols and lastly embedded in epomy resin. Contrasted wltrathin sections (70 nm) were analyzed undar a JEOL 1400 trans-
mizzion electron microscope mounted with a Morada Clympus CCD camera. For liposomes negative contrasts, samples wers
daposited on glow discharge carbon-coated grids and negatively stained with 1% urany acetate and then directly obsarved
with the microscopa.
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Saci1 PIE)P Hydrolysis Assay

Tha reactions wara camied out in small test tubes in a final volumea of 110 @l at room temparature undar gentle shaking. L liposomes
(500 M, ER-like) wera incubated with 50 nM Sac1-His, with the indicated amount of VA P-A-His and with 200 nM OSBP or 200 nk
PH-FFAT. Tha reaction was initiated by the addition of L, liposomes {500 pM, egg PC/iver PEbrain PSP I4)P: 57/ 185,20 mol %5). At
the indicated times, an aliquot of the mixture was withdrawn and mixed with 50 mM NEM to stop the reaction. Phosphate concen-
tration was determinad by a colorimetric assay {absorbance at 650 nm) using malachite grean reagent {Pucadyil and Schmid, 2008).
For the Saci cis expariment, ER-like liposomes were supplemeantad with 20 mol % PI{4)P at the expenza of egg PC. In this casa, the
reaction was initizted by the addition of Bac1.
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Figure S1. Characterization of the Membrane Contact Sites Induced by OSBP or by its PH-FFAT Region, Related to Figure 1

(A) Hola cdls exprassing mCharry-OSBP (tmated o nat with 25-0H) or PH-FFAT- mChesy. The locaizton patiems are similar to fat cbserved In cels co
expmzzing fiose constucts with VAP -A-GFP (Fgures 1B and 1C).

(8) Hela celis expmssng PH-FFAT-GFP were fived and Immuno-iabaled with a TGNSS polydona antbody (AbD Serctec) and a donkey ant-shoep Aloxa-
FluorS 94 -conjugated secandary artibody (mvitmgen).

(Cand D) Blecron mcmgraphes of mambrane apposed regions in Hela cales exgresdng VAP-A and PH-FFAT in fie absancs of 25-0H (C) or epressing VAP-A
and OSBP and reated with 2504 (D). The ER is idertfied by the pmsence of bound ribosomes ) and by a dark umen, whamas te Golg apperate (G) &
dentfiad by the pmsence of conted buds (cb) and by aclear lunen.

(E and F) Heola cels cosxpmssing GFP-VAP-A and mutants of PH-FFAT-mChery (E) o mChery-OSBP (). When fie PH domain camnot interact with PI{&P
(rmutaton R108L), OSBP and PH-ITAT am found assodated with fie ER (middie row). When f1aFFAT matifcannat nismsct with VAP-A (mutstion FF > AA),OSBP
and PH-FFAT are found assodated with the Gag fower row). Thus, OSBP and PHFFAT usa the same menbrane deterninants o Interact with celular
martranes. However, e presence of a functiona PH damain and of a funcfonad FFAT motf lsads 1 fie formation of extensive ER-Gadgl clustes in fhe case of
PHFFAT, but natin hiecase of fulk-longt OSBP, which ls mom soluble than its rutants. Thus, and assummadzed n the aties, PH-FRAT folows an additve rue:
functond PH + functonad IFAT matif« Gagl + ER localizmton, whareas OS BP olowsa difrent rde: fnctional PH + fnctional FFAT motf « oytasol locdizmton.
Histogmme miresant measumments (+SD) perfosnad on 15-20 cdlis.
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Figure S2. OSBP Is Competent for Membrane Tethering In Vitro, Related to Figure 2

A-C) Expermeants similar to fat shown n Figum 2 were performed with fullk-length OSBP (0.2 pM) Instead of PH-IFAT and anadyzed by DLS {A), EM(B) and ight
micrascapy (C). (C) shows canfocal images {tap) and 3D reconsttutions (batiorm) of fhe sarne fldds 1o highlight the extanded contac t= batween termgiates and
gant lposomes when OSBP s present.

(D) Dynamic light scattering experimants similar 1 fiat shown In (A) wem pedarmed in the presence of 25-0H. The got shows the agpamnt mdius mean + SD
fom 15 atocorrdation crves) at t « 2000 = a= a function of 25-0H concertmton.
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Figure S3. Inhibition of Sterol Biosynthesis at the ER Prevents OSBP from Displacing PI1{4)P at the Golgi, Rdated to Figure 3

(A Saquence dignment of the ORD of OSBP and o
residuss imolved in PE4)P interac ton and chasen for mutagenes.

(B) Hola cals cosxpmesng GIP -VAP-A and mChary-OSBP. When steml blosynthesk isinchbitedas n 7

region.

of Oshdp and dose-wp view of the Osh&n-PY 4P compiax (PDB entry: 3SPW). Arow heads: consarved basic
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Figure S4. Gel Filtration Analysis of OSBP or Trypsin-Digested OSBP, Related to Figure 4

A-C) Bution profies (as iored by UV absodancs) of mdecdar weight standards (A), of ful-ength OSBP (B), and of typein-dgested OSBP (C) on aSu-
peraza 12 colunn. The profie shown n (C) cormeponds to fe axpedment shown in Figum 4C. The astrisk indicates $e exduded volumne of the colurmn.

S8 Cell 155, 830-843, November 7, 2013 2013 Elsavier Inc.

195



FRET

F—
%= Dansyl-FE

na DOGS-
NIMTA OsBP
VAP-&

Serol
tranapot

Relative DHE transfer rate

L]
VAP pMy + +

o+ + 4+ -+

— DQSBP

— Buffar +vaP-4 1 M

— DQSBP +VAP-A 0.3 uM

= DEEP +VAP-A 1 uM
DSBP +WAP-8 2 uM

0 200 400 GOOD 8OO0 1000
Time (s)

myrArf1-GTR (nv) = 2
[on L)

10D| +
o0+
a00|( +
00

AT TR -GTP (A} =

30
100
300
00
600

myrAr1-GTF (nM)
(on Lg)

Figure 55. Mechanism of OSBP Activation, Related to Figure 5

{4 Effect of saule VAP an CrSE P-madiaied DHE tansier. The axparmeantal condifons were 2= Figum 4AJippsomes L, contained no DOG 5-M-NTA) VAP-A hax
a significant stimulaiory effect on OSBP-madated DHE ransir despits the lack of mambrane attachmeant.

{B) Af1-GTP stirmulates 05 BP anly whan bound o lipasamses Le. The experirmental conditions were 2= in Figurs S5 axcept fat mydstoplated Af1 wasattached to
lipasarmes L, or L., or was replaced by [A17A51-GTP, a soluble forn of active A1 (Kahn ot al., 1992). The amor bars indicats the values of two indepandent

axparTrans.
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Figure 56. PH4)P Inhibits OSBP after a Few Rounds of DHE Transfer, Related to Figure &

) The ariginal racardings of Fgure 64 are shown again, ogether with an axpanded viewof fia first minutes of DHE ranster o highligiht the biphasic shaps of e
natos. In this expanded view , fia FRET signalis corvertad inioa number {# of OS8R opcies bataween liposames L, and L. This numiber aquals [[FF o 10F e’
Fir1] 3 63 = 0,097 0.1], whera F & the fluomscenca leval at time 1, K ks the initial fluoresosncs Bvel, Frog, b= fia final fluomsosncs Bvel after DHE aquilibafon
beatwean lposomes L, and L {2 determinad by the addifon of MCD, hodzontal dashed line), and &3 x 0,09 /0.1] is fhe otal number of cyciesthat OSEP has o
undargo in arder o aquilbrate DHE betasan L, and L. Indead, the concentraton of OSBP & 0.1 pM and fhe concentrafon of DHE that aquillbrates batewaan L,
and L aquals5.7 uM | =83 x 0187 2 sincea L, and L, wam usad 2163 uM and containad 0and 18 mal % DHE, respactivaly). The calodation Bads 057 oycles.
Ovarall, PP deady inhitits DHE fransfr in a doss-dependant mamer. However, fils inhibitory affect applies anly after te first fifty seconds of DHE trarefer.
initimlly, the tirme courses with or without PRSP are roughly paralisl, suggestng that OSEP is not inhibited by PRSP during tha first oyde of DHE transfer.

{B) Cuantification of the data shown in A 2s determinad from linsar fits of e sacond phasa.
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Introduction

Phosphatidylserine (PS) is an anionic GPL that serves multiple functions in eukaryotic
cells. In budding yeast, PS is a key intermediate for GPL biosynthesis as the role of the
Kennedy pathway enzymes is reduced there (Leventis and Grinstein 2010). Its synthesis from
CDP-DAG and serine is catalyzed by the PS synthase Psslp that is localized to the ER: It is
particularly enriched at MCSs, such as ER-mitochondria and most importantly ER-PM contact
sites (Gaigg, Simbeni et al. 1995; Pichler, Gaigg et al. 2001). However, PS concentration of the
ER is low, whereas it is higher at the PM (van Meer, Voelker et al. 2008). Most of the GPLs at
the PM have higher saturation levels compared to other compartments of the cell to allow a
denser packing of the membrane, and this is also the case for PS (Schneiter, Brugger et al.
1999). Of particular importance is that PS displays a pronounced transmembrane asymmetry
as it is almost completely excluded from the exoplasmic face of the PM and present at > 50
mol% in its cytosolic leaflet (estimation based on total PS at the PM and its absence (< 10 %)
on the exoplasmic face) (Zinser, Sperka-Gottlieb et al. 1991; Schneiter, Brugger et al. 1999;
van Meer, Voelker et al. 2008).

Recently, two members of the Osh protein family, Osh6p and Osh7p have been
identified as cytosolic PS transporters between cortical ER and the PM in budding yeast,
possibly at a MCS. Depletion of Osh6/7p reduced the accumulation of a fluorescent PS probe
(C2L5-GFP) on the PM by = 30 % and increased its signal at the ER and vacuoles. The authors
showed Osh6p/0Osh7p-dependent PS transport between artificial membranes in vitro, and
targeting of Osh6p to vacuoles lead to increasing PS levels there, in the absence of Osh7p.
The reported crystal structure of an Osh6p-PS complex showed an overall fold similar to
other Osh3p and Osh4p, with PS acyl chains bound in the slightly deeper lipid-binding pocket.
Residues Leu64, lle67, Leub9, Lys126, Asn129 and Ser183 make specific polar contacts with
the carboxyl group of PS. These residues are not conserved in Osh4p, explaining why Osh4p
is not capable of efficient PS binding. Based on their findings the authors proposed that
Osh6p and Osh7p would transport PS at ER-PM contact sites towards the PM. They also posit
that this transport is driven by local, very high ER PS levels due to specific recruitment of the
PS synthase Psslp to ER-PM contact sites (Pichler, Gaigg et al. 2001). Locally elevated PS
levels in the ER would thus permit transport along a PS concentration gradient towards the

PM (Maeda, Anand et al. 2013).
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Interestingly, another article recently linked PS distribution with PIP metabolism. Total
PS levels are reduced despite constant Pss1p expression by deletion of Saclp. The reduction
was found to be independent of the decarboxylation pathway and Kennedy pathway, but
dependent on the phosphatase activity of Saclp. Levels were further decreased by
suppression of PIK deletions (PI4K Stt4p and PI3K Vps34p), blocking the syntheses of Saclp
substrates. Deletion of Saclp lead to depletion of PS in the PM, monitored using a GFP-C2 5
PS probe (Tani and Kuge 2014). Intriguingly, the phenotype is similar to that observed upon
deletion of Osh6/7p (Maeda, Anand et al. 2013). A last and other intriguing observation is
that the deletion of PS synthase Psslp leads to an accumulation of PI(4)P, particularly the

Stt4p-derived PM PI(4)P pool (Zhong, Hsu et al. 2012).

" 45-4@5 bbby

ADP ATP
Osh6p[PS]

#y Wy g

Osh6p[PI(4)P] | ¥ Ps

Fdg 2,

Sactp = §

eR

Figure 45. Our hypothesis on the function of Osh6p in yeast

See main text for description.
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Based on these findings, initial data we obtained on Osh6p/Osh7p and our previous
work on Osh4p, we currently aim to demonstrate that PI(4)P metabolism provides the energy
for Osh6/7p-dependent non-vesicular PS traffic. The PM PI4K Stt4p would produce a pool of
PI(4)P that is exchanged for PS by Osh6p/7p, which in turn would exchange PI(4)P for newly
synthesized PS at the ER. Phosphatase activity of Saclp in the ER would sustain the PI(4)P
gradient between the ER and the PM, allowing continuous transport of PS by Osh6p/7p
(Figure 45). As proposed for sterol, this mechanism could beautifully explain how the
accumulation of PS in the PM is driven. This study would also explain better why PS is mostly
found in the lumen side of the ER membrane and mostly in the cytosolic side of the PM
(Fairn, Schieber et al. 2011): As a cytosolic carrier, Osh6p/Osh7p extracts newly synthesized
PS from the cytosolic side of the ER and delivers PS exclusively in the cytoplasmic face of the
PM. This mechanism might particularly explain how the transversal asymmetry of PS is

inverted from the ER to the PM.

Results

A brief overview of our efforts studying the Osh proteins

We started with the project to demonstrate that all Osh proteins are sterol/PI(4)P
exchangers and we end up with the idea that Osh proteins (and also ORPs) are proteins that
use a PI(4)P-exchange mechanism to convey various lipids in cells to create lipid gradient
between the ER and late membranes. Some of our findings and anticipations on the Osh
proteins have been published during this project by our competitors; nevertheless they will
be described here in chronological order as to confirm the similarity between our data and

the published data and to demonstrate the reasoning of our approach.

Osh3p-ORD, Osh6p and Osh7p do not bind or transport sterol, unlike Osh4p
and Osh5p

Based on the findings on sterol- and PI(4)P-binding by Osh4p (Im, Raychaudhuri et al.
2005; de Saint-Jean, Delfosse et al. 2011), we were curious to find whether other Osh

proteins also had the capacities to bind these lipids in a mutually exclusive manner and to
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exchange them between membranes. Because the short Osh proteins (Osh5p, Osh6p, Osh7p)
were easily purified from bacterial overexpression, they were the first to be tested in PI(4)P
and DHE extraction assays. After a preliminary paper about the crystallization procedure of
the ORD and PH domain of Osh3p by Tong et al. and of their protein purification protocol, we
were able to optimize a protocol to obtain the Osh3p-ORD (residues 632-996) (Tong, Yang et
al. 2012). Comparing Osh3p-0ORD, Osh4p, Osh5p, Osh6p and Osh7p revealed that only Osh4p
and Osh5p were capable of extracting sterol from artificial membranes, as well as of
transporting DHE, and for both proteins DHE transport was accelerated by counterexchange
with PI(4)P. The two proteins showed comparable affinities, which was not surprising as they

display a very high sequence similarity (Figure 46).
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Figure 46. Osh6p and Osh7p do neither extract nor transport DHE

(a) DHE extraction (2 mol%) from 150 uM liposomes was quantified by measuring the decrease in
FRET between DHE and DNS-PE (2.5 mol%) 5 min after the addition of 3 uM Osh protein. Data were
normalized in comparison to extraction of 10 mM M-B-CD. (b) DHE transport was measured between
100 puM liposomes containing 10 mol% DHE and 2.5 mol% DNS-PE and 900 uM liposomes containing
(blue curves) or not (black curves) 2 mol% PI(4)P after addition of 100 nM Osh protein. Buffer control
is shown in grey. Osh6p displayed transport kinetics very similar to Osh7p (data not shown).

Osh6p and Osh7p were found to transport of DHE very slowly, corroborating previous
results based on a radioactive cholesterol transport assay (Schulz, Choi et al. 2009).
Importantly, we were able to indicate for the first time that these proteins were unable to
extract sterol from liposomes, suggesting that they do not recognize this type of molecule.
Interestingly, we also note that the very slow transport activity of Osh6p and Osh7p was
blocked completely by the presence of PI(4)P in the system. Similar results were found for
Osh3p-ORD (data not shown). Jointly, these results suggested that these proteins were

unable to recognize sterol, are not sterol/PI(4)P exchanger but can extract PI(4)P (Figure 46).
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P1(4)P-binding is a conserved feature of Osh proteins

At this point we made some attempts to analyze the structural aspects of Osh
proteins: We compared the sequences of Osh4-7p and sequence conservation levels, finding
that the residues interacting with PI(4)P in the crystal structure of Osh4p are highly
conserved between Osh proteins. The residues implied in PI(4)P recognition form the core of
the ORP/Osh protein fingerprint motif EQVSHHPP that is strictly conserved in ORP/Osh
proteins from yeast to human (Figure 30, Figure 32, Figure 47a). Importantly, we built an
homology model of Osh7p based on the crystal structure of Osh4p-PI(4)P and identified a
steric hindrance that would exclude sterol from the lipid-binding pocket, results that
anticipated those reported later by Maeda et al. in the crystal structure of Osh6p-PS (Maeda,
Anand et al. 2013). These structural features of Osh lipid binding lead us to study the binding
of PI(4)P in Osh proteins (Figure 47a).

We therefore sought different ways of proving PI(4)P extraction, and finally opted for
the NBD-PHgapp PI(4)P probe we developed to test Osh3p-ORD, Osh5p, Osh6p and Osh7p.
Using this fluorescent tool, we found that all of the tested Osh proteins are capable of
extracting PI(4)P, but that this extraction was inhibited by ergosterol only for Osh4p and
Osh5p, whereas Osh3-0ORD (data not shown), Osh6p and Osh7p extracted PI(4)P to the same
extent from membranes whether they contained ergosterol or not. All Osh proteins
transported PI(4)P between liposomes, yet at a slower rate compared to Osh4p, except for
Osh5p. Activation of PI(4)P transport by sterol was only observed for Osh4p and Osh5p
(Figure 47b,c).

These results were important because they suggested that all the Osh proteins tested
extract PI(4)P but that only some of them efficiently bind to sterol. In other words, the
common function of the ORP/Osh proteins would not be binding to and extracting sterol as
initially thought (Beh, Cool et al. 2001) but to bind to and extract PI(4)P. Few months later, Im
and co-workers published the structure of the Osh3p-ORD in complex with one PI(4)P
molecule confirming the ability of another Osh protein to bind and extract PI(4)P, thus
revealing the conserved binding mode of PI(4)P between Osh3p and Osh4p (Tong, Yang et al.
2013). Moreover, they demonstrate with Trp-based assays we had developed for Osh4p (de
Saint-Jean, Delfosse et al. 2011) that Osh3p-ORD does not extract DHE. Structural analysis

indicated that a steric hindrance in the lipid-binding pocket prevents Osh3p from binding
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sterol (Tong, Yang et al. 2013). Thus, they provided the first demonstration that the common

function of ORP/Osh proteins is not to bind sterol but likely to interact with and extract PI(4)P

molecules.
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Figure 47. PI(4)P extraction and competition with ergosterol.

(a) Residues that mediate the interaction between Osh4p and PI(4)P are strictly conserved in the
other ORP/Osh proteins. (b) DOPC liposomes (300 uM) containing PI(4)P and doped or not with 10
mol% DHE were incubated with Osh protein (3 uM) at 30°C in the presence of NBD-PHgapp (250 NM).
The signal was normalized to estimate the amount of PI(4)P that is extracted by using the signal
measured with similar liposomes but devoid of PI(4)P as a reference. The values are mean + S.E.M. of
three independent experiments. (c) PI(4)P transport assay. DOPC/PI(4)P/Rhod-PE liposomes (96/2/2
mol/mol, 300 uM lipids, Lg) were incubated with NBD-PHgapp (250 NM). Then DOPC liposomes (300
UM lipids, La) containing or not 5 mol% DHE were added. After 3 min, Osh6p or Osh4p (500 nM) was
injected. The dashed line corresponds to full equilibration of PI(4)P between liposomes. Osh5p has an
activity similar to that Osh4p whereas Osh7p has an activity similar to that of Osh6p.
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Identification of novel lipid ligands for Osh proteins

In an interesting comment on the crystal structures of Osh3p, Levine and Menon
raised a question we had been asking ourselves for quite some time then: If Osh4p binds
PI(4)P and sterol, and Osh3p binds PI(4)P by the same mode, but not sterols, what is then the
sterol-equivalent for Osh3p (Levine and Menon 2013)?

Our first strategy for the identification of an alternative ligand for Osh6p was to co-
crystallize Osh6p empty or with PI(4)P and solve its three-dimensional structure. This could
allow us to define how PI(4)P is bound to Osh6p but also to use docking tools with the empty
Osh6p to identify potential ligands. The GST-tagged Osh6p was purified on an affinity column
(glutathione sepharose beads) and the GST was cleaved by thrombin. Next the protein was
incubated with DOPC liposomes doped with 10 mol% PI(4)P and loaded with 220 mM
Sucrose, 50 mM K-Acetate, pH=7.2. The sample after incubation undergoes an
ultracentrifugation to pellet the liposomes and to recover the supernatant which contain the
soluble Osh6p, loaded with PI(4)P. The complex was next purified to homogeneity by size
exclusion chromatography. The details of the crystal structure solved by Vanessa Delfosse at

the CBS, Montpellier, will be described below.
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Figure 48. Screening strategies to identify a second lipid ligand for Osh proteins.

(a) One possible strategy would have been to use the transport assay based on the NBD-PHg,pp to see
whether Osh6p or Osh7p transport PI(4)P between two populations of liposomes more efficiently in
the presence of a second lipid ligand (other than ergosterol, in blue). For this, we would have
produced large set of DOPC liposomes incorporating each a few amount of one particular lipid
species (marked) to see if the proteins transport Pl(4)p faster. (b) Another strategy was to see
whether Osh6p or Osh7p transports more efficiently PI(4)P into liposomes incorporating yeast total
lipid extract and to analyze which lipid is bound to the Osh proteins (by TLC, mass spectrometry,
electrophoretic mobility shift assay) and/or which lipid is removed from liposome that contains TYE.

At the same time, as an alternative for identifying unknown interaction partners we
tried to use a total membrane extract of yeast cells (Yeast Total Extract, YTE, Avanti Polar

Lipids). We wanted to see whether incorporation of YTE in trans of PI(4)P would accelerate
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transport of the latter in vitro. In order words, in a PI(4)P transport assay, one population of
liposome contains PI(4)P, the second populations contain or nor YTE. If in this latter case, an
acceleration of PI(4)P was seen, this could indicate that YTE contains a lipids that is efficiently
counterexchanged with PI(4)P. (Figure 48b) We found significant activation of PI(4)P
transport by Osh4p, which was not surprising as ergosterol is the most abundant lipid species
in yeast and thus in YTE (Ejsing, Sampaio et al. 2009). The transport of PI(4)P by Osh6p was
increased, but only when higher amounts of YTE were incorporated in liposomes (> 10 mol%)
(data not shown).

We also tried to look at the loading of Osh protein by electrophoretic mobility shift
assay on native PAGE. We used Osh4p as a control and found that it displayed varying
migration distances on Native-PAGE depending on its loading and the nature of the loaded
ligand. We also tried to see differences in migration with Osh6p and could detect them for
Osh6p incubated with PI(4)P, but not for the YTE (data not shown). We thus wanted to
identify the lipid species that accelerated the PI(4)P transport by thin layer chromatography
(TLC), but our efforts were anticipated by the abovementioned publication of the crystal
structure of Osh6p in complex with PS by the Gavin group (Maeda, Anand et al. 2013). Based
on their results demonstrating the ability of Osh6p and Osh7p to transport PS, we modified

our scope towards the identification of a PS/PI(4)P exchange activity for these proteins.

Molecular characterization of the lipid transport activity of Oshé6p

Structural basis of the PI(4)P recognition by Osh6p

As we had previously shown that Osh6p and Osh7p are capable of binding PI(4)P we
aimed to determine whether the binding mode for PI(4)P is the same as for Osh4p. We
restricted our efforts to Osh6p due to the very high sequence homology between Osh6p and
Osh7p. The group of William Bourguet at the CBS, Montpellier, were able to solve the crystal
structure of the Osh6p-PI(4)P complex at a 2.55 A resolution (PBD entry 4PH7). The electron
density of the ligand matched perfectly well with a C18:0-C20:4 PI(4)P, the major species
found in the porcine brain PI(4)P (Avanti Polar Lipids) we used to obtain the Osh6p-PI(4)P
complex. The overall structure of Osh6p-PI(4)P displays a fold similar to Osh6p-PS (PDB entry:
4B27) (Maeda, Anand et al. 2013) (Figure 49b) with a hydrophobic lipid-binding tunnel
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defined by an incomplete B-barrel (residues 133-317), completed by a C-terminal region
(residues 318-435) and flanked by a N-terminal domain (70-128) (Figure 49a). With an RMSD
of 0.363 A for 403 residues, the structure of the PI(4)P and PS-bound form of Osh6p are very
similar (Table 1).

Oshop/PI4P
(pdb id 4PHT)

Data collection
Space group P22
Cell dimensions

a.b.c(A) 11411, 12226, 141 .49

o B,y () 90.00. 90.00, 90.00
Resolution (A) 4856-255(2.69-2.55)*
Rim 0.106 (0.496)
I/ol 15.65(4.95)
Completeness (%0) 100.00 (100000
Redundancy 82(8.1)
Refinement
Resolution (A) 47.29-2.60
No. reflections 30,180
Reon: ! Res 0.188/0.237
No. atoms

protein 12,697

ligand 260

water 343
B-factors

protein 339

ligand 325

water 327
F.m_s. deviations

Bond lengths (4) 0.003

Bond angles (%) 0.727

*Values in parentheses are for the highest-resolution shell.

Table 1. Data collection and refinement statistics.
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Figure 49. Structure of Osh6p in complex with PI(4)P

(a) Overall structure. The short lid region is shown in blue (residues 35-69), the N-terminal domain in
blue-green (70-128), the B-barrel in green (133-317) and the C-terminal domain in red-orange (318-
435). PI(4)P is represented as sticks with carbon atoms colored in grey, oxygen atoms in red and
phosphorus in orange. (b) Structure superposition of Osh6p in complex with brain PI(4)P (in orange,
PDB entry: 4PH7) or PS (in purple; PDB entry: 4B2Z). (c) Conformation of the PI(4)P molecule bound
to Osh6p. The position of the two acyl chains and the polar head of the lipid (InsP,) are indicated.
Water molecule are represented (d) Close-up view of the PI(4)P binding site. PI(4)P is shown in black
with oxygen atoms colored in red and phosphorus atoms in orange. Water molecules contacting
PI(4)P and the protein are displayed (red dot). The key residues involved in the recognition of the
PI(4)P polar head are in stick, with carbon atom in cyan, oxygen atoms in red and nitrogen atom in
blue. H-bonds are represented by black dashed line. (e) Superposition of PI(4)P (colored in orange)
and DOPS (colored in purple) molecules in Osh6p. The backbone of the protein is shown in light-grey.

211



The lid segment (residues 35-69) adopts a similar conformation to shield the PS or
PI(4)P molecule. The sn-1 oleate (C18:0) chain of PI(4)P is inserted deep in the hydrophobic
ligand binding pocket whereas the sn-2 arachidonate (C20:4) chain is twisted towards the lid
(Figure 49c). The 4-phosphate group of PI(4)P makes direct hydrogen-bonds with the side-
chains of H157, H158 (B4-B5) and R359 (a7) and water-mediated interaction with the side-
chain of R359, the main chain oxygen atom of R66 (lid) and E355 (a7). The 1-phosphate
group joining the inositol ring and the glycerol moiety makes direct contact with K126 (B2),
K351 (a7) and the backbone amide of L69 in the lid (Figure 49d) and a water-mediated
interaction with the backbone amide of N129. Finally, the hydroxyl groups of the inositol ring
are engaged in direct or water-mediated hydrogen bonds with the main chain oxygen atoms

of R66, T68 (lid) and N129 (loop connecting 32 and B3) and with the side chain of E355 (a7).
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Figure 50. MD simulations of Osh6p in complex with PS or PI(4)P.

(a) Electrostatic and van der Waals contribution in the binding of PS or PI(4)P to Osh4p. (b) Dynamic
behavior of PS (left) and PI(4)P (right) inside the binding pocket of Osh4p. The RMSD of two
independent trajectories of PS or PI(4)P polar head and acyl chains are represented. (c) RMSF of
residues 39-69, indicative of the motion of the ORD lid during 1 us MD simulation of Osh6p bound to
PS or PI(4)P, determined for each case from two independent trajectories.

Not only the headgroups of PI(4)P and PS interact with different residues, but also the
glycerol backbones of PI(4)P and PS that are chemically identical in both ligands. We were
therefore interested in the dynamics of the two ligands in their binding site and performed
molecular dynamics simulation of the two ligands bound to Osh6p (Experiments performed
by Stefano Vanni). Two important facts must be noted: First, both ligands display similar
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restricted mobility inside the binding pocket: The lid remains tightly closed and the heads are
tightly bound, whereas the acyl chains are more mobile. However, the binding energy of
PI(4)P is significantly higher than for PS, mainly due to increased electrostatic interactions
between the polar head and the Osh6p protein. (Figure 50)

We furthermore compared the PI(4)P-binding mode by Osh4p (PBD entry 3SPW) and
Osh6p. Intriguingly, PI(4)P binding energy to Osh6p is higher for both Coulomb and van der
Waals-interactions. Mobility of the protein lid and the lipid acyl chains are increased in
Osh4p compared to Osh6p. Overall, these data suggest that the stability of PI(4)P is higher
when this lipid is bound to Osh6p than bound to Osh4p. (Figure 51)
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Figure 51. Comparison between the dynamic behavior of PI(4)P in Osh4p and Oshé6p.

(a) Electrostatic and Van der Waals contribution in the binding of PI(4)P to Osh4p and Oshép. (b)
Dynamic behavior of PI(4)P inside the binding pocket of Osh4p (left, one trajectory) or Osh6p (right,
two independent trajectories). The RMSD of PI(4)P polar head and acyl chains is represented. (c)
RMSF of residues that constitute the lid of Osh4p ORD (one trajectory) or Osh6p ORD (two

trajectories) during 1 us MD simulation.

PS competes with saturated PI(4)P for binding Oshép.
In a first step toward demonstrating that Osh6p exchange PS with PI(4)P, we
examined the ability of sterol or PS to compete with PI(4)P for binding Osh6p. As expected,

the presence of an excess (10 mol%) of DHE in liposomes prevents Osh4p but not Osh6p
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from extracting PI(4)P. (Figure 52a) Surprisingly, the presence of 10 mol% of dioleyl-
phosphatidylserine (DOPS) had also no clear inhibitory effect on the extraction of PI(4)P by
Osh6p. (Figure 52a) Thus, whereas DHE prevents the extraction of PI(4)P by Osh4p, DOPS
fails to efficiently compete with PI(4)P for occupying Oshép.

It is noteworthy that budding yeast does not synthesize polyunsaturated fatty acids
such as found in the PI(4)P we used for our experiments. We therefore prepared liposome
containing saturated PI(4)P, namely di-C16:0 PI(4)P that is chemically closer to the PI(4)P
species found in yeast. Control experiments with Osh4p showed that 10 mol% DOPS has a
mild inhibitory effect on its ability to extract di-C16:0 PI(4)P (Figure 52). Contrastingly, the
extraction of di-C16:0 PI(4)P by Osh6p was half-inhibited by 5 mol% of DOPS and almost fully
abolished by 10 mol% DOPS. Jointly, these data suggested that saturated PI(4)P was more
prone to be substituted by PS. Di-C16:0 PI(4)P is structurally closer to the PI(4)P species

found in yeast, and we pursued further experiments mainly with the fully saturated PI(4)P.
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Figure 52. PI(4)P extraction assay.

(a) DOPC liposomes (300 uM) containing 4% brain PI(4)P and doped or not with 10% mol of a second
lipid ligand (DOPS or DHE) were mixed with Osh4p or Osh6p (3 uM) at 30 °C in the presence of NBD-
PHeapp (250 nM). The NBD spectrum was recorded from 505 to 650 nm (A=490 nm) before and after
the addition of Osh proteins. Each value is a mean + SEM of three independent experiments. (b)
DOPC liposomes (300 uM) containing di-C16:0 PI(4)P and increasing amount of DOPS (0, 5 or 10
mol%) were incubated with Osh4p or Osh6p (3 uM) at 30 °C in the presence of NBD-PHgapp (250 NM).
The signal was normalized to estimate the amount of PI(4)P that is extracted by using the signal
measured with similar liposomes but devoid of PI(4)P as a reference.
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Osh6p exchanges PI(4)P for PS between two distinct membranes.

We then examined whether Osh6p exchanged PS with PI(4)P between two distinct
membranes. In order to follow the transport of PS we have developed a tool to detect PS
movement quantitatively in real-time. This tool is based on the discoidin-like C2 domain of
lactadherin that had previously been used as GST-fusion for PS sensing in vivo (Yeung, Gilbert
et al. 2008; Fairn, Schieber et al. 2011). Probe design and characterization is detailed in the
Materials and Methods section: Recognition of phosphatidyl-L-serine with NBD-C2Lact.
Ultimately we developed a fluorescence-based lipid transfer assay for PS with the NBD-C2| .

probe similar to the assay used for PI(4)P transport with the NBD-PHgapp probe.
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Figure 53. Transport of PS and PI(4)P between liposomes by Osh6p.

(a) PS transport assay. DOPC/DOPS/Rhod-PE liposomes (93/5/2 mol/mol, 200 uM total lipids, L)
were mixed with NBD-C2,, (250 nM) at 30°C. After one minute, DOPC liposomes (200 uM lipids, Lg)
containing or not 4 mol% di-C16:0 PI(4)P were added. After 2 min, Osh6p or Osh4p (200 nM) was
injected. The NBD signal increases since PS is transported to the L liposomes and the NBD-C2,,
translocates from L, to Ly liposomes. The signal was converted into amount of PS present in Lg
liposome (in puM). The dashed line corresponds to a condition where DOPS is fully equilibrated
between liposomes. (b) PI(4)P transport assay. DOPC/PI(4)P/Rhod-PE liposomes (94/4/2 mol/mol,
200 uM lipids, Lg) were incubated with NBD-PHgapp (250 NM). Then DOPC liposomes (200 uM lipids, La)
containing or not 5 mol% DOPS were added. After 2 min, Osh6p or Osh4p (200 nM) was injected. The
dashed line corresponds to full equilibration of PI(4)P between liposomes.
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Briefly, NBD-C2 5t (250 nM) was mixed with liposome L, containing both 5 mol% PS
and 2 mol% Rhod-PE and liposome Lg solely made of DOPC. The fluorescence of NBD-C2 st
was quenched due to a FRET process with Rhod-PE as the construct binds to PS-containing
liposomes. Adding Osh6p (200 nM) caused a dequenching of the NBD signal, mirroring the
transport of PS from liposome L, to Lg and the translocation of NBD-C2 . (Figure 53a). We
determined the amount of PS transported by Osh6p by normalizing the NBD signal. To do so,
we measured the NBD signal (Feq) that corresponds to a situation where DOPS was fully
equilibrated between liposomes, i.e. with Lx and Lg liposomes each containing 2.5 mol% PS.
The initial transport rate was 1.2 PS/min per Osh6p. In comparison, Osh4p had a very slow
initial PS transport rate (0.09 PS/min). In the presence of di-C16:0 PI(4)P, the rate of PS
transport by Osh6p increased 3.5-fold (3.8 PS/min) whereas it was completely inhibited in
the case of Osh4p.

We also measured the transport of PI(4)P in the reverse direction from liposome Lg
containing 4 mol% PI(4)P to liposome L, doped or not with 5 mol% DOPS. In the absence of
DOPS, Osh6p transported PI(4)P with an initial velocity of 13.6 + 2 PI(4)P/min (n=2). In the
presence of DOPS, the rate (64 + 5 PI(4)P/min (n=2)) was almost five-time higher (Figure 53b )
and PI(4)P was equilibrated between liposomes within one minute. With Osh4p, a slight
acceleration of the PI(4)P transport rate was seen (from 3 to 12 PI(4)P/min) but is not related
to a counterexchange process, as PS transport was abolished. Jointly, our assays indicated
that Osh6p transports more efficiently lipids when PS and PI(4)P are initially present in
distinct membranes, suggesting that Osh6p can act as PS/P1(4)P exchanger.

PS and PI(4)P transport experiments were repeated by substituting di-C16:0 PI(4)P
with brain PI(4)P. The transport of DOPS from La to Lg liposome (1.41 molecules/min per
Osh6p) did not increase when liposomes Lg contained brain PI(4)P. The transport of brain
PI(4)P in the absence of PS was very slow (0.27 PI(4)P/min per Osh6p) and was ten-time
faster when L, liposome contained DOPS (3 + 0.25 PI(4)P/min (n=2)) but remained
dramatically slower than in similar experiments done with di-C16:0 PI(4)P.

It is important to mention that Osh4p transports di-C16:0 PI(4)P and C18:0-C20:4
PI(4)P with the same efficiency (2.45 and 1.9 PI(4)P/min, respectively, data not shown) and
also exchanges these two PI(4)P species with DHE at the same speed (23.91 and 22.2

PI(4)P/min, respectively).
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Discussion

Our data, together with previous findings, shows that Osh6p transports PS in vitro
(Maeda, Anand et al. 2013). In conditions where PS and PI(4)P are in distinct membranes, the
transport of both lipids is stimulated. However, unlike for sterol transport by
counterexchange with PI(4)P for Osh4p, the transport rates are not identical for PI(4)P and PS,
indicating a lesser extent of coupling between the two transport kinetics In addition, PS
transport by Osh6p is blocked after a certain number of exchange cycles (Figure 53a),
eventually by competition between PI(4)P and PS for Osh6p-binding.

We suggest that Osh6p has a higher affinity for PI(4)P than for PS. As we have
structural data of the protein bound to PS or PI(4)P, it is possible to provide quantitative
evidence of that. MD simulation indicate that the interaction energy between Osh6p and a
molecule of PI(4)P is higher than between Osh6p and PS. This is mainly due to the fact that
the polar head of PI(4)P makes numerous and specific electrostatic interaction with charged
residues of Osh6p that the polar head of PS do not. It appears to us that the presence of
PI(4)P in the ER might inhibit the ability of Osh6p to extract PS from the ER and to convey it
to the PM. This might explain why yeast lacking Saclp presents a defect in PS distribution,
with PS accumulating in the ER membrane (Tani and Kuge 2014).

We also observed for OSBP that the transport of sterol is blocked after a few rounds
of sterol/P1(4)P exchange as PI(4)P accumulates in the ER-like liposomes and competes with
sterol for occupying the lipid-binding site of the OSBP ORD. This blockage could be overcome
by removing PI(4)P through hydrolysis by its phosphatase Saclp (Mesmin, Bigay et al. 2013).
In a near future, we will carry out PS/PI(4)P exchange experiments with ER-like liposome
decorated by Saclp and containing PS to test whether the transport of PS to Golgi-like
liposomes (doped with saturated PI(4)P) is rapid and sustained over time. Likewise, in
collaboration with Alenka Copic, IJM, Paris, we will examine in yeast how PI(4)P regulates the
PS transport ability of Osh6p, notably by examining whether an Osh6p mutant, deficient in
binding PI(4)P, still transports PS in an unregulated manner in the absence of Saclp.

It will furthermore be interesting to see whether Osh6p can use the metabolic energy
of PIPs like Osh4p to transport PS against a concentration gradient. We are able to purify an
active fragment of PI4Klla. An interesting idea would be to anchor Saclp and this Pl4Klla-

fragment to ER- and Golgi-like liposomes, respectively, in order to generate from PI,
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contained in Golgi-like membrane, in the presence of ATP, a PI(4)P gradient between these
two liposome populations’” membranes, which will be self-maintained by the two enzymes
for several minutes. In this model system, we will test the ability of Osh6p to create a PS
gradient by PS/PI(4)P exchange.

Intriguingly, in eukaryotic cells, PS at the PM has a higher saturation level than at the
ER (Schneiter, Brugger et al. 1999). We have observed an important effect of acyl chain
saturation on the transport of PI(4)P by Osh6p. It would be interesting to see whether acyl
chain saturation also affects transport of PS by this LTP. Owing to its acyl chain specific PS
transport Osh6p could participate in the accumulation of saturated PS at the PM, and thus in
the formation of a saturation gradient at the ER/PM interface.

To sum up, we aim to fully demonstrate that Osh6p uses PI(4)P to participate in the
accumulation of PS at the PM. Further characterization of the effect of kinetic coupling,
PI(4)P hydrolysis and PS saturation levels on the transport of PS by Osh6p is therefore
required. This work will allow us to propose a general model: ORP/Osh proteins use PI(4)P
gradients to convey sterol or other lipid species for creating, in turn, various other lipid

gradients in eukaryotic cells.
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CONCLUSION
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A major feature of eukaryotic cells is their uneven lipid distribution. Organellar
membranes have different lipid compositions to ensure their functionality. Accumulation of
certain lipid species in organelles at the expense of other ones leads to lipid concentration
gradients within the cells. Such gradient are particularly pronounced for sterols, sphingolipids
and PS that are enriched at the TGN and PM but are ,paradoxically, scarce at the ER where
they are synthesized; these lipids thus need to be transported from the ER to other
organellar membranes (van Meer, Voelker et al. 2008). Vesicular trafficking exchanges large
amounts of lipid material between organelles, but does not appear to be the major route for
the transfer of sterol and PS. More generally, lipid homeostasis does not seem to solely
depend on vesicular trafficking. It is rather and widely assumed that non-vesicular lipid
transfer mechanisms exist to maintain lipid homeostasis in cells, guaranteed by LTPs (Lev
2010).

Proteins from the ORP/Osh family are among the proteins that could mediate non-
vesicular lipid traffic. Some of them have been initially found to bind and transport sterols
between membranes. Three years ago, our group has identified that one ORP/Osh protein,
the yeast Oshdp, has a striking feature and a unique ability among all the other LTPs: the
capacity to extract and transport a very singular lipid of the Golgi, PI(4)P, and to exchange
this lipid with sterol (de Saint-Jean, Delfosse et al. 2011). These findings allow proposing a
new model to explain how sterol is transported in a vectorial manner from the ER to late
membranes. One goal of my thesis was to detail in a very accurate manner the biochemical
properties of Osh4p. | established to which extent Osh4p is capable of intimately coupling
transport of both its ligands in opposite directions. Moreover, we established that the rapid
sterol/P1(4)P counterexchange allows transport of sterol against its concentration gradient. In
addition we showed that the lipid saturation gradient, as found at the ER/Golgi interface
facilitates sterol transport by Osh4p, but cannot bypass the requirement for PI(4)P.
Maintenance of the PI(4)P gradient by PI(4)P hydrolysis sustains sterol transport. These
findings show that Osh4p has the intrinsic ability to use the energy of a PI(4)P gradient
controlled by PI14K and PI(4)P phosphatase that exist at the ER/late membrane to create and
maintain in turn a sterol gradient between these compartments. This is the first
demonstration that a lipid transport protein can create de novo a lipid gradient between two

distinct membranes.
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We next tested whether other Osh proteins can bind sterols and/or PI(4)P and
showed that not all of them bind sterols, but that the majority of Osh proteins (all of the
tested) are capable of binding PI(4)P. The high conservation of the residues interacting with
PI(4)P among ORP/Osh proteins in addition to recent findings (Tong, Yang et al. 2013) implies
that this is also the case for the ORP/Osh proteins we did not test. Osh6p has been shown to
extract PS from membrane and transport it in vitro and in vivo (Maeda, Anand et al. 2013). In
collaboration with the Bourguet’s lab we have solved the crystal structure of the
Osh6p/PI(4)P complex, showing mutually exclusive binding of PS and PI(4)P as observed for
sterol and PI(4)P in Osh4p. Our preliminary experiments suggest that Osh6p ensures a
vectorial transport of PS, driven by PI(4)P in a manner similar to Osh4p, i.e. Osh6p likely
function as a PS/PI(4)P counterexchanger. Further aspects of this mechanism need to be
elucidated, such as the effect of PI(4)P gradient maintenance, the transport of PS against a
concentration gradient and the effect of lipid saturation on transport activity. Determination
for the role of this mechanism in transport activity in vivo is currently ongoing.

Connecting sterol transport by the Osh proteins to PIP metabolism can also explain
certain findings linking Osh deletions to other PIP-dependent processes, such as post-Golgi
secretion (Alfaro, Johansen et al. 2011), PS translocase activity by Drs2p (Muthusamy,
Raychaudhuri et al. 2009) or sphingolipids biosynthesis (LeBlanc, Fairn et al. 2013).
Numerous data suggest that Osh4p counteracts two enzymes Secl4p and Piklp, responsible
for producing the Golgi PI(4)P pool that is mandatory for vesicle genesis but also regulates
Drs2p, likewise involved in this process by creating curvature. The sterol/PI(4)P exchange
model that we propose for Osh4p might well explain these findings as PI(4)P is exploited by
this protein to convey sterol. In certain conditions, this resource becomes rare (as in Sec14p-
deficient yeast) and its exploitation by Osh4p blocks vesicle formation. It is however not clear
whether the use of a common lipid, PI(4)P, by lipid transport and the genesis of post-Golgi
vesicles is a proof of a necessary synchronization between these two processes.

The link between Osh proteins and PI(4)P might also explain observations about the
common essential function of this class of proteins: Deletion of all Osh proteins is lethal, but
any single Osh protein (except Oshl1p) restores viability (Beh, Cool et al. 2001). Which is the
master switch for Osh-related viability in yeast? All Osh proteins capable of restoring viability
of a yeast strain deprived of Osh proteins are found in the region between the TGN and the

PM (only Osh1p localizes to the NVJ). One hypothesis is that Osh proteins with the exception
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of Osh1p play a major role in the remodeling of the trans-Golgi, as proposed for Osh4p, and
of post-Gogi traffic vesicles en route to the PM. The use of PI(4)P might allow Osh protein to
remodel the lipid composition of these compartments by supplying sterol and PS in exchange
with PI(4)P. Such membrane remodeling processes, as they depend on PI(4)P, would be
intimately linked with a second event in the life of secretory vesicles: docking with the PM.
Recently, PI(4)P extraction by Osh4p has been shown to be required in post-Golgi secretion
(Ling, Hayano et al. 2014). An appealing idea is that the disappearance of PI(4)P from
secretory vesicles is a consequence of an exchange process mediated by Osh protein and
thus signals a full remodeling of the lipid composition of these vesicles. The absence of PI(4)P
could then also act as an “on” signal for docking processes at a stage when the secretory
vesicles have a lipid composition similar or close to that of the PM, with a high density of PS
and sterol. Such a hypothesis might well explain why in AOsh-strains sterols are wrongfully
distributed to internal membranes at the expense of the PM (Beh, Cool et al. 2001) and why
docking processes are blocked (Beh and Rine 2004).

Another important result has been to establish that the sterol/PI(4)P
counterexchange is conserved from yeast to human by demonstrating the PI(4)P-dependent
cholesterol transport of OSBP. In addition, OSBP uses PI(4)P not only for cholesterol
counterexchange but also for tethering of ER and Golgi membranes to form a MCS.
Cholesterol/PI(4)P counterexchange and PIP metabolism hence also influence OSBP’s
tethering activity. Availability of PI(4)P on the Golgi would hence control recruitment of OSBP,
and its tethering activity would facilitate the recruitment of other LTPs such as CERT, Nir2 and
possibly FAPP2. Recruitment of CERT could be mutually beneficial, as SM, synthesized from
the CERT cargo ceramide, has a positive effect on sterol transport as shown for Osh4p; CERT
recruitment could thus favor sterol transport by OSBP. These findings are resumed in Figure
54. Recent findings demonstrating that ORPIL also extracts cholesterol and PI(4)P and is
capable of transporting each ligand (Liu and Ridgway 2014) further endorse our hypothesis

of PI(4)P-binding as common feature of ORP/Osh proteins.
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Figure 54. Interplay of LTPs at the ER-Golgi contact site

OSBP and CERT both bind ER and Golgi membranes simultaneously in a PI(4)P-dependent manner,
allowing transport of cholesterol by OSBP and ceramide by CERT. Ceramide is metabolized on the
lumenal face of the Golgi into SM, and formation of condensed sphingolipid/cholesterol complexes
favors cholesterol transport. Retrograde PI(4)P transport by OSBP and anterograde PI transport by
Nir2, coupled to PI4K and PI(4)P phosphatases allows to provide energy for the cholesterol transport
of OSBP and control life-time of MCSs through PI(4)P degradation. lllustration from (Drin 2014).

There are now general interesting questions. First, what other ligands can be
transported by the ORP/Osh protein family? For example, one interesting aim would be to
provide an explanation for findings on Osh3p in its requirement for Opi3p PEMT activity at
ER-PM MCSs (Tavassoli, Chao et al. 2013). Saclp hydrolyzes the PM Stt4p-derived PI(4)P pool
in a Osh3p-dependent manner (Stefan, Manford et al. 2011). Rather than tethering ER and
PM to allow in trans-hydrolysis by Saclp (Stefan, Manford et al. 2011), Osh3p could transport
PE or PME, the substrates of Opi3p towards the enzyme by PI(4)P counterexchange. We aim
also to define, on the basis of our preliminary results on Osh6p, whether or not ORP/Osh
proteins create not only lipid concentration gradients, depending on the polar headgroup,
but also lipid saturation gradients, by selecting lipid with a specific degree of acyl chain
saturation between cellular regions. How does PI(4)P-mediated membrane tethering by
ORP/Osh proteins affect transport by other proteins at MCSs? How is the regulator, PI(4)P,
regulated in response to ORP/Osh proteins activity?

Coupling transport of one lipid ligand to the back-transport of PI(4)P also couples it to
chemical energy in the form of ATP: In cell, a PI(4)P gradient is maintained by the activity of
ATP-consuming P14K and PI(4)P phosphatases. The intimate kinetic coupling of sterol transfer
to PI(4)P provides directionality to transport and PI(4)P metabolism provides energy required
to build up a sterol concentration gradient. Though chemical activity gradients favor
transport of sterol by Osh4p, it cannot account for the directionality and rapidity of its

transport. STARD4 has been proposed to rapidly equilibrate cholesterol between organellar
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membranes along concentration gradients in vivo without specific targeting (Mesmin, Pipalia
et al. 2011). It would be interesting to assess whether or not such a sterol transporter is
capable of creating sterol gradients along a steep chemical activity gradient at rates

compatible with the cellular time scale.

However, one of our favorite hypotheses is that the principle of lipid counterexchange
is a general feature of LTP activity (Drin 2014). Sec14p and Sfh1p both bind two lipid ligands
in a mutually exclusive manner and transport them between membranes, although kinetic
coupling by counterexchange has not been observed yet (Gnamusch, Kalaus et al. 1992). Also,
the Secl4-like human a-tocopherol (vitamin E) transport protein transports a-tocopherol.
Recent findings by Kono et al. revealed that it recognizes a second lipid ligand, PI(4,5)P,, and
the extraction and stoichiometric, mutually exclusive binding of both ligands is a prerequisite
for a-TTP function. In fact, a-TTP exchanges its two ligands by replacing one with the other

between endosomes and the PM (Figure 55) (Min, Kovall et al. 2003; Kono, Ohto et al. 2013).

Plasma membrane

Cytoplasm

Figure 55. Lipid counterexchange as general feature of LTPs?

Proposed counterexchange mechanism for PI(4,5)P, and a-tocopherol by a-TTP. (Kono, Ohto et al.
2013) lllustration from (Mesmin and Antonny 2013).
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A large number of the abovementioned issues and challenges are well known to
biologists, yet in a different context: Membraneous ion pumps transport ions across
membranes, such as the Na*K*-ATPase, a Na'K" antiporter (Jorgensen 1982). Even though the
challenge is the opposite (transporting polar cargo across an apolar territory for ion channels
versus transporting apolar cargo across a polar territory for LTPs), many features are shared
between these two. Transport must be specific to prevent perturbation of intra- and
extracellular ion concentration and lipid homeostasis, respectively. The transport cannot
simply follow the concentration gradient but needs directionality to create membrane
potential and lipid asymmetry, respectively. Counterexchange is a frequent mechanism for
ion homeostasis, and it may also be for lipid transport. Additionally, proteins are required for
transport as they can have domains for interacting with both polar and apolar cargo and
environment, respectively. And finally, both processes require chemical energy in the form of
ATP that is converted into physical activity: Whereas ATP-consuming protein phosphorylation
provides energy for protein pump activity, Pl4K-mediated Pl phosphorylation could provide it

for LTP activity.
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Abstract

In eukaryotic cells, a sterol gradient exists between the eardy and late reglons of the secretory pathw ay.
This gradient seems to rely on non-veslcular transport mechanksms medlated by speclalized ca@rders.
The oxysterol-binding protein-related protein (ORP)/oxysterol-binding homology (0sh) family has been
assumed Initially te exclusively Include proteins acting as stenol sensors,/ transporters and many efforts have
been made to determine thelr mode of actlon. Our recent studies have demonstrated that some ORP/0sh
proteins are not mere sterol transporters, but stercl/ phosphatidy inositol 4-phosphate [PI{4)P] exchangers.
They explolt the PI(4)P gradient at the endoplasmic reticulum (ER)/Golgl Interface, or 3t membrane-contact
sltes between these compartments, to actively create a sterol gradient. Other recent reports have suggested
that all ORP,/0sh protelns bind PI(4)P and recognize a second Ipid that i not necessary sterol. We have thus
proposed that ORP/0sh proteins use PI{4)P gradlents between organelles to comvey varlous Npld speces.

Introduction

Membranes define the limits and internal architecture
of eukaryotic cells. Multple lipid species belonging o
three major classes (glycerophospholipids, sphingolipids
and sterols) constitute the bilayer structure of organelle
membranes. These lipids are distributed unevenly between
the ecarly [endoplasmic reticulum (ER), as-Golgi] and
late regions [trams-Colgi, plasma membrane (FM)] of the
secretory  pathway, such as to define the identity and
properties of these compartments. Notably, sterol is scarce in
the ER (<3 mol% of lipids) [1] and, contrastingly, represents
up to 40 mol% of lipids in the trans-Golgi and the FM [2,3].
This accumulation of sterol in late membranes is key for
cell function. Owing to its rigid structure, sterol reduces the
flexibility of neighbouring lipids at the PM and guarantees its
impermeability [4]. Because sterol is synthesized in the ER,
mechanisms must exist to mediate the transfer of sterol from
this organelle to other comparments.

Early studies from Simoni’s group suggested that sterol is
transferred rapidly (half-time of ~~10 min) from the ER to PM
mostly along non-vesicular routes in an energy-dependent
manner [3,6]. Likewise, ER to PM transfer of ergosterol, the
major sterol in yeast, takes place along non-vesicular routes
[7]. Because sterol is hardly soluble in the cytosol, it needs
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specialized lipid-transfer proteins (LTPs) to be transferred
between these compartments. Large efforts have been made
at identifying these cytosolic LTPs and how they operate to
create a sterol gradient. The best candidates belong to the
oxysterol-binding protein-related protein (ORPF) oxysterol-
binding homology (Osh) family [8] and, additicnally in
higher eukarvotes, to the StART [StAR (steroidogenic acute
regulatory protein)-related lipid transfer] family [2]. In terms
of mechanism, a first model posits that LTPs randomly
equilibrate sterol between compartments by bidirectional
shuttling [7]. The accumulation of sterol in the trans-
Golgi membrane and the PM would be driven solely by
its higher affinity for saturated glycerophospholipids and
sphingolipids, which are highly abundant in these membranes
[10). Our recent studies on ORP/Osh proteins sugges
an alternative model: LTPs would actively transport sterol
in a vectorial manner throughout the cells by wsing the
phosphatidylinositol 4-phosphate [PI{4)PF] metabolic energy,
thereby building sterol gradients.

The ORP/0sh family

ORP/Osh proteins constitute an evolutionarily conserved
family in eukaryotes whose founding member is OSBP
{oxysterol-binding protein). OSBP, identified in the 1980s,
integrates a C-terminal domain specific for oxysterol [11] and
cholesteral [12]. By definition, all other ORF/Osh proteins
have an OSBP-related domain (ORD), the hallmark of which
isthe EQVSHHPP sequence motif [13]. Mammals, incleding
humans, express 16 ORPs, whereas Saocharomyces cerevisiae
encodes seven O'sh proteins. ORPYOsh proteins are classified
into subgroups on the basis of the sequence homology of
their ORD. Most of them integrate additional domains, which
target organelles and/or possibly translate 2 binding to sterol
into specific functions [8].
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Initial studies were mainly based on the hypothesis that
ORP/Osh proteins medisted sterol transfer. Yeast was a
valuable model to address this issue becanse, besides the Osh
proteins, no other putative LTPs for sterol were described.
Pioneering observations suggested that all Osh proteins
were involved in intracellular sterol distribution [14]. The
resolution of the crystal structure of O'sh4p, which consists
only of an ORI} [15], empty or bound to ergosterol,
suggested scenarics on how they might operate. The ORD
fold is a 19-strand S-barrel that defines a cavity for a
sterol molecule and is closed by a molecular lid. The sbility
of the lid to adopt two different conformations depending
on the state of Oshdp (empty or sterol-bound) suggested
how the protein might target donor and scceptor organelles
for operating transport cycles [15]. However, the idea that
(ish proteins act as sterol transporters was challenged rapidly.
I'n witre assays indicate that Osh4p transports sterol between
artificial lipid vesicles, but at low velocity [16], and that a
majority of Cish are unable to transfer sterol [17]. Moreover,
there was no conclusive evidence that Osh proteins transfer
sterol along specific directions between organelles [14,17].
Finally, it was proposed that Osh proteins are not essential

for sterol movement in yeast [18].

Building a sterol gradient by using a
PI(4)P gradient

Enigmatic data have been obtained on Oshdp. It recognizes
sterol, but it also down-regulates cellular PI4)P levels and
the availability of this lipid on Golgi surface [19]. PI{4)P is
a phosphoinositide that mostly labels the trams-Golgi and
the PM and is mandatory for the recruitment of multiple
effectors at the surface of these compartments. In yeast,
the phosphoinositide 4-kinase Piklp produces the Golgi
PI{4)F pool [20]. Osh4p counteracts Pikip and Secl4p [19],
a phosphatidylinositol (PI)/phosphatidylcholine exchanger
that teams with Pikip to yield PI{4)P [21]. Osh4p also acts
as a regolator of exocytosis [19.22], which relies on the
Pl{4)P-dependent formation of post-Golgi transport vesicles.
Eventually, Osh4p and other Osh proteins were proposed
to exert signalling functions by directly down-regulating
PI{4)P [23]. Interestingly, an Osh4p mutant defective in
binding sterol is not a loss-of-function mutant and acts as a
major inhibitor of the TORCH (target of rapamycin complex
1) signalling pathway [24]. Together, these observations
indicate that Oshdp could have other cellular functions
than transporting sterol. Mevertheless, several results sugpest
that Osh4p regulates specifically the level and transversal
distribution of sterol in the trams-Golgi membrane and the
PM [14,18,25].

We have tested with novel biochemical approaches whether
Oishdp has a built-in ability to transfer sterol in a vectorial
manner between membranes. Unexpectedly, we have found
that Osh4p binds ergosterol and PI(4)F in 2 mutually
exclusive manner. The structure of Osh4p in complex with
P1{4)P indicates that the sterol-binding pocket accommodates
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the PI{4)P acyl chains. Charged residues defining an adjacent
pocket specifically select the PIi4)P headgroup. Strikingly, we
have observed that Osh4p could quickly transfer sterol and
Pli4)P along opposed directions between distinct membranes
by counterexchange [26]. We have thus proposed that Crsh4p
might build a sterol gradient at the ER-Golgi interface by
using PI{4)F as a driving force.

Although PI{4)P is present at the cytosolic surface of the
Golgi and the PM, it is absent from the ER, implying that a
PIi4)P gradient exists between these distant cellular regions.
Saclp, the major PI{4)P phosphatase in yeast [27], resides
at the ER. and ensures the maintenance of this gradient by
hydrolysing PI(4)P into PI [28]. We have proposed that
Osh4p might extract sterol from the ER and then release it
by exchanging it for PIi4)P at the Golgi and transport PIG4)P
from the Golgi to the ER. The production of PI{4)P at the
Golgi surface by Pikip and its consumption at the ER by
Sacip would sustain sterol/P1{4)P transport cycles and allow
accumulation of sterol in late membranes at the expense of
the ER (Figure 1). Interestingly, this model might explain the
dependency of non-vesicular sterol-transfer routes on energy,
as the production of PI{4)P needs ATPE. Using refined sterol
and PI{4)P transport assays, we have gathered new data to
demonstrate that Osh4p, by consuming a PI{4)P gradient,
establishes a sterol gradient between distant membranes
within seconds (J. Moser von Filseck, 5. Vani, B. Mesmin,
B. Antonny and G. Drin, unpublished work).

Novel insights on O5BP and sterol
transport at membrane-contact sites
Membrane-contact sites (MCSs) are specialized zones in
which the ER membrane is apposed closely to the membrane
of a second organelle (10-20nm zpart) and are considered
essential hubs for the non-vesicular transport of lipids [29]. In
higher cukaryotes, MC3s between the ER and the trans-Gaolgi
are remarkable becanse they host varions LTPs, incleding
OSBP, CERT (ceramide-transfer protein) and Mir2, which
play key roles for the remodelling of the Golgi membrane
[30-32]. OSEP has an N-terminal PH {pleckstrin homology)
domain recruited on the Golgi surface by both PI(4)P and the
small G-protein Arf1 [33] and an FFAT (two phenylalanine
residues in an acidic track) motif that binds VAP-A [VAMP
[vesicle-associzted membrane protein)-associated protein A,
an ER-resident receptor [34]. It has been hypothesized that
(O5BP, owing to this architecture, could create ER-Gaolgi
junctions to reduce the distance between these organelles and
efficiently transport sterol [35]. Recently, we have established
how OSBP combines the ability to tether membranes and to
transport lipids in ER-Golgi junctions [36]. First, OSBE, via
its PH domain and FFAT motif, bridges the ER with the trams-
Golgi. Mext, membrane tethering enables sterol transfer by
the ORD from the ER to the Golgi membrane. The transport
of sterol is coupled with back delivery of P1(4)P from the
trans-Golgi to the ER. Finally, PI(4)F, once transferred, is
hydrolysed into PI by Sac1 (Figure 2). OSBP transfers up to



Figure 1| Sterol/PI{4)P exchange by Oshdp at ER-Galgi interfaces
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30 sterols per min between connected membranes [36], and
its natural zhundance in U205 cells corresponds o 4« 107
copies/cell (B. Mesmin, unpublished work). Considering that
only zpproximately half of the OSBP copies populate ER-
Golgi junctions, up to & x 10 cholesterol molecules could
be delivered to the frams-Gaolgi every minute. In a typical
cell {10 pm in diameter), the PM is estimated to contain
~3 % 10 cholesterol molecules [37]. Thus the sole activity
of OABP might ensure within 1 h the complete renewal
of the sterol PM pool, i there is continnons delivery of

lipids from the trams-Golgi to the PM by secretory vesicles
OCOUrs.

Importantly, we have also found that the consumption
of PI{4)P by OSBP not only provides the energy to drive
sterol transfer, but also governs the ability of OSBPF to
create/populate ER-Gaolgi junctions, because the binding of
OSBP to the Golgi surface depends on the Golgi PL4)P
pool. This might explain additionzlly how OSBP regulates
the recruitment of CERT at ER-Golgi junctions [38]. CERT
transfers ceramide from the ER to the trans-Golgi, in which
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ceramide is converted into sphingomyelin (3M) [31]. Instead
of having an ORD, CERT displays a SART domain to
specifically bind ceramide, but it has the same domain
organization as OSBP, with a PI{4)P-specific PH domain
and & FFAT motif. By modulating the PIi4)P Golgi pool,
OSEP probably controls the presence of CERT in ER-
Golgi junctions. Such a mechanism would synchronize fluxes
of sterol and ceramide, and possibly of other lipids by
controlling Nir2, thereby allowing co-enrichment of several
lipids ar the trams-Golgi, essential for the proper function of
the secretory pathway [39].

Redefining the function of ORP/0Osh
protelns

A new vision for the functioning of ORP/Osh family is
currently emerging. We have suggested that binding of PI{4)P
is a common function of the ORP/Osh family because PI4)P
is recognized by the histidine pair of the EQVSHHPP morif
and by other residues that are conserved strictly [26,40].
Since then, several Osh/ORPs have been described to interact
with PI(4)P [36,41,42]. Interestingly, cellular observations
have suggested that all Osh proteins in yeast are capable of
extracting PI{4)F. Silencing the seven Cish proteins blocks the
docking of exocytotic vesicles with the PM [22], a process
known to require the disappearance of PI(4)P from the
surface of these vesicles [43]. Moreover, a stroctural analysis
shows that the Osh3p ORI extracts PI(4)F, but not sterol
[41]. A rocent report demonstrates that subtle structural
variations in the ORD confer distinct lipid specificity to
OB Osh proteins. Oshép has been found to co-crystallize
with phosphatidylserine, to have no affinity for sterols and
to convey phosphatidylserine from the ER to the PM [44].
Thus ORFOsh proteins probably share the ability to bind
PI{4)F, but recognize a second lipid that is not necessary
sterol. An appealing hypothesis is that the general function
of ORP/Osh proteins is to exchange PI(4)P with either sterol
or a non-sterol ligand between organelles.

From these findings, we can envisage thar several
ORPFOsh proteins, for which the ability to bind sterol is
validated [45], use PI{4)P. Interestingly, some of them work
between the endosomal compartment, which is essential
for sterol homoeostasis as it mediates the import of
exopencus sterol in higher eukaryotes and the ER. It
has been shown that ORPIL (long ORP1) in the Rab7-
RILP (Rab-interacting lysosomal protein}-ORPIL complex
[46] acts as a cholesterol-sensing switch that regulates the
artachment of late endosomesdysosomes to the ER network
or to microtubule tracks through dynein recruitment by
controlling RILP-homotypic fusion and protein sorting
{HDPS]—pIEnIZI"—'l‘“" interactions [47]. It remains unclear,
however, whether ORPL is capable of transporting sterol at
ER-endosome junctions. Interestingly, Hammond et al. [48]
have identified recently new PIE)P pools, notably in Rab7-
positive late endosomes/Tysosomes. An attractive idea is that
certain ORPOsh proteins exploit different PIi4)P pools as
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a driving, force for transporting, sterol at the ER-endosome
interface.

Structural data obtained on Osh proteins [41,44], notably
Oship, suggest that certain ORP/Osh proteins exchange
Pli4)P with a non-sterol lipid between organelles. Osh3p,
which displays an OSEP-like architecture, targets the PM
Pli4)P pool and interacts with the Scs2p/Ses22p VAP recepror
to occupy ER-PM junctions [23]. It has been suggested that,
in such juncticns, the catalytic domain of Saclp, which is
connected by a long flexible linker to its ER membrane-
spanning domain, reaches the PM [23] and that Osh3p
activates Sac1p to promote the degradation i trans of the PM
PIi4)P pool. However, becanse it is unclear what would be
the function of this down-regulation of PI{4)P [49], we have
proposed alternatively that Osh3p exploits 2 PIi4)P gradient
sustained over time by Saclp, acting i os, to supply the PM
with a non-sterol ligand.

Conclusions

We have proposed that ORPF/Osh proteins take advantage
of inter-organelle PI(4)P gradients to actively convey, across
long distance or within MCSs, various lipids species from
the ER to the Golgi, the PM and endosomes. For most of
these proteins, their ability to bind and exchange PII4)P
with a second ligand and the nature of this ligand remain
to be determined. In addition, cellular studies will be
necessary to define whether the mmover of PI4)P in
cells is fast enough to guarantee such ORP/Osh-mediated
transport mechanisms. [nterestingly, it has been reported
recently that o-TTP (e-tocophercl-transfer protein), a
member of the Secl4 superfamily, supplies the PM with
the liposoluble vitamin E by exchanging it with phos-
phatidylinositol 4,3-bisphosphate/phosphatidylinositol 3,4-
bisphosphate [30]. Therefore our model for the functioning
of ORP/Osh proteins might be valid for other unrelated LTP

proteins.
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