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Abstract: Membrane-tethered sterol-binding Lam/Ltc proteins localize at junctions between
the endoplasmic reticulum (ER) membrane and other organelles. Two of the six family
members—Lam2/Ltc4 (initially Ysp2) and paralog Lam4/Ltc3—localize to ER-plasma membrane
(PM) contact sites (CSs) and mediate retrograde ergosterol transport from the PM to the ER. Our prior
work demonstrated that Lam2 and Lam4 are substrates of TORC2-regulated protein kinase Ypkl1,
that Ypkl-mediated phosphorylation inhibits their function in retrograde sterol transport, and that
PM sterol retention bolsters cell survival under stressful conditions. At ER-PM CSs, Lam2 and
Lam4 associate with Laf1/Ymr102c and Dgr2/Ykl121w (paralogous WD40 repeat-containing proteins)
that reportedly bind sterol. Using fluorescent tags, we found that Lam2 and Lam4 remain at ER-PM
CSs when Lafl and Dgr2 are absent, whereas neither Lafl nor Dgr2 remain at ER-PM CSs when
Lam2 and Lam4 are absent. Loss of Lafl (but not Dgr2) impedes retrograde ergosterol transport,
and a lafIA mutation does not exacerbate the transport defect of lam2A lam4A cells, indicating a
shared function. Lam2 and Lam4 bind Lafl and Dgr2 in vitro in a pull-down assay, and the PH
domain in Lam?2 hinders its interaction with Lafl. Lam2 phosphorylated by Ypk1, and Lam?2 with
phosphomimetic (Glu) replacements at its Ypk1 sites, exhibited a marked reduction in Lafl binding.
Thus, phosphorylation prevents Lam?2 interaction with Lafl at ER-PM CSs, providing a mechanism
by which Ypk1 action inhibits retrograde sterol transport.

Keywords: membrane contact sites; ergosterol; regulation; protein kinases; homeostasis

1. Introduction

In eukaryotic cells, sterols are essential constituents of the plasma membrane (PM) [1], contributing to
PM fluidity, rigidity, thickness, and permeability [2], partitioning into discrete domains [3,4],
and supporting the activities of membrane proteins vital for many cellular processes [3,5]. The PM
of budding yeast (Saccharomyces cerevisiae) is highly enriched in ergosterol, the most abundant sterol
in this species [6,7]. After its de novo synthesis in the endoplasmic reticulum (ER) [8,9], ergosterol is
delivered to the PM and other target organelles largely by non-vesicular transport executed by lipid
transfer proteins (LTPs) [10-12]. Current evidence indicates that this inter-organellar lipid exchange
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occurs at locations where the two membranes involved are closely apposed, referred to as membrane
contact sites [13,14], or here, for short, contact sites (CSs).

One family of LTPs located at CSs are members of a class of sterol-binding proteins tethered
to a membrane by a single C-terminal transmembrane segment, which have been designated both
LAM (Lipid transfer protein Anchored at a Membrane contact site) or LTC (Lipid Transfer at a
Contact site) [15-17]. The six members of the S. cerevisine LAM/LTC family fall into three pairs of
paralogs: Lam1/Yspl and Lam3/Sip3, Lam?2/Ltc4/Ysp2 and Lam4/Ltc3, and Lam5/Ltc2 and Lam6/Ltcl.
All LAM/LTC proteins bind ergosterol within a StARkin (or StART-like) domain, so named because
of the kinship of its structure to that of the sterol-binding element in the mammalian steroidogenic
acute regulatory transfer protein family [18-20]. N-terminal to their StARkin domain, all family
members also possess a pleckstrin homology (PH)-like domain [21]. Lam2 (1438 residues) and Lam4
(1345 residues) are unique among the yeast LAM/LTC family in being the largest, in possessing two
tandem StARkin domains [21-23], and in being localized exclusively at ER-PM CSs, i.e., not at junctions
between the ER and any other membrane [15-17]. In addition to sterol trafficking, ER-PM CSs also
have been implicated, to date, as sites for lipid synthesis [24], CaZ* flux [25], and autophagosome
initiation [26].

The StARkin domains of Lam2 and Lam4 in both their apo form and sterol-bound state have
been determined at atomic-scale resolution using both X-ray crystallography and NMR [21-23,27].
Each StARkin domain has a deep cup-like or half-barrel-shaped structure with a body composed
of three «-helices, the longest of which («3) is enwrapped by a six-stranded antiparallel -sheet
(helix- B-grip fold), that is capped by a lid-like flexible loop ({); between strands 3, and f3).
This structure creates an internal hydrophobic cavity in which ergosterol binds in a “head down”
orientation, i.e., with its C3 hydroxyl group contacting the bottom of the barrel (where the -OH interacts
with the protein via a network of H,O molecules) and its C17-linked branched Cy tail positioned at
the entrance to the cavity (with the lid closed over it). Thus, an open conformation of the )1-loop is
essential for ergosterol entry and egress. At least in the second StARkin domain of Lam4, there is a
patch of basic residues on the surface of the lid, suggesting a model [23] wherein lid opening could occur
when it engages the anionic surface of a membrane, allowing the sterol to slip into the hydrophobic
cavity “head-first”, followed by closure of the lid upon dissociation of the protein from the membrane
(and reversal of these steps would permit sterol exit) [28].

Also, immediately C-terminal to the second StARkin domain in both Lam?2 and Lam4 (and just
~40 residues upstream from their C-terminal transmembrane ER anchor), there is a sequence segment
that is highly positively charged (10 basic residues out of 20) [17]. It has been proposed [21] that this
polybasic tract might help promote close apposition between these ER-tethered proteins and the
cytosolic leaflet of the PM, which is enriched in acidic glycerophospholipids, such as PtdSer and
PtdIns4,5P; [29]. The PH domains in the LAMs/LTCs are of the so-called GRAM (glucosyltransferases,
Rab-GTPase activating proteins, and myotubularins) sub-type, which share only modest sequence
homology with canonical PH domains [30,31]; yet, the overall topology of the PH domain from
Lamé6/Ltcl [16], which is the only one yet studied in detail at the structural level [21], exhibits a typical
PH domain topology with an additional, short N-terminal amphipathic «-helix. Unlike a typical PH
domain that contains positive charges at the ends of its 3-sheets, which serve as its contacts to the
head group of a phosphoinositide [32], the Lam6 PH domain has, instead, many hydrophobic residues
exposed at the ends of its 3-sheets, forming hydrophobic patches on the surface [21]. Moreover,
when modeled on the Lamé6 PH domain, the loop residues at the ends of the 3-sheets in the PH
domains of the other LAM/LTC members are quite variable, suggesting specificity in the membrane
and/or protein partners with which they interact.

Despite these insights about their structure, little was known about how the function of Lam?2
and Lam4 in sterol transport is regulated. However, in yeast, maintenance of homeostasis for all
other well-established PM constituents (glycerophospholipids, sphingolipids, and integral membrane
proteins) is under the control of the TORC2-activated protein kinase Ypk1 (and its paralog Ypk?2) [33-35].
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Ypk1 executes its regulatory function through direct phosphorylation of enzymes and other effectors
involved in controlling PM lipid and protein composition. Hence, it was perhaps not surprising
that in our comprehensive search for Ypk1 substrates [36], Lam?2 (and, hence, also its paralog Lam4)
was identified as a high-confidence target of Ypkl. Our subsequent work confirmed that both Lam?2
and Lam4 are indeed direct and physiologically relevant substrates of Ypk1 [37]. We demonstrated that
Ypkl-mediated phosphorylation inhibits the ability of Lam2 and Lam4 to promote retrograde transport
of sterol from the PM to the ER, thereby retaining ergosterol in the PM under conditions that stimulate
TORC2-medjiated activation of Ypk1, which we found aids cell survival under such stresses [37].

Here, we explore the molecular mechanism by which Ypkl-mediated phosphorylation impedes
sterol transport by Lam2 and Lam4 at ER-PM CSs. We investigated, first, whether Ypk1-specific
phosphorylation affects the localization or stability of Lam2 and Lam4. Then, based on a previous
report that identified a predicted, but poorly characterized, WD40 repeat-containing protein (Ymr102c)
to co-purify with immuno-enriched green fluorescent protein (GFP)-tagged Lam2 [38], we examined
the function of this protein and its paralog (Dgr2) and their association with Lam?2 (and Lam4) both at
ER-PM CSs in vivo and as recombinant proteins in vitro. WD40 repeat proteins adopt a 3-propeller
fold with an overall toroid-shaped topology [39], and these domains often are involved in mediating
protein—protein interactions within both the yeast and the human interactomes [40—44]. Based on
our findings, the designated gene name in the Saccharomyces Gene Database for YMR102c is now
LAF1 (for Lam2/Ltc4-Associated Factor). Finally, we examined how phosphorylation of Lam2 by Ypk1
influences its ability to interact with Lafl.

2. Materials and Methods

2.1. Construction of Yeast Strains and Growth Conditions

AlLS. cerevisige strains in this study (Table 1) were constructed using standard methods for genetic
manipulation of yeast [45]. Yeast strains were grown routinely at 30 °C on standard rich (YP) or defined
minimal media containing 2% glucose as carbon source (SCD) and supplemented with appropriate
nutrients to maintain selection for plasmids.

Table 1. S. cerevisiae strains used in this study.

Strain Genotype Source/Reference
BY4741 MATa his3A1 leu2 AO met15A0 Research Genetics, Inc.
ura3A0 (Huntsville, AL, USA)
BY4742 MAT his3A1 leu2 A0 lys2A0 ura3A0 Research Genetics, Inc.
YFR651-A BY4741 Lafl-mKate::SpHIS5 This study
BY4742 Lafl-mKate:SpHIS5 .
YFR652-B lam2\::HygMX This study
BY4742 Lafl-mKate::SpHIS5 .
YFR653-B JamAA - KanMX This study
BY4742 Lafl-mKate::SpHIS5 .
YER654-B lam2A:HygMX lam4A:: KanMX This study
BY4741 Ypk1(L424A)::ura3-
YFR660 ypk2A::KanMX This study
Lafl-mKate::SpHIS5
YFR657-A BY4741 Dgr2-mKate:: SpHIS5 This study
YFR657-B BY4742 Dgr2-mKate:: SpHIS5 This study
YFR658-B BY4742 Dgr2-mKate:: SpHIS5 This study

lam2A:HygMX
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Table 1. Cont.

40f23

Strain Genotype Source/Reference
BY4742 Dgr2-mKate:: SpHIS5 .
YFR659-B lamAA-KanMX This study
BY4742 Dgr2-mKate:: SpHIS5 .
YER650-B lam2A::HygMX lam4A:: KanMX This study
YFR512-A BY4741 GFP-Lam2::UURA3 [37]
BY4742 GFP-Lam2::URA3 .
YER613-A laf1 A:KanMX dgr2A=KanMX This study
BY4741 lam2A:: HygMX
YFR513 lam4A::KanMX [37]
BY4741 GFP-Lam2::URA3 .
YER633-A Laf1-mKate::SpHIS5 This study
BY4742 GFP-Lam2::URA3 .
YER726-A Lafl-mKate::SpHIS5 This study
YFR635 BY4742 Lafl-mKate:SpHIS5 This study
BY4742 Lafl-mKate .
YER728 GFP-Lam2::URA3 lam4A:KanMX This study
BY4742 Lafl-mKate::SpHisb
GFP-Lam2(S44A T45A T518A .
YER721 L519A T1237A V1238A):URA3 This study
lam4A::KanMX
BY4741 Lafl-mKate::SpHis5
GFP-Lam?2(S44E T45E T518E .
YER722 L519E T1237E V1238E)::URA3 This study
lam4A::KanMX
BY4741 GFP-Lam2::URA3
yEPS23 Lafl-mKate:SpHIS5 This study
Pil1-BFP::KanMX
YFR713 BY4741 Lafl-mNG::LEU2 This study
BY4741 Lafl-mNG:LEU2 lam2A:: .
YFR714 HygMX This study
BY4742 Lafl-mNG::LEU2 lam4A:: .
YFR715 KanMX This study
BY4742 Laf1-mNG:LEU2 .
YER720 lam2A:HygMX lam4A:KanMX This study
ymr102cA BY4742 lafl A: KanMX Research Genetics, Inc.
laf1A:KanMX lam2A:HygMX .
YFR734-A lamAA=KanMX This study
BY4741 GFP-Lam?2::UURA3 .
YFR603 laf1 A:KanMX This study
BY4741 GFP-Lam2::UURA3 .
YFR607 dgr2A:KanMX This study
MATa leu2A1::GEV:NATMX
pep4A::HIS3 prb1A1.6R ura3-52
CGAS trp1-1 lys2-801a leu2 A1 his3A200 461
canl GAL
MAT leu2-3,112 ura3-52 his3A200
SEY6210 trp1A901 suc2A9 lys2-801a GAL [47]
YFR712 SEY6210 Lam2-mNG::LEU?2 This study




Biomolecules 2020, 10, 1598 5 of 23

Table 1. Cont.

Strain Genotype Source/Reference

SEY6210 ist2A::hisMX6
5cs2A::TRP1 scs22A::hisMX6
ANDY198 tcb1A: kanMX6 tchb2A::kanMX6 [48]

tcb3A::hisMX6

YFR704 ANDY198 Lam2-mNG:LEU2 This study
YFR729 SEY6210 Laf1-mNG:LEU?2 This study
YFR705 ANDY198 Lafl-mNG::LEU2 This study

2.2. Plasmids and Recombinant DNA Methods

All plasmids in this study (Table 2) were constructed in Escherichia coli DH5« strain using
standard recombinant DNA procedures [49]. All constructs were verified by nucleotide sequence
analysis at the UC Berkeley DNA Sequencing Facility. All PCR reactions were performed using
Phusion™ High-Fidelity DNA Polymerase (New England Biolabs, Inc., Ipswich, MA, USA)
and site-directed mutagenesis was performed using appropriate mismatch oligonucleotide primers
using the QuickChange™ protocol (Agilent Technologies, Inc., Santa Clara, CA, USA), all according to
the recommendations of these suppliers.

Table 2. Plasmids used in this study.

Plasmid Description Source/Reference
pGEX4T-1 GST tag, bacterial expression vector GE Healthcare, Inc.
pFR398 PGEX4T-1 Laf1(684-834) This study
pFR402 PGEX4T-1 Laf1(684-834) S709S S710A This study
pFR399 pGEX4T-1 Dgr2(1-128) This study
pFR403 pGEX4T-1 Dgr2(1-128) S47A S48A This study
pFR203 pGEX4T-1 Orm1(1-85) [50]
pMT2 pGEX4T-1 Lafl This study
pFR396 pGEX4T-1 Laf1(S708A S709A) This study
pFR404 pGEX4T-1 Dgr2 This study
pKM263 GST tag, bacterial expression vector
pFR391 pKM263-Lam?2(482-1259)-His6 This study

pKM263-Lam2(482-1259) T518A

pFR392 T1237A-His6 This study
pFR393 pKM263-Lam2(482-1259)APH(644-760)-His6 This study
pFR407 pKM263-Lam4(371-1177)-His6 This study
pFR408 pKM263-Lam?2(633-1259)-His6 This study
pFR409 pKM263-Lam?2(849-1259)-His6 This study
pGEX6P-1 GST tag, bacterial expression vector GE Healthcare, Inc.
pFR377 PGEX6P-1 Lam2(482-1259) This study
pFR413 pGEX6P-1 Lam?2(482-1259) T518E L519E This study

T1237E V1238E-His6
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Table 2. Cont.

Plasmid Description Source/Reference

C-terminal Hisg-HA-3C-ZZ tag,
yeast expression vector

pJT4317 BG1805 Ypkl-Hisg-HA-3C-ZZ GE Healthcare, Inc.

BG1805 GE Healthcare, Inc.

2.3. Production and Purification of GST-Fusion Proteins

E. coli BL21(DE3) cells were transformed with appropriate plasmids expressing the desired protein
or protein fragment and grown at 37 °C overnight in LB media under appropriate conditions to
maintain selection for the drug-resistance marker on the plasmid. The resulting cultures were diluted to
Ag0o nm = 0.2and grown at 30 °C up to Agpp nm = 0.6, whereupon isopropyl 3-D-1-thiogalactopyranoside
(IPTG) was added (final concentration 0.6 mM) and the cells were incubated either for an additional 3 h
at 30 °C (for cells containing the plasmid expressing Lam2(482-1259)) or overnight at 16 °C (for cells
containing the plasmid expressing Lafl). Protein expression was verified by SDS-PAGE and staining
with Coomassie blue dye. The resulting cultures were harvested by centrifugation, washed once
with phosphate-buffered saline (PBS), and recollected by centrifugation. The resulting pellets were
snap-frozen in liquid N; and stored at —80 °C prior to initiating protein purification.

For protein purification, the cell pellets were thawed on ice and resuspended in 10 mL ice-cold
lysis buffer (0.5% Tween-20, 1 mM EDTA, 2 mM MgCl, in PBS) for every 50 mL of original culture.
Lysozyme (final concentration 0.2 mg/mL) was added, and the suspension was incubated for 20 min
on ice. Cell rupture was then completed by two 15 s bursts of sonication on ice, with a 30 s rest period
on ice between the two bursts. To the resulting lysate, dithiothreitol (DTT; final concentration 1 mM)
was added, and then the extract was clarified by centrifugation at 1.2 X 10*x g for 10 min at 4 °C.
The resulting supernatant solution was transferred to a fresh Falcon tube and 100 pL of glutathione
S-transferase (GST) Sepharose™ 4B beads, pre-washed in PBS, were added. After incubation for
1 h with gentle agitation on a rollerdrum in a 4 °C room, the GST-agarose beads were collected by
centrifugation and washed three times by successive resuspension and recentrifugation in wash buffer
(0.1% Tween-20, 0.1 mM DTT in PBS). To elute the bead-bound GST-fusion protein and simultaneously
remove its GST tag, the following procedures were used. For GST-fusion proteins expressed from
pGEX6P-1, the protein-bound resin was washed once with PreScission™ Protease cleavage buffer
(200 mM NaCl, 1.5 mM Mg-acetate, 10 mM NaF, 10 mM f3-glycerol-phosphate, 1 mM DTT, 50 mM
Tris-HCl (pH 7.5)) and incubated overnight at 4 °C in 40 uL of the same buffer containing 3 puL
(2 units/uL) PreScission™ Protease (GE Life Sciences, Chicago, IL, USA) (for every 100 puL of resin).
For GST-fusion proteins expressed from pKM263, the protein-bound resin was washed once with
tobacco etch virus (TEV) protease cleavage buffer (0.5 mM EDTA, 1 mM DTT, 50 mM Tris-HCl
(pH 8)) and incubated overnight at 4 °C in 80 pL of the same buffer containing 1 pL (10 units/pL)
GST-TEV Protease (Sigma Aldrich, St. Louis, MO, USA) (for every 100 uL of resin). After the overnight
incubation, the beads were removed by centrifugation and the resulting supernatant solution containing
the affinity-purified protein was transferred to a fresh Eppendorf tube, which was kept on ice prior to
use. Recovery of the protein of interest was verified by SDS-PAGE and staining with Coomassie blue
dye and the purified proteins were always prepared fresh prior to each experiment.

2.4. Production and Purification of Ypk1 from S. cerevisiae

To purify protein kinase Ypk1 [51], S. cerevisiae strain CGA84 (ura3) expressing the Gal4-human
estrogen receptor herpes simplex virus transactivator fusion protein (GEV) [46] was transformed
with URA3-marked plasmid BG1805 expressing Ypkl with a C-terminal Hisg-HA-3C-ZZ tag from the
GAL1 promoter and grown overnight in SC-Ura medium. Samples of the overnight starter culture
were diluted to Aggonm = 0.02 in four separate 1 L volumes of SC-Ura, which were grown at 30 °C
to Agoonm = 0.4, and then induced by addition of 20 uM {3-estradiol (20 uM final concentration)
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and incubation continued overnight. The resulting cultures were chilled on ice and the cells harvested
by centrifugation at 4 °C. The resulting cell pellets were washed by resuspension in TAB-B* buffer
(200 mM NaCl, 1.5 mM Mg-acetate, 1 mM DTT, 2x protease inhibitor full tablets (Roche Diagnostics
GmbH, Manheim, Germany), 2 mM NaVO,, 10 mM NaF, 10 mM Na-PPi, 10 mM 3-glycerol-phosphate,
50 mM Tris-HCl (pH 7.5)) (2 mL for every 1 g of cell pellet), frozen dropwise in liquid Nj, and the
resulting frozen globules were stored at —80 °C prior to cell lysis. Cells were ruptured cryogenically
in a Mixer Mill (Model MM301, Retsch GmbH, Haan, Germany), as follows. The frozen globules
were placed in the mill under liquid N, and pre-cooled for 5 min, and then subjected to ten 2-min
runs of milling (at 15 cycles per second), interspersed with 1-min periods of cooling between each
run (to evenly disperse the resulting frozen cell powder to ensure uniform cell breakage, the canister
holding the frozen lysate was inverted every three cycles). The final frozen powder of cell lysate was
transferred to a Falcon tube and stored at —80 °C prior to use.

For purification, samples of the frozen lysate were suspended in ice-cold TAB-B* (2 vol per g
cell powder), thawed at room temperature, then placed on ice, and the major debris removed by
centrifugation at 4 °C for 20 min at 1.5 x10*X g in the $5-34 rotor of a Sorvall preparative centrifuge.
The resulting supernatant solution was transferred into 16 mm X 76 mm polycarbonate ultracentrifuge
tubes and clarified by centrifugation at 4 °C for 1 h in a 50Ti rotor at 3.35 x 10* rpm in a Beckman L80-M
ultracentrifuge. The resulting clarified extract beneath the floating lipid cake was withdrawn with a
glass Pasteur pipette and transferred to a fresh Falcon tube on ice. To this extract, non-ionic detergent
NP40 (0.15% final concentration) was added and then 1.25 mL of a 50:50 slurry of Sepharose-IGG beads
(GE Healthcare, Chicago, IL, USA) that had been pre-washed into TAB-B2 (200 mM NacCl, 1.5 mM
Mg-acetate, 0.15% NP40, 50 mM Tris-HCl (pH 7.5)) was added. After incubation for 1 h with gentle
agitation on a rollerdrum in a 4 °C room, the entire solution was transferred with a pipette into a
small glass column (20 mm diameter), yielding a resin bed of ~0.6 mL. The flow-through was collected
and passed back over the column again to maximize the capture of the Ypk1-(His)s-HA-3C-ZZ fusion
protein by the IgG-beads. Contaminants were then removed from the beads by four 5 mL washes
of the column with Post-IGG buffer (200 mM NaCl, 1.5 mM Mg-acetate, 1 mM DTT, 0.01% NP40,
2mM NaVOy,, 10 mM NaF, 10 mM Na-PPi, 10 mM f-glycerol phosphate, 50 mM Tris-HCI (7.5)).
After draining, the moist beads were equilibrated with 5 mL of cleavage buffer (200 mM NaCl, 1.5 mM
Mg-acetate, 1 mM DTT, 0.01% NP40, 10% glycerol, 2 mM NaVO,, 10 mM NaF, 10 mM Na-PPi, 10 mM
3-glycerol-phosphate, 50 mM Tris-HCI (pH 7.5)), and drained again. In a separate Eppendorf tube,
30 uL of PreScission Protease (2 units/uL; GE Life Sciences) was diluted into 800 puL of the same
cleavage buffer. To remove the ZZ portion of the -(His)s-HA-3C-ZZ tag and thereby elute the purified
Ypkl1 from the beads, the entire diluted protease solution was transferred to the moist beads in the
column, which was then tightly sealed at both ends with Parafilm™ and incubated overnight with
gentle agitation on a rollerdrum in a 4 °C room. After the cleavage reaction, the liquid in the column
was drained into a siliconized Eppendorf tube. To separate the purified Ypkl from the protease
(which is GST-tagged), a one-tenth volume of a 50:50 slurry of glutathione-agarose beads that had
been pre-equilibrated in the same cleavage buffer was added. After incubation for 2 h with gentle
agitation on a rollerdrum in a 4 °C room, the beads were removed by centrifugation for 10 min at
maximum rpm in a microfuge, and the resulting Ypkl-containing supernatant solution was removed
with a micropipette, and dispensed, as separate aliquots (~20 mL), into fresh siliconized Eppendorf
tubes, which were snap-frozen in liquid N; and stored at —80 °C prior to use.

2.5. Preparation of Ypk1-Phosphorylated Lam2 Fragment

Either intact GST-Lam2(482-1259)-(His)s bound to beads (and pre-equilibrated in 1X kinase
buffer) or purified soluble Lam?2(482-1259)-(His), that had been cleaved off the beads were incubated
with purified Ypkl-(His)g-HA, in the absence and presence of ATP. In such reactions, the amount
of substrate present was in 4-fold excess over the amount of enzyme present. When bead-bound
GST-Lam?2(482-1259)-(His)s was the substrate, the final reaction volume was 400 pL and appropriate
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volumes of a 5X concentrated stock of kinase buffer were added (625 mM K-acetate, 60 mM MgCl,,
2.5 mM EDTA, 10 mM DTT, 5% glycerol, 1 mg/mL BSA, 62.5 mM {3-glycerol-phosphate, 5 mM NaVQOy,
1x protease inhibitor cocktail mini-tablet (Roche), 250 mM HEPES (7.4)) and of a 5X concentrated
stock of freshly prepared ATP solution (10 mM (pH 8)), and then H,O was added, and the mixtures
were incubated at 30 °C for 4-7 h with gentle agitation on a rollerdrum. When purified soluble
GST-Lam?2(482-1259)-(His)g was the substrate, the final reaction volume was 160 it and the mixtures
were incubated at 30 °C for 17 h. After phosphorylation of bead-bound GST-Lam2(482-1259)-(His)g,
the beads were washed 3 times with wash buffer (0.1% Tween-20, 0.1 mM DTT in PBS) to remove
the kinase buffer components followed by a single wash with PreScission protease cleavage buffer
(200 mM NaCl, 1.5 mM Mg-acetate, 10 mM NaF, 10 mM f3-glycerol-phosphate, 1 mM DTT, 50 mM
Tris-HCl (pH 7.5)). The washed beads were resuspended in 200 pL of the same buffer and then 12 uL
PreScission protease (2 units/uL; GE Life Sciences) was added, followed by incubation overnight at
4 °C with gentle agitation on a rollerdrum.

To assess whether exhaustive incubation with Ypkl converted all of the resulting
Lam?2(482-1259)-(His)s to the phosphorylated state, samples of the final reaction products were
resuspended in 5X SDS-PAGE sample buffer containing 8 M urea, which were heated for 5 min at
42 °C in a water bath, resolved by electrophoresis for 1.5 h at 160 V on an 8% acrylamide containing a
final concentration of 35 uM PhosTag™ reagent [52], electroblotted onto a nitrocellulose membrane,
and visualized by immunostaining using anti-(His)e antibodies. The radiochemical assay used to
measure the Ypkl-catalyzed incorporation of phosphate from [y->*P]ATP into substrate proteins has
been described in detail elsewhere [37,50].

2.6. In Vitro Binding Assay

Purified recombinant GST-Lafl bound to glutathione-agarose beads was equilibrated with binding
buffer (81 mM NacCl, 4.5 mM KCl, 1.35 mM MgCl,, 0.09% Triton X-100, 0.1 mg/mL BSA, 20 mM HEPES
(pH 7.5)) by four successive resuspensions and recentrifugations. An equal volume (20 uL) of the
final slurry of beads was distributed into each assay tube containing 300 pL of binding buffer and
then a solution (20 uL) of the protein to be tested for interaction was added. After incubation for 1 h
with gentle agitation on a rollerdrum in a 4 °C room, the beads were washed four times with 0.1%
Tween-20, 5 mM KCl, 1.5 mM MgCl, 20 mM HEPES (pH 7.5), and, to the final wet pellet, 4 puL of 5X
SDS-PAGE sample buffer containing 8 M urea was added. Then, to ensure complete elution of all
proteins from the beads, they were heated for 5 min at 42 °C and samples of the resulting supernatant
solutions (and, for comparison, samples representing 10% of the amount of the input of the same
proteins) were then resolved by electrophoresis on either 8% or 12% acrylamide gels, transferred to a
nitrocellulose membrane, and visualized by immunoblotting with appropriate antibodies.

2.7. Immunoblotting

Samples resolved by either SDS-PAGE (8% or 12% acrylamide) for the binding assays,
or in the presence of PhosTagTM reagent (Wako Pure Chemical Industries, Ltd., Osaka, Japan)
for the phosphorylation reactions, were transferred onto nitrocellulose membranes and blocked
in OdysseyTM blocking buffer (OB) (Li-Cor Biosciences, Lincoln, NE, USA) for 1 h at room
temperature, prior to immunoblotting. After blocking, the nitrocellulose membranes were incubated
overnight at 4 °C with the appropriate primary antibody diluted in OB. Following incubation
with the primary antibody, membranes were washed 4 times for 5 min with 0.1% Tween-20
in PBS. The primary antibodies used were: mouse monoclonal anti-penta-His antibody
(Qiagen, Inc., Hilden, Germany) (1:3000 in OB/PBS) or mouse monoclonal anti-6xHis antibody
(Rockland Immunochemicals, Inc., Limerick, PA, USA) (1:1000 in OB/PBS + 0.2 % Tween), used for
the detection of Lam?2(482-1259)-(His)g and derived fragments, rabbit polyclonal anti-GST antibody
(Santa Cruz Biotechnology, Dallas, TX, USA), used for detection of GST-Lafl (1:2 x 10%), and rabbit
polyclonal anti-HA antibody (BioLegend, Inc., San Diego, CA, USA), used to detect Ypkl-(His)s-HA
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(1:1 x 10%). Fluorescently tagged proteins were analyzed with rabbit polyclonal anti-tRFP (Evrogen)
(1:1000) to detect Lafl-mKate, rabbit monoclonal anti-GFP (D5.1) (Cell Signaling 29565) (1:500) to detect
GFP tagged proteins, and mouse anti-mNeonGreen (nNG) monoclonal antibody (Chromotek 32F6)
(1:1000) to detect Lam2-mNG and Laf1-mNG. Pgk1 detected with rabbit polyclonal anti-Pgk1 antibodies
(1:2 x 10%) prepared in this laboratory [53] were used as the control for equivalent loading of yeast
cell extracts.

For detection of the filter-bound primary antibodies, the following infrared dye-labeled secondary
antibodies, as appropriate, were used (1:1 x 10* in a 50:50 mixture of OB and 0.1% Tween-20 in
PBS and also containing 0.002% SDS): goat anti-mouse immunoglobulin, or goat anti-rabbit IgG
(Biotium, Inc., Fremont, CA, USA). After incubation for 1 h at room temperature, the membranes were
washed 4 times for 5 min with 0.1% Tween-20 in PBS, followed by a single wash in PBS. The resulting
washed filters were visualized and analyzed using an Odyssey™ CLx infrared imaging system
(Li-Cor Biosciences).

2.8. Fluorescence Microscopy

Cells were grown at 30 °C to mid-exponential phase in synthetic medium containing the
appropriate amino acids and bases for plasmid maintenance. Live cells were immobilized between a
slide and a coverslip and visualized at room temperature. Fluorescence microscopy for GFP-Lam?2
localization assays was performed using an Elyra PS.1 structured illumination (SIM) microscope
(Carl Zeiss AG, Jena, Germany) equipped with a 100x PlanApo 1.46NA TIRF objective, a main
focus drive of the AxioObserver Z1 Stand, a WSB PiezoDrive 08, controlled by Zen, and images
were recorded using a 512 x 512 (100 x 100 nm pixel size) EM-CCD camera (Andor Technology,
South Windsor, CT, USA). Images were processed using Fiji and Photoshop (Adobe Systems, Inc.,
San Jose, CA, USA) [54]. To assess co-localization of GFP-Lam?2 and Lafl-mKate, yeast were grown
to mid-exponential phase and viewed directly under an epifluorescence microscope (model BH-2;
Olympus America, Inc., Center Valley, PA, USA) using an 100X objective equipped with appropriate
band-pass filters (Chroma Technology, Corp., Inc. Tuscon, AZ, USA) and processed with tManager [55]
and Photoshop (Adobe Systems, Inc., San Jose, CA, USA).

3. Results

3.1. Localization of B-Propeller Proteins Lafl and Dgr2 at ER-PM CSs Requires Lam2 and Lam4

It has been demonstrated previously that Lam?2 and Lam4 are located at ER-PM CSs, where they act
in retrograde transport of ergosterol from the PM to the ER [15,37]. Using immuno-enrichment of tagged
LAMY/LTC gene products from whole-cell extracts and mass spectrometry of the resulting complexes,
it was deduced by others that Lam2 and Lam4 associate with two, as yet poorly characterized,
but paralogous proteins, Laf1/Ymr102c and Dgr2/Ykl121w [38]. Based on structure prediction at the
Saccharomyces Genome Database and our own sequence analysis (Supplemental Figure S1), it appears
that Lafl and Dgr2 are both ten-bladed (3-propeller proteins.

If these two novel proteins associate physically with Lam2 and Lam4 in vivo, then Lafl and
Dgr2 should also localize at ER-PM CSs. Using fluorescence microscopy, we verified (Figure 1A)
that Lafl-mKate co-localizes with GFP-Lam2 in discrete puncta at the PM, and these sites are distinct
from eisosomes (marked with the BAR domain protein Pil1-BFP) [38].

The vast majority of ER-PM CSs in S. cerevisiae require for their assembly a set of six proteins from
three families: two VAMP-associated proteins (VAPs), Scs2 and Scs22, a TMEM16-like protein, Ist2,
and three Extended-Synaptotagmin (E-Syt) orthologs, also called tricalbins, Tcb1, Tcb2, and Tcb3 [48].
All six proteins are integral to the ER membrane and bind to the PM by interacting with lipid head
groups or other proteins [56]. Removal of all six proteins (a hextuple mutant designated “tetherA”)
is required to largely abrogate formation of ER-PM CSs [48]. In the tether A mutant, the number of
puncta containing either Lam2-mNG or Laf1-mNG was reduced, but not abolished, and the remaining



Biomolecules 2020, 10, 1598 10 of 23

puncta were brighter and less uniformly distributed around the cell periphery than in the purportedly
isogenic control cells (Figure 1B), suggesting that these sterol transport proteins may have both the

capacity to self-associate and to serve a bridging function that contributes to formation or stability of
ER-PM CSs [15,48,57].

A GFP-Lam2 Laf1-mKate Pil1-BFP Merge

B Lam2-mNG Lam2-mNG Laf1-mNG Laf1-mNG
in WT in tether A in WT in tether A

C Laf1-mNG Laf1-mNG Laf1-mNG Laf1-mNG
LAM2 LAM4™ lam2A LAM4* LAM2* lam4A lam2A lam4A

lam2A
WT [lam2A lam4A lam4A

Laf1-mNG | % s . | IB: mNeon

— = ¢—|IB: Pgk1

D Dgr2-mKate Dgr2-mKate Dgr2-mKate Dgr2-mKate

LAM2* LAM4™ lam2A LAM4™ LAM2" lam4A lam2A lam4A
lam2A

WT Jlam2A lam4A lam4A
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——— | | B : Pgk1

Figure 1. Cont.
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E GFP-Lam2 GFP-Lam2
LAF1* DGR2* laf1A dgr2A

Figure 1. (A) Lafl co-localizes with Lam?2 at ER-PM CS contact sites. A strain (yEPS23) co-expressing
Lafl-mKate, GFP-Lam2, and Pill-GFP, each from its respective endogenous chromosomal locus,
was grown to mid-exponential phase and viewed directly under an epifluorescence microscope,
as described in the Materials and Methods Section. (B) Localization of Lam?2 and Lafl to ER-PM CSs
is reduced, but not abolished, in the fetherA strain. A wild-type strain (YFR712) and an otherwise
isogenic tetherA strain (YFR704) expressing Lam2-mNG (left panels) and the wild-type strain (YFR729)
and the otherwise isogenic tetherA strain (YFR705) expressing Lafl-mNG (right panels) were grown to
mid-exponential phase in YPD and viewed directly under an epifluorescence microscope, as described
in the Materials and Methods Section. (C) Localization of Lafl to ER-PM CSs requires Lam?2 and Lam4.
Upper panels, Strains expressing Lafl-mNG in a wild-type (YFR713), lam2A (YFR714), lam4A (YFR715),
or lam2A lam4A (YFR720) background, were grown to mid-exponential phase and viewed directly under
an epifluorescence microscope. Lower panels, samples of equivalent amounts (as judged by the Pgkl
loading control) of extracts of the same cells shown in the upper panel were resolved by SDS-PAGE and
analyzed by immunoblotting, as described in the Materials and Methods Section. (D) Localization of
Dgr2 to ER-PM CSs requires Lam2 and Lam4. Upper panels, Strains expressing Dgr2-mKate in a
wild-type (YFR657-B), lam2A (YFR658-B), lam4A (YFR659-B), or lam2A lam4A (YFR650-B) background,
were grown to mid-exponential phase and viewed directly under an epifluorescence microscope.
Lower panels, samples of equivalent amounts (as judged by the Pgk1 loading control) of extracts of the
same cells shown in the upper panel were resolved by SDS-PAGE and analyzed by immunoblotting,
as described in the Materials and Methods Section. (E) Lam2 localizes to ER-PM CSs in the absence of
Lafl and Dgr2. A WT strain (YFR512-A) and an otherwise isogenic lafIA dgr2A derivative (YFR613-A),
each expressing GFP-Lam?2, were grown to mid-exponential phase and viewed using an Elyra PS.1
structured illumination (SIM) fluorescence microscope.

Given that both Lafl and Dgr2 co-localize with Lam2 (and Lam4) at ER-PM CSs, yet neither Lafl
nor Dgr2 are integral membrane proteins, we examined whether the association of Lafl and Dgr2 with
Lam2 and/or Lam4 was necessary for their recruitment to those sites. We found that in cells lacking
Lam? alone, the number of cortical puncta containing Laf1-mNG was drastically reduced, whereas the
absence of Lam4 had a much milder effect, and in cells lacking both Lam?2 and Lam4, almost no
Lafl-mNG was detectable at the PM (Figure 1C, upper panel). The dramatic loss of Laf1-mNG at
the PM could not be attributed to any marked reduction in total Laf1-mNG because the amount of
Laf1-mNG remained very similar in all four backgrounds (Figure 1C, lower panels).

The exact same results were obtained in cells expressing Lafl-mKate instead of Lafl-mNG
(Supplemental Figure S2A,B). In addition, the accompanying immunoblot analysis of Lafl-mKate
expression revealed more clearly that, in WT cells, Lafl-mKate displays slower migrating species that
are absent in cells lacking either Lam2 or Lam4 (or both) (Supplemental Figure S2B). Treatment with
calf intestinal phosphatase collapsed these slower mobility species (Supplemental Figure S2C),
confirming that they arise from phosphorylation (and not some other post-translational modification).
This mobility shift was also eliminated in ypk1-as ypk2A cells (Supplemental Figure S2D), which have
reduced total Ypk activity because they completely lack Ypk2 and because, as we have documented
previously [36,51], the analog-sensitive Ypkl-as mutant has, at best, a specific activity only ~50% of
WT, even in the absence of the inhibitor 3MB-PP1. Consistent with this observation, Lafl contains one
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consensus Ypkl phospho-acceptor site (RxRxxS®, where ® indicates a preference for a hydrophobic
or uncharged residue), namely RRRFNS’?S, and Dgr2 has two (RSRHSS*'I and RCRLWS?*#1).
To further explore this relationship, we performed an in vitro kinase assay, in which a Laf1(684-834)
fragment containing its Ser709 site or a Dgr2(1-128) fragment containing its Ser49 site, or corresponding
mutants Laf1(684-834; S709A S710A) and Dgr2(1-128; S48A S49A) in which each of the potential
phospho-acceptor residues was converted to Ala, were incubated with [y-32P]JATP and a preparation
of Ypkl-as-(His)s-HA (Supplemental Figure S2E). We found that both fragments were phosphorylated
(although Lafl was a much better substrate) and that phosphorylation of both fragments was
almost completely abolished by the specific Ser-to-Ala mutations, even though both fragments contain
numerous other Ser and Thr residues (Lafl: 19S, 10T; Dgr2: 14S, 8T). Despite this evidence for specificity,
incorporation into Laf1(684-834) and Dgr2(1-128) catalyzed by the preparation of Ypkl-as-(His)s-HA
was not blocked at a concentration of the inhibitor 3MB-PP1 that was quite efficacious in reducing
incorporation into a control protein, Orm1, a well-documented substrate for Ypk1 both in vivo and
in vitro [50,58]. Therefore, in addition to Ypk1, some other as yet unidentified protein kinase in the
Ypkl-as-(His)s-HA preparation is capable of phosphorylating these proteins at these specific sites.
In this regard, it has been reported recently that some targets that contain sequences that harbor
within them the Ypk1 consensus can also be phosphorylated by other AGC family protein kinases,
including-PKA and Sch9 [59]. We have not yet tested the Ypkl-as-(His)s-HA preparation for the
presence of either of these potential contaminants.

As we observed for Lafl-mNG and Lafl-mKate, we likewise found that in cells lacking Lam2
alone, the number of cortical puncta containing Dgr2-mKate was drastically reduced, whereas the
absence of Lam4 had a milder effect, and, in cells lacking both Lam?2 and Lam4, almost no Dgr2-mKate
was detectable at the PM (Figure 1D, upper panel). Again, the dramatic loss of Dgr2-mKate at the
PM could not be attributed to any marked reduction in total Dgr2-mKate because the amount of
Dgr2-mKate remained very similar in all four backgrounds (Figure 1D, lower panels). Also, like Lafl,
based on its electrophoretic isoforms, Dgr2 appears to be a phosphoprotein.

We also examined the converse relationship. We found that localization of GFP-Lam? to ER-PM
CSs was not detectably diminished in cells lacking both Lafl and Dgr2 (Figure 1E). Given that Lam?2 is
anchored in the ER membrane via its C-terminal transmembrane domain, these results establish that it
is Lam2 and Lam4 that are required to recruit Lafl and Dgr2 to ER-PM CSs, and association with Lafl
and Dgr?2 is not required for Lam2 or Lam4 to reach and remain at ER-PM CSs.

3.2. Lafl Is Required for Efficient Retrograde Removal of PM Ergosterol

Having established that Lam2 and Lam4 are required to recruit Lafl and Dgr2 to ER-PM CSs and
that all four proteins co-localize there, we then tested whether Lafl and/or Dgr2 had, like Lam2 and
Lam4, a role in retrograde sterol transport. Due to their deficiency in transferring ergosterol from the
PM back to the ER, cells lacking Lam2 and Lam4 have a higher concentration of accessible ergosterol
in their PM than WT cells. This defect makes lam2A lam4A cells hypersensitive to the anti-fungal agent
amphotericin B (AmB) [15,37] because this compound kills cells by sequestering ergosterol from the
PM [60]. Similarly, we found that, in cells expressing GFP-Lam2, absence of Lafl was sufficient to
make the cells more sensitive to the toxic effect of AmB compared to the otherwise isogenic LAF1*
(control) cells (Figure 2A), whereas absence of Dgr2 alone had no discernible effect and did not further
enhance the AmB sensitivity of Lafl-deficient cells (Figure 2A). Thus, under normal conditions, Lafl,
and not Dgr2, plays the major role in the events required for retrograde sterol transport.

The most straightforward explanation for this distinction is that Lafl is a substantially more
abundant protein than Dgr2 based on two criteria. First, estimates of their relative levels calculated
on the basis of all available proteomic studies of S. cerevisiae [61] show that Lafl is three times more
abundant than Dgr2 (average number of molecules per cell of 1580 versus average number of molecules
per cell of 540) [61]. Second, in our hands, when tagged with the same epitope (mKate) and analyzed
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by immunoblotting with the same antibody (anti-tRFP), we find that Laf1 is indeed expressed at a
much higher level than Dgr2 (Figure 2B).

A

P IB: tRFP
E Loading control

Q@O D%
lam2a lama LAF1+ L K K

LAM2* LAM4* |af1A . . @
lam2A lam4A laf1A . ' @

Figure 2. (A) Lafl has a function in retrograde sterol transport. Serial 10-fold dilutions of WT GFP-Lam2
(YFR512-A), lafIA GFP-Lam2 (YFR603), dgr2A GFP-Lam2 (YFR607), and lafIA dgr2A GFP-Lam2
(YFR613-A) were spotted on plates lacking (-) or containing AmB at the indicated concentrations.
The plates were scanned after 2 days of growth at 30 °C. (B) Laf1 is more abundant than Dgr2. Extracts of
cells expressing, as indicated, either Lafl-mKate (YFR635) or Dgr2-mKate (YFR657-A), each from
their endogenous chromosomal locus, were resolved by SDS-PAGE and analyzed by immunoblotting,
as described in the Materials and Methods Section. (C) Lafl functions in the same retrograde sterol
transport pathway as Lam2 and Lam4. Serial 10-fold dilutions of WT (BY4741), lam2A lam4A (YFR513),
laf1A (ymr102cA), and lam2A lam4A laf1A (YFR734-A) were spotted on plates lacking (-) or containing
AmB at the indicated concentrations. The plates were scanned after 2 days of growth at 30 °C.

LAM2* LAM4* LAF1*

Most significantly, when assessed in otherwise WT cells, the degree of AmB sensitivity conferred
by loss of Lafl was significantly less severe than that conferred by loss of Lam2 and Lam4 (Figure 2C).
It is telling, however, that when a lafl A mutation was installed in lam2A lam4A double mutant cells, we
did not observe any enhancement of their AmB sensitivity (Figure 2C). This lack of an additive effect is
genetic evidence that Lafl acts together functionally with Lam2 and Lam4 in the same sterol transport
process, consistent with the co-localization of these proteins.

3.3. Lafl Physically Associates with Lam2 and the PH Domain of Lam2 Is Not Required for Its Interaction
with Lafl

To determine whether the co-localization and shared function of Lam2 and Lam4 with Lafl
and Dgr2 are due to their direct physical interaction, we expressed GST-tagged versions of Lafl and
Dgr2 and (His)s-tagged soluble fragments of Lam2 and Lam4 in E. coli and examined the ability of



Biomolecules 2020, 10, 1598 14 of 23

the resulting purified recombinant proteins to associate with each other in vitro using a standard
pull-down assay. The Lam2 and Lam4 constructs comprised most of their shared cytoplasmic portions,
including their PH and two StARkin domains, but excluded their C-terminal transmembrane ER
anchor (Figure 3A, upper panel).

The largest Lam2 construct, Lam2(482-1259), contains two of its three documented Ypkl
phosphorylation sites (T518 and T1237) and the Lam4 construct, Lam4(371-1177), contains its two
documented Ypk1 phosphorylation sites (5401 and S667) [37]. When incubated in solution and then
affinity-captured on glutathione-agarose beads, GST-Lafl or GST-Dgr2 were able to bind both the
Lam?2(482-1259) and Lam4(371-1177) fragments, whereas a huge excess of GST alone did not detectably
bind Lam2(482-1259) and exhibited only weak background level binding of Lam4(371-1177) (Figure 3A,
lower panel). Because Lam?2 is more abundant than Lam4 (average number of molecules per cell of
1890 versus average number of molecules per cell of 890) [61] and because we previously demonstrated
that loss of Lam?2 has a more dramatic effect in impeding retrograde sterol transport in vivo than does
loss of Lam4 [37], and because Lafl is much more abundant than Dgr2, as we documented above,
we focused our attention on defining the Lafl-Lam?2 interaction in somewhat greater detail.

Compared to Lam2(482-1259)-(His)s, an N-terminally truncated derivative that still retained
the PH domain, Lam2(633-1259)-(His)s (Figure 3B, upper panel), bound to GST-Lafl much more
weakly, even though the input amount of both fragments was equivalent (Figure 3B, lower panel).
Most strikingly, an even shorter fragment from which the PH was removed, Lam2(849-1259)-(His)g
(as well as a proteolytic product) bound markedly more efficiently to GST-Laf1 than Lam2(482-1259)-(His)s.
These results demonstrate that it is the tandem StARkin domains of Lam2 that medjiate its association
with Lafl, and that the PH domain may have an inhibitory role in regulating the interaction of Lam2
with Lafl, which may be further modulated by the upstream sequence that contains the one Ypk1
phosphorylation site that is shared between Lam2 and Lam4.

To further verify the conclusion that the PH domain is inhibitory to Lam2-Lafl interaction,
we generated an internal deletion (A644-760) in the Lam2(482-1259)-(His)s fragment, which excised
just the PH domain (Figure 3C, upper panel). We found that, just like the Lam2(849-1259)
fragment (from which the PH domain was removed by N-terminal truncation), the Lam2(482-1259;
A644-760)-(His)g fragment (from which the PH domain was removed by internal deletion) bound to
GST-Lafl much more robustly than Lam2(482-1259)-(His)g itself (Figure 3C, lower panel). Thus,
the PH is certainly dispensable for Lam2-Lafl association and, in fact, hinders their interaction.
Also, neither mutation to Ala of both of the potential Ypkl phospho-acceptor residues in GST-Lafl
(5709S S710A) nor mutation to Ala of the conserved Ypk1 phospho-acceptor site and its adjacent reside
(T518A L519A) in the Lam?2(482-1259)-(His), fragment, cause any detectable change in the Lam2-Lafl
interaction, as expected for recombinant fragments generated in E. coli where phosphorylation is absent.

3.4. Ypk1-Mediated Phosphorylation of Lam2 Disrupts Its Association with GST-Lafl

As one approach to examine whether phosphorylation of Lam2 by Ypk1 and/or Ypk?2 influences
the stability or localization of Lafl, we examined the status of Lafl-mKate expressed from its
endogenous chromosomal locus in cells expressing WT Lam2, or Lam2, in which each of the three
Ypk1 phospho-acceptor residues (as well as the immediately downstream residue at each site) were all
mutated either to Ala (to prevent phosphorylation by Ypkl and Ypk2) (abbreviated A) or to Glu
(to mimic full phosphorylation by Ypk1 and Ypk2) (abbreviated E) (Figure 4A, upper panel). These Lam2
constructs were GFP-tagged and integrated at the LAM?2 locus in a strain carrying a lam4A mutation,
so that these Lam2 derivatives were the only sterol transporter of its class present. When examined by
immunoblotting, GFP-Lam2, GFP-Lam2(A), and GFP-Lam?2(E) were all expressed at an equivalent
level and the level of Lafl-mKate in each of these backgrounds was unaffected (Figure 4A, lower panel).
Thus, the state of Lam2 phosphorylation at its Ypk1 sites does not influence Laf1 stability.
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Figure 3. (A) Immobilized Laf1 and Dgr2 bind soluble fragments of Lam2 and Lam4 in vitro. Upper panel,
structural motifs present in the Lam?2(482-1259)-(His)¢ (pFR391) and Lam4(371-1177)-(His), (pFR407)
constructs. Lower panel, GST-Lafl (pMT2), GST-Dgr2 (pFR404), and GST alone were expressed
in E. coli from the vector pGEX4T-1 and purified. Samples were incubated in solution with,
as indicated, either Lam?2(482-1259)-(His)g or Lam4(371-1177)-(His)s for 1 h, and then the resulting
complexes captured on glutathione-agarose beads, as described in the Materials and Methods Section.
After washing, bound proteins were eluted, resolved by SDS-PAGE, and analyzed by immunoblotting.
(B) The PH domain of Lam2 impedes its binding to Lafl. Upper panel, structural motifs present
in the Lam2(482-1259)-(His)s (pFR391), Lam2(633-1259)-(His)s (pFR408), and Lam?2(849-1259)-(His)g
(pFR409) constructs. Lower panel, GST-Lafl (pMT2) was purified from E. coli, incubated with the
three different Lam?2 fragments indicated for 1 h, then the resulting complexes were affinity-captured
on glutathione-agarose beads, as described in the Materials and Methods Section. After washing,
bound proteins were eluted, resolved by SDS-PAGE, and analyzed by immunoblotting. (C) The PH
domain in Lam? is dispensable for its interaction with Lafl. Upper panel, structural motifs present
in the Lam?2(482-1259)-(His)e (pFR391), Lam?2(482-1259; T518A L519A)-(His)s (abbreviated AA)
(pFR392), and Lam2(482-1259; A644-760-(His)s (abbreviated APH) (pFR393) constructs. Lower panel,
GST-Lafl (pMT2) and GST-Laf1(S709A S710A) (abbreviated AA) (pFR396) were purified from E. coli,
incubated with the three different Lam?2 fragments indicated for 1 h, then the resulting complexes were
affinity-captured on glutathione-agarose beads, as described in the Materials and Methods Section.
After washing, bound proteins were eluted, resolved by SDS-PAGE, and analyzed by immunoblotting.
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Because both Lafl and Lam2 and its derived mutants were tagged with fluorescent proteins,
we could also examine whether the state of Lam?2 phosphorylation at its Ypk1 sites affected either Lafl
or Lam?2 localization. It appeared that WT GFP-Lam2, GFP-Lam?2(A), and GFP-Lam?2(E) all occupied
an equivalent number of ER-PM CSs around the cell periphery and, most significantly, that the fraction
of those sites to which Lafl-mKate co-localized was quite similar in all three strain backgrounds

(Figure 4B). Thus, the state of Lam2 phosphorylation at its Ypk1 sites does not influence Lafl retention
at ER-PM CSs.
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Figure 4. (A) State of Lam2 phosphorylation does not affect Lafl stability. Upper panel, the three
documented Ypk1 phosphorylation sites in Lam2, and the hextuple “A” mutant (S44A T45A T518A
L519A T1237A V1238A) and the hextuple “E” mutant (S44E T45E T518E L519E T1237E V1238E).
Lower panel, extracts of lam4A cells co-expressing Lafl-mKate with either GFP-Lam2WT (YFR728-A and
YFR728-B), GFP-Lam2* (YFR721-A and YFR721-B), and GFP-Lam2F (YFR722-A and YFR722-B)
were resolved by SDS-PAGE and analyzed by immunoblotting. (B) Phosphorylation state of

Lam?2 does not affect Lafl retention at ER-PM CSs. The lam4A strains co-expressing Lafl-mKate
and, as indicated, WT GFP-Lam2 (YFR728-B), GFP-Lam2# (YFR721-B), or GFP-Lam2F (YFR722-B),
were grown to mid-exponential phase in SCD-Trp and viewed under an epifluorescence microscope.
(C) Stimulation of TORC2-dependent Ypk1 activation does not affect either Lam?2 or Laf1 localization or
level. Upper panels, lam4A cells co-expressing WT GFP-Lam?2 and Lafl-mKate (YFR633-A) cells were
grown to mid-exponential phase, then either mock-treated (-) or treated (+Myr) with myriocin (1.25 pM)
for 2 h before viewing under an epifluorescence microscope. Lower panels, extracts of another lam4A
strain co-expressing WT GFP-Lam2 and Lafl-mKate (YFR726-A) were prepared, treated with calf
intestinal phosphatase, resolved by SDS-PAGE, and analyzed by immunoblotting. (D) Phospho-mimetic
mutation in Lam?2(482-1259)-(His)g reduce its affinity for GST-Lafl. Two Lam?2(482-1259)-(His)s mutants,
Lam2(482-1259; T518A L519A T1237A V1238A)-(His)g (pFR411) and Lam2(482-1259; T518E L519E
T1237E V1238E)-(His)s (pFR413), were purified from E. coli, incubated with purified GST-Lafl for 1 h,
then the resulting complexes were affinity-captured on glutathione-agarose beads, as described in the
Materials and Methods Section. After washing, bound proteins were eluted, resolved by SDS-PAGE,
and analyzed by immunoblotting.

Prior work has demonstrated that inhibition of sphingolipid biosynthesis by antibiotics like
myriocin [50] or aureobasidin A [62] is the most potent known means to stimulate TORC2-dependent
activation of Ypk1 and, in turn, Ypkl-mediated phosphorylation of its substrates. Therefore, we treated
the lam4A strain co-expressing Lafl-mKate and WT GFP-Lam2 with myriocin to maximize PM
stress-induced stimulation of Ypkl, and then examined GFP-Lam2 and Lafl-mKate localization
and levels. We found that myriocin treatment had no dramatic effect on either the localization of
GFP-Lam?2 at ER-PM CSs or on the fraction of those sites to which Lafl-mKate co-localized (Figure 4C,
upper panels). Moreover, after treatment of proteins in cell extracts with calf intestinal phosphatase to
collapse all phospho-isoforms, we found that myriocin treatment did not markedly alter the total levels
of either GFP-Lam?2 or Lafl-mKate (Figure 4C, lower panels). Importantly, however, in the context
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of our in vitro pull-down assay, we found that a phospho-mimetic variant of Lam2(482-1259)-(His)e,
Lam2(482-1259; T518E L519E T1237E V1238E)-(His)s, bound much more poorly to GST-Laf2 than a
corresponding non-phosphorylatable derivative, Lam2(482-1259; T518 A L519A T1237A V1238A)-(His)g
(Figure 4D), suggesting that even if Laf1 is able to remain stable and in proximity to phosphorylated
Lam2 at ER-PM CSs, their ability to physically associate is impaired.

To assess whether actual phosphorylation of Lam? is just as disruptive to its ability to associate
with Laf1 as the phospho-mimetic Glu mutations at the Ypk1 consensus sites in Lam2(482-1259)-(His)g,
we worked out conditions for authentic in vitro phosphorylation by purified Ypkl-(His)s-HA
that allowed us to quantitatively convert all of the Lam2(482-1259)-(His)¢ fragments present
to phospho-isoforms (Figure 5A). Satisfyingly, we found that compared to the robust binding
of unphosphorylated Lam2(482-1259)-(His)s to GST-Lafl, the binding of the phosphorylated
Lam?2(482-1259)-(His)¢ to GST-Lafl was dramatically reduced (Figure 5B). Thus, the primary,
and perhaps sole, effect of Ypkl-mediated phosphorylation of Lam2 is to prevent its ability to
engage in an intimate protein—protein interaction with Lafl. The implications of our results are
discussed below in the Discussion Section.

Lam2(482-1259)His6  +  +
Ypk1-His6HA +  +
ATP -  +

pLam2| -

Lam2- e

Phostag gel

4 IB: His

B GSTdafl  +  +
Lam2(482-1259)His6  Unphos. Phos.

- . IB: His
- .IB: GST

Input W WS |B: His

Pulldown: GST

Figure 5. Phosphorylation of Lam2 blocks its interaction with Lafl. (A) GST-Lam2(482-1259)-(His)g
(pFR391) purified from E. coli was incubated with Ypkl-(His)¢-HA purified, as described in the
Materials and Methods Section, from S. cerevisiae strain CGA84 containing plasmid BG1805 expressing
Ypk1-(His)g-HA-3C-ZZ, in the absence (-) or presence (+) of excess Mg-ATP. The products were then
resolved by PhosTag™ SDS-PAGE (8% acrylamide gel, 35 pM PhosTag reagent), and analyzed by
immunoblotting. (B) Purified recombinant GST-Laf1 was incubated for 1 h with the unphosphorylated
and phosphorylated Lam2(482-1259)-(His)g, prepared as shown in (A), for 1 h, then the resulting
complexes were affinity-captured on glutathione-agarose beads. After washing, bound proteins were
eluted, resolved by SDS-PAGE, and analyzed by immunoblotting.

4. Discussion

The present study was undertaken to understand the mechanism by which Ypkl-mediated
phosphorylation of Lam2 and Lam4 inhibits their function in retrograde transport of ergosterol at
ER-PM CSs [37]. One clue was buried in a prior observation that, in the compartment occupied by
Lam2 and Lam4, there were also two poorly characterized proteins present, Ymr102c and Dgr2 [38].
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We found this finding intriguing for several reasons. First, close inspection of their sequences and use
of predictive algorithms [63,64] indicated that both Ymr102c and Dgr2 contain ten WD40 repeat motifs.
The WD40 repeat, first described in bovine 3-transducin [65], is a conserved stretch of ~40 residues,
often with Trp (W) (or other aromatics) and Asp (D) (or other charged residues) at its C-terminal end
and often with Gly and His present with the sequence near its N-terminal end. A WD40 repeat typically
folds into a four-stranded anti-parallel 3-sheet that constitutes a blade of a 3-propeller fold [39].

Second, proteins with 3-propeller domains are very frequently involved in directly mediating
protein—protein interactions in both the yeast and human protein interactomes [40-44]. Indeed,
as we have demonstrated here, Ymr102 and Dgr2 both co-localize with Lam2 and Lam4 in vivo
and, as purified recombinant proteins, bind to Lam2 and Lam4 in vitro in the absence of any other
components. Hence, given that we have demonstrated most clearly that Ymr102c is a direct interactor
with Lam2, we have recommended to the Saccharomyces Genome Database that that the YMR102c locus
be redesignated the LAF1 gene for “Lam2/Ltc4-Associated Factor 1.”

Third, most -propeller proteins have seven blades, but representatives with either a lesser or a
greater number of WD40 repeats are known from crystal structures [66], even 3-propeller proteins
with ten. For example, the ectodomain of neurotensin receptor 3 (NTS3), also known as sortilin, is a
ten-bladed B-propeller with a typical toroidal topology that has a large enough central cavity for
specific binding of the 13-residue neurotransmitter peptide neurotensin [67]. Thus, with ten predicted
WD40 repeats, Lafl and Dgr2 also both likely adopt a ten-bladed -propeller topology. Moreover,
given the genetic and other evidence we have presented here that Lafl and Dgr2 have a function in
retrograde sterol transport, in conjunction with Lam?2 and Lam4, we suspect that the residues lining
the central cavity in the Lafl and Dgr2 ten-bladed 3-propellers selectively accommodate ergosterol.
Fully consistent with this supposition, using a photoactivatable sterol derivative, Lafl (Ymr102c)
was detected recently as a sterol-binding protein in yeast extracts [68]. The fact that Laf1 is at least three
times more abundant than Dgr2 possibly explains why Dgr2 was not detected by the same approach.
In this same regard, we documented here that Lafl interacts with the tandem sterol-binding StARkin
domains of Lam2. Taken together, these findings suggest a model in which Laf1 has a direct role in
how Lam?2 extracts ergosterol from the PM and/or in how Lam?2 delivers the sterol back to the ER.
Perhaps these two distinct classes of sterol-binding motifs—the StARkin domains in Lam2 and the
B-propeller in Lafl—act in a “bucket brigade” fashion to transmit ergosterol from one membrane,
then between each other, and then to the other membrane. It will be interesting to determine the
relative affinities of these two sterol-binding modalities and their order of function in the retrograde
sterol transport process.

Finally, as we demonstrated here, Ypkl-mediated phosphorylation of Lam?2 does not affect the
stability or localization either of Lam? itself or of Lafl. The main effect of Lam2 phosphorylation
by Ypkl is to block its protein—protein interaction with Lafl, thereby disrupting the contact between
these two proteins. Thus, the most parsimonious interpretation for how Lam2 phosphorylation by
Ypk1 inhibits retrograde sterol transport is that it blocks the ability of Lam2 and Lafl to interact,
thereby impeding coordination of their mutual and cooperative functions in transit of ergosterol from
the PM to the ER. Because phosphorylation-mediated disruption of Lam2-Lafl association does not
displace Lafl from Lam2-containing ER-PM CSs, yet Lam? is essential for Lafl localization to ER-PM
CSs, Laf1 likely makes multiple contacts with Lam2, and only those required for their coordinate
interaction in ergosterol transfer are disrupted by phosphorylation. In this same regard, our in vitro
analysis of Lafl-Lam?2 interaction indicated that the PH domain in Lam?2 is quite inhibitory to its
association with Lafl, and that sequences immediately N-terminal to the PH seem to alleviate that
inhibitory effect. Tellingly, that upstream sequence contains the one Ypk1 phosphorylation site that is
conserved between Lam?2 and Lam4 [37]. These interrelationships further extend our model for how
Lam?2-Lafl function is negatively regulated by Ypkl-mediated phosphorylation. In the absence of
phosphorylation, the sequence in Lam2 upstream sequesters the PH domain and prevents it from
associating with the tandem StARkin domains, thereby allowing the StARkin domains to associate
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productively with Lafl. However, when Ypk1 phosphorylates its site in the upstream sequence, the PH
domain is displaced and is free to associate with and occlude the StARkin domains, thus blocking their
proper mode of association with Lafl, thereby impeding the specific interactions between Lam2 and
Laf1 that are required for their joint function in retrograde ergosterol transport.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/12/1598/s1,
Figure S1, Lafl and Dgr2 are predicted ten-bladed B-propeller proteins. Figure S2, Panel A: Localization of Lafl
to ER-PM CSs requires Lam2 and Lam4, Panel B: Level of Lafl-mKate unaffected by absence of Lam2 and/or
Lam4, Panel C: Demonstration that Laf1 is a phospho-protein and only phosphorylated when Lam2 and Lam4 are
present, Panel D: Phosphorylation of Lafl is dependent on Ypk1 and Ypk2, Panel E: Phosphorylation of Lafl and
Dgr2 occurs at their predicted Ypk1 consensus sites. Supplemental References.

Author Contributions: Conceptualization, EM.R. and].T.; Methodology, EM.R., M.T,, E.P.S.and ].T,; Validation and
Formal Analysis, EM.R. and ].T.; Investigation, M.T., EM.R. and E.P.S.; Writing—Original Draft, M.T. and EM.R,;
Writing—Review and Editing, EM.R. and ].T.; Supervision, ].T.; Funding Acquisition, J.T. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by NIH R01 Research Grants GM21841 and GM101314 (to ].T.).

Acknowledgments: We thank Scott D. Emr (Cornell Univ.) for the tetherA mutant and its parental strain,
Hitomi Asahara and the staff of the UC Berkeley DNA Sequencing Facility for confirmation of all constructs
by direct nucleotide sequence analysis, and Steve Ruzin and the staff of the UC Biological Imaging Facility for
assistance with fluorescence microscopy.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zinser, E.; Paltauf, F.; Daum, G. Sterol composition of yeast organelle membranes and subcellular distribution
of enzymes involved in sterol metabolism. J. Bacteriol. 1993, 175, 2853-2858. [CrossRef]

2. Yang, S.T.; Kreutzberger, A.].B.; Lee, ].; Kiessling, V.; Tamm, L.K. The role of cholesterol in membrane fusion.
Chem. Phys. Lipids 2016, 199, 136-143. [CrossRef] [PubMed]

3. Lingwood, D.; Simons, K. Lipid rafts as a membrane-organizing principle. Science 2010, 327, 46-50.
[CrossRef] [PubMed]

4. Athanasopoulos, A.; André, B.; Sophianopoulou, V.; Gournas, C. Fungal plasma membrane domains.
FEMS Microbiol. Rev. 2019, 43, 642-673. [CrossRef] [PubMed]

5. Dufourc, E.J. Sterols and membrane dynamics. ]. Chem. Biol. 2008, 1, 63-77. [CrossRef] [PubMed]

6. Douglas, L.M.; Konopka, ].B. Fungal membrane organization: The eisosome concept. Annu. Rev. Microbiol.
2014, 68, 377-393. [CrossRef] [PubMed]

7.  Rodrigues, M.L. The Multifunctional Fungal Ergosterol. mBio 2018, 9, €01755-18. [CrossRef] [PubMed]

8.  van Meer, G.; Voelker, D.R.; Feigenson, G.W. Membrane lipids: Where they are and how they behave.
Nat. Rev. Mol. Cell Biol. 2008, 9, 112-124. [CrossRef]

9. Layer, J.V,; Barnes, B.M.; Yamasaki, Y.; Barbuch, R.; Li, L.; Taramino, S.; Balliano, G.; Bard, M.
Characterization of a mutation that results in independence of oxidosqualene cyclase (Erg?7) activity from the
downstream 3-ketoreductase (Erg27) in the yeast ergosterol biosynthetic pathway. Biochim. Biophys. Acta
2013, 1831, 361-369. [CrossRef]

10. Baumann, N.A.; Sullivan, D.P.; Ohvo-Rekil4, H.; Simonot, C.; Pottekat, A.; Klaassen, Z.; Beh, C.T.; Menon, A K.
Transport of newly synthesized sterol to the sterol-enriched plasma membrane occurs via nonvesicular
equilibration. Biochemistry 2005, 44, 5816-5826. [CrossRef]

11. Sullivan, D.P; Ohvo-Rekild, H.; Baumann, N.A.; Beh, C.T.; Menon, A.K. Sterol trafficking between
the endoplasmic reticulum and plasma membrane in yeast. Biochem. Soc. Trans. 2006, 34, 356-358.
[CrossRef] [PubMed]

12. Mesmin, B.; Antonny, B.; Drin, G. Insights into the mechanisms of sterol transport between organelles.
Cell Mol. Life Sci. 2013, 70, 3405-3421. [CrossRef]

13. Prinz, W.A. Bridging the gap: Membrane contact sites in signaling, metabolism, and organelle dynamics.
J. Cell Biol. 2014, 205, 759-769. [CrossRef] [PubMed]

14.  Scorrano, L.; De Matteis, M.A.; Emr, S.; Giordano, F.; Hajn6czky, G.; Kornmann, B.; Lackner, L.L.; Levine, T.P.;
Pellegrini, L.; Reinisch, K.; et al. Coming together to define membrane contact sites. Nat. Commun. 2019,
10, 1287. [CrossRef] [PubMed]


http://www.mdpi.com/2218-273X/10/12/1598/s1
http://dx.doi.org/10.1128/JB.175.10.2853-2858.1993
http://dx.doi.org/10.1016/j.chemphyslip.2016.05.003
http://www.ncbi.nlm.nih.gov/pubmed/27179407
http://dx.doi.org/10.1126/science.1174621
http://www.ncbi.nlm.nih.gov/pubmed/20044567
http://dx.doi.org/10.1093/femsre/fuz022
http://www.ncbi.nlm.nih.gov/pubmed/31504467
http://dx.doi.org/10.1007/s12154-008-0010-6
http://www.ncbi.nlm.nih.gov/pubmed/19568799
http://dx.doi.org/10.1146/annurev-micro-091313-103507
http://www.ncbi.nlm.nih.gov/pubmed/25002088
http://dx.doi.org/10.1128/mBio.01755-18
http://www.ncbi.nlm.nih.gov/pubmed/30228244
http://dx.doi.org/10.1038/nrm2330
http://dx.doi.org/10.1016/j.bbalip.2012.09.012
http://dx.doi.org/10.1021/bi048296z
http://dx.doi.org/10.1042/BST0340356
http://www.ncbi.nlm.nih.gov/pubmed/16709160
http://dx.doi.org/10.1007/s00018-012-1247-3
http://dx.doi.org/10.1083/jcb.201401126
http://www.ncbi.nlm.nih.gov/pubmed/24958771
http://dx.doi.org/10.1038/s41467-019-09253-3
http://www.ncbi.nlm.nih.gov/pubmed/30894536

Biomolecules 2020, 10, 1598 21 of 23

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Gatta, A.T.; Wong, L.H.; Sere, Y.Y.; Calderén-Norefia, D.M.; Cockcroft, S.; Menon, A K,; Levine, T.P. A new
family of StART domain proteins at membrane contact sites has a role in ER-PM sterol transport. Elife 2015,
4,e07253. [CrossRef] [PubMed]

Murley, A.; Sarsam, R.D.; Toulmay, A.; Yamada, J.; Prinz, W.A.; Nunnari, J. Ltcl is an ER-localized
sterol transporter and a component of ER-mitochondria and ER-vacuole contacts. ]. Cell Biol. 2015,
209, 539-548. [CrossRef]

Wong, L.H.; Levine, T.P. Lipid transfer proteins do their thing anchored at membrane contact sites ...
but what is their thing? Biochem. Soc. Trans. 2016, 44, 517-527. [CrossRef] [PubMed]

Tsujishita, Y.; Hurley, J.H. Structure and lipid transport mechanism of a StAR-related domain. Nat. Struct. Biol.
2000, 7, 408—414. [CrossRef]

Lavigne, P; Najmanivich, R.; Lehoux, ].G. Mammalian StAR-related lipid transfer (START) domains with
specificity for cholesterol: Structural conservation and mechanism of reversible binding. Subcell. Biochem.
2010, 51, 425-437. [CrossRef]

Maxfield, ER.; Iaea, D.B.; Pipalia, N.H. Role of STARD4 and NPCl1 in intracellular sterol transport.
Biochem. Cell Biol. 2016, 94, 499-506. [CrossRef]

Tong, J.; Manik, M.K.; Im, Y.J. Structural basis of sterol recognition and nonvesicular transport by lipid
transfer proteins anchored at membrane contact sites. Proc. Natl. Acad. Sci. USA 2018, 115, E856-E865.
[CrossRef] [PubMed]

Horenkamp, F.A.; Valverde, D.P.; Nunnari, J.; Reinisch, K.M. Molecular basis for sterol transport by StART-like
lipid transfer domains. EMBO ]. 2018, 37. [CrossRef] [PubMed]

Jentsch, J.A.; Kiburuy, I.; Pandey, K.; Timme, M.; Ramlall, T.; Levkau, B.; Wu, J.; Eliezer, D.; Boudker, O.;
Menon, A K. Structural basis of sterol binding and transport by a yeast StARkin domain. J. Biol. Chem. 2018,
293, 5522-5531. [CrossRef] [PubMed]

Pichler, H.; Gaigg, B.; Hrastnik, C.; Achleitner, G.; Kohlwein, S.D.; Zellnig, G.; Perktold, A.; Daum, G.
A subfraction of the yeast endoplasmic reticulum associates with the plasma membrane and has a high
capacity to synthesize lipids. Eur. J. Biochem. 2001, 268, 2351-2361. [CrossRef]

Wu, M.M.; Buchanan, J.; Luik, R.M.; Lewis, R.S. Ca2* store depletion causes STIM1 to accumulate in ER
regions closely associated with the plasma membrane. J. Cell Biol. 2006, 174, 803-813. [CrossRef] [PubMed]
Nascimbeni, A.C.; Giordano, F; Dupont, N.; Grasso, D.; Vaccaro, M.I.; Codogno, P.; Morel, E.
ER-plasma membrane contact sites contribute to autophagosome biogenesis by regulation of local PI3P
synthesis. EMBO J. 2017, 36, 2018-2033. [CrossRef]

Gatta, A.T,; Sauerwein, A.C.; Zhuravleva, A.; Levine, T.P.; Matthews, S. Structural insights into a StART-like
domain in Lam4 and its interaction with sterol ligands. Biochem. Biophys. Res. Commun. 2018,
495, 2270-2274. [CrossRef]

Khelashvili, G.; Chauhan, N.; Pandey, K.; Eliezer, D.; Menon, A.K. Exchange of water for sterol underlies
sterol egress from a StARkin domain. Elife 2019, 8. [CrossRef]

Zinser, E.; Sperka-Gottlieb, C.D.; Fasch, E.V.; Kohlwein, S.D.; Paltauf, F.; Daum, G. Phospholipid synthesis
and lipid composition of subcellular membranes in the unicellular eukaryote Saccharomyces cerevisiae.
J. Bacteriol. 1991, 173, 2026-2034. [CrossRef]

Lemmon, M.A. Membrane recognition by phospholipid-binding domains. Nat. Rev. Mol. Cell Biol.
2008, 9, 99-111. [CrossRef]

Pemberton, J.G.; Balla, T. Polyphosphoinositide-Binding Domains: Insights from Peripheral Membrane and
Lipid-Transfer Proteins. Adv. Exp. Med. Biol. 2019, 1111, 77-137. [CrossRef] [PubMed]

Yu, ].W.; Mendrola, ].M.; Audhya, A.; Singh, S.; Keleti, D.; DeWald, D.B.; Murray, D.; Emr, S.D.; Lemmon, M.A.
Genome-wide analysis of membrane targeting by S. cerevisiae pleckstrin homology domains. Mol. Cell 2004,
13, 677-688. [CrossRef]

Bartlett, K.; Kim, K. Insight into Tor2, a budding yeast microdomain protein. Eur. J. Cell Biol. 2014, 93, 87-97.
[CrossRef] [PubMed]

Roelants, EM.; Leskoske, K.L.; Martinez Marshall, M.N.; Locke, M.N.; Thorner, . The TORC2-Dependent
Signaling Network in the Yeast Saccharomyces cerevisiae. Biomolecules 2017, 7, 66. [CrossRef]

Riggi, M.; Kusmider, B.; Loewith, R. The flipside of the TOR coin—TORC2 and plasma membrane homeostasis
at a glance. J. Cell Sci. 2020, 133. [CrossRef]


http://dx.doi.org/10.7554/eLife.07253
http://www.ncbi.nlm.nih.gov/pubmed/26001273
http://dx.doi.org/10.1083/jcb.201502033
http://dx.doi.org/10.1042/BST20150275
http://www.ncbi.nlm.nih.gov/pubmed/27068964
http://dx.doi.org/10.1038/75192
http://dx.doi.org/10.1007/978-90-481-8622-8_15
http://dx.doi.org/10.1139/bcb-2015-0154
http://dx.doi.org/10.1073/pnas.1719709115
http://www.ncbi.nlm.nih.gov/pubmed/29339490
http://dx.doi.org/10.15252/embj.201798002
http://www.ncbi.nlm.nih.gov/pubmed/29467216
http://dx.doi.org/10.1074/jbc.RA118.001881
http://www.ncbi.nlm.nih.gov/pubmed/29463678
http://dx.doi.org/10.1046/j.1432-1327.2001.02116.x
http://dx.doi.org/10.1083/jcb.200604014
http://www.ncbi.nlm.nih.gov/pubmed/16966422
http://dx.doi.org/10.15252/embj.201797006
http://dx.doi.org/10.1016/j.bbrc.2017.12.109
http://dx.doi.org/10.7554/eLife.53444
http://dx.doi.org/10.1128/JB.173.6.2026-2034.1991
http://dx.doi.org/10.1038/nrm2328
http://dx.doi.org/10.1007/5584_2018_288
http://www.ncbi.nlm.nih.gov/pubmed/30483964
http://dx.doi.org/10.1016/s1097-2765(04)00083-8
http://dx.doi.org/10.1016/j.ejcb.2014.01.004
http://www.ncbi.nlm.nih.gov/pubmed/24629393
http://dx.doi.org/10.3390/biom7030066
http://dx.doi.org/10.1242/jcs.242040

Biomolecules 2020, 10, 1598 22 of 23

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Muir, A.; Ramachandran, S.; Roelants, EM.; Timmons, G.; Thorner, ]. TORC2-dependent protein kinase Ypk1
phosphorylates ceramide synthase to stimulate synthesis of complex sphingolipids. Elife 2014, 3, e03779.
[CrossRef] [PubMed]

Roelants, EM.; Chauhan, N.; Muir, A.; Davis, ].C.; Menon, A K.; Levine, T.P.; Thorner, J. TOR complex
2-regulated protein kinase Ypkl controls sterol distribution by inhibiting StARkin domain-containing
proteins located at plasma membrane-endoplasmic reticulum contact sites. Mol. Biol. Cell 2018,
29,2128-2136. [CrossRef]

Murley, A.; Yamada, J.; Niles, B.J.; Toulmay, A.; Prinz, W.A.; Powers, T.; Nunnari, J. Sterol transporters at
membrane contact sites regulate TORC1 and TORC2 signaling. . Cell Biol. 2017, 216, 2679-2689. [CrossRef]
Stirnimann, C.U.; Petsalaki, E.; Russell, R.B.; Miiller, CW. WD40 proteins propel cellular networks.
Trends Biochem. Sci. 2010, 35, 565-574. [CrossRef]

Rual, J.F,; Venkatesan, K.; Hao, T.; Hirozane-Kishikawa, T.; Dricot, A.; Li, N.; Berriz, G.E.; Gibbons, ED.;
Dreze, M.; Ayivi-Guedehoussou, N.; et al. Towards a proteome-scale map of the human protein-protein
interaction network. Nature 2005, 437, 1173-1178. [CrossRef]

Stelzl, U.; Worm, U.; Lalowski, M.; Haenig, C.; Brembeck, EH.; Goehler, H.; Stroedicke, M.; Zenkner, M.;
Schoenherr, A.; Koeppen, S.; et al. A human protein-protein interaction network: A resource for annotating
the proteome. Cell 2005, 122, 957-968. [CrossRef] [PubMed]

Collins, S.R.; Kemmeren, P.; Zhao, X.C.; Greenblatt, ].F,; Spencer, F.; Holstege, F.C.; Weissman, J.S.; Krogan, N.J.
Toward a comprehensive atlas of the physical interactome of Saccharomyces cerevisiae. Mol. Cell Proteom.
2007, 6, 439-450. [CrossRef] [PubMed]

Yu, H.; Braun, P, Yildirim, M.A.; Lemmens, I.; Venkatesan, K.; Sahalie, J.; Hirozane-Kishikawa, T.; Gebreab, E,;
Li, N.; Simonis, N.; et al. High-quality binary protein interaction map of the yeast interactome network.
Science 2008, 322, 104-110. [CrossRef] [PubMed]

Schapira, M.; Tyers, M.; Torrent, M.; Arrowsmith, C.H. WD40 repeat domain proteins: A novel target class?
Nat. Rev. Drug Discov. 2017, 16, 773-786. [CrossRef]

Amberg, D.C.; Burke, D.J.,; Strathern, ].N. Methods in Yeast Genetics; Cold Spring Harbor Laboratory:
Cold Spring Harbor, NY, USA, 2005.

Alvaro, C.G.; O’Donnell, AE; Prosser, D.C.; Augustine, A.A.; Goldman, A.; Brodsky, J.L.; Cyert, M.S,;
Wendland, B.; Thorner, J. Specific x-arrestins negatively regulate Saccharomyces cerevisiae pheromone response
by down-modulating the G-protein-coupled receptor Ste2. Mol. Cell Biol. 2014, 34, 2660-2681. [CrossRef]
Robinson, ].S.; Klionsky, D.J.; Banta, L.M.; Emz, S.D. Protein sorting in Saccharomyces cerevisiae: Isolation
of mutants defective in the delivery and processing of multiple vacuolar hydrolases. Mol. Cell Biol. 1988,
8,4936-4948. [CrossRef]

Manford, A.G.; Stefan, C.J.; Yuan, H.L.; Macgurn, J.A.; Emr, S.D. ER-to-plasma membrane tethering proteins
regulate cell signaling and ER morphology. Dev. Cell 2012, 23, 1129-1140. [CrossRef] [PubMed]

Green, M.R.; Sambrook, J. Molecular Cloning: A Laboratory Manual; Cold Spring Harbor Laboratory Press:
Cold Spring Harbor, NY, USA, 2012; Volume 1-2.

Roelants, EM.; Breslow, D.K.; Muir, A.; Weissman, J.S.; Thorner, J. Protein kinase Ypkl phosphorylates
regulatory proteins Orm1 and Orm2 to control sphingolipid homeostasis in Saccharomyces cerevisiae.
Proc. Natl. Acad. Sci. USA 2011, 108, 19222-19227. [CrossRef] [PubMed]

Muir, A. Systematic Identification of Proteins Regulated by the TOR Complex. 2-Dependent Kinase Ypkl in
Saccharomyces Cerevisiae; University of California: Berkeley, CA, USA, 2015; p. 123.

Kinoshita, E.; Kinoshita-Kikuta, E.; Koike, T. Separation and detection of large phosphoproteins using
Phos-tag SDS-PAGE. Nat. Protoc. 2009, 4, 1513-1521. [CrossRef] [PubMed]

Baum, P; Thorner, J.; Honig, L. Identification of tubulin from the yeast Saccharomyces cerevisiae. Proc. Natl.
Acad. Sci. USA 1978, 75, 4962-4966. [CrossRef] [PubMed]

Schindelin, J.; Arganda-Carreras, I; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C;
Saalfeld, S.; Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012,
9, 676-682. [CrossRef] [PubMed]

Edelstein, A.D.; Amodaj, N.; Hoover, K.H.; Vale, R.D.; Stuurman, N. Computer Control of Microscopes Using
uManager. Curr. Protoc. Mol. Biol. 2010, 92. [CrossRef] [PubMed]


http://dx.doi.org/10.7554/eLife.03779
http://www.ncbi.nlm.nih.gov/pubmed/25279700
http://dx.doi.org/10.1091/mbc.E18-04-0229
http://dx.doi.org/10.1083/jcb.201610032
http://dx.doi.org/10.1016/j.tibs.2010.04.003
http://dx.doi.org/10.1038/nature04209
http://dx.doi.org/10.1016/j.cell.2005.08.029
http://www.ncbi.nlm.nih.gov/pubmed/16169070
http://dx.doi.org/10.1074/mcp.M600381-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/17200106
http://dx.doi.org/10.1126/science.1158684
http://www.ncbi.nlm.nih.gov/pubmed/18719252
http://dx.doi.org/10.1038/nrd.2017.179
http://dx.doi.org/10.1128/MCB.00230-14
http://dx.doi.org/10.1128/MCB.8.11.4936
http://dx.doi.org/10.1016/j.devcel.2012.11.004
http://www.ncbi.nlm.nih.gov/pubmed/23237950
http://dx.doi.org/10.1073/pnas.1116948108
http://www.ncbi.nlm.nih.gov/pubmed/22080611
http://dx.doi.org/10.1038/nprot.2009.154
http://www.ncbi.nlm.nih.gov/pubmed/19798084
http://dx.doi.org/10.1073/pnas.75.10.4962
http://www.ncbi.nlm.nih.gov/pubmed/368805
http://dx.doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
http://dx.doi.org/10.1002/0471142727.mb1420s92
http://www.ncbi.nlm.nih.gov/pubmed/20890901

Biomolecules 2020, 10, 1598 23 of 23

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Hoffmann, P.C.; Bharat, T.A.M.; Wozny, M.R.; Boulanger, J.; Miller, E.A.; Kukulski, W. Tricalbins Contribute to
Cellular Lipid Flux and Form Curved ER-PM Contacts that Are Bridged by Rod-Shaped Structures. Dev. Cell
2019, 51, 488-502.e488. [CrossRef] [PubMed]

Quon, E.; Sere, Y.Y.; Chauhan, N.; Johansen, J.; Sullivan, D.P,; Dittman, ].S.; Rice, W.J.; Chan, R.B.; Di Paolo, G.;
Beh, C.T; et al. Endoplasmic reticulum-plasma membrane contact sites integrate sterol and phospholipid
regulation. PLoS Biol. 2018, 16, e2003864. [CrossRef]

Gururaj, C,; Federman, R.S.; Federman, R.; Chang, A. Orm proteins integrate multiple signals to maintain
sphingolipid homeostasis. J. Biol. Chem. 2013, 288, 20453-20463. [CrossRef]

Plank, M.; Perepelkina, M.; Miiller, M.; Vaga, S.; Zou, X.; Bourgoint, C.; Berti, M.; Saarbach, J.; Haesendonckx, S.;
Winssinger, N.; et al. Chemical Genetics of AGC-kinases Reveals Shared Targets of Ypk1, Protein Kinase A
and Sch9. Mol. Cell Proteom. 2020, 19, 655-671. [CrossRef]

Kaminski, D.M. Recent progress in the study of the interactions of amphotericin B with cholesterol and
ergosterol in lipid environments. Eur. Biophys. |. 2014, 43, 453-467. [CrossRef]

Ho, B.; Baryshnikova, A.; Brown, G.W. Unification of Protein Abundance Datasets Yields a Quantitative
Saccharomyces cerevisiae Proteome. Cell Syst. 2018, 6, 192-205.193. [CrossRef]

Locke, M.N.; Thorner, J. Rab5 GTPases are required for optimal TORC2 function. J. Cell Biol. 2019,
218, 961-976. [CrossRef]

Wang, Y,; Jiang, E; Zhuo, Z.; Wu, X.H.; Wu, Y.D. A method for WDA40 repeat detection and secondary
structure prediction. PLoS ONE 2013, 8, e65705. [CrossRef]

Wang, Y,; Hu, X.J.; Zou, X.D.; Wu, X.H.; Ye, Z.Q.; Wu, Y.D. WDSPdb: A database for WD40-repeat proteins.
Nucleic Acids Res. 2015, 43, D339-D344. [CrossRef] [PubMed]

Fong, HK.; Hurley, ]J.B.; Hopkins, R.S.; Miake-Lye, R.; Johnson, M.S.; Doolittle, R.F.; Simon, M.IL
Repetitive segmental structure of the transducin beta subunit: Homology with the CDC4 gene and
identification of related mRNAs. Proc. Natl. Acad. Sci. USA 1986, 83, 2162-2166. [CrossRef] [PubMed]
Chen, C.K,; Chan, N.L.; Wang, A.H. The many blades of the 3-propeller proteins: Conserved but versatile.
Trends Biochem. Sci. 2011, 36, 553-561. [CrossRef] [PubMed]

Quistgaard, E.M.; Madsen, P.; Groftehauge, M.K.; Nissen, P.; Petersen, C.M.; Thirup, S.S. Ligands bind to
Sortilin in the tunnel of a ten-bladed beta-propeller domain. Nat. Struct. Mol. Biol. 2009, 16, 96-98. [CrossRef]
Chauhan, N.; Sere, Y.Y.; Sokol, A.M.; Graumann, ]J.; Menon, A.K. A PhotoClick cholesterol-based
quantitative proteomics screen for cytoplasmic sterol-binding proteins in Saccharomyces cerevisiae. Yeast 2020,
37,15-25. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.devcel.2019.09.019
http://www.ncbi.nlm.nih.gov/pubmed/31743663
http://dx.doi.org/10.1371/journal.pbio.2003864
http://dx.doi.org/10.1074/jbc.M113.472860
http://dx.doi.org/10.1074/mcp.RA120.001955
http://dx.doi.org/10.1007/s00249-014-0983-8
http://dx.doi.org/10.1016/j.cels.2017.12.004
http://dx.doi.org/10.1083/jcb.201807154
http://dx.doi.org/10.1371/journal.pone.0065705
http://dx.doi.org/10.1093/nar/gku1023
http://www.ncbi.nlm.nih.gov/pubmed/25348404
http://dx.doi.org/10.1073/pnas.83.7.2162
http://www.ncbi.nlm.nih.gov/pubmed/3083416
http://dx.doi.org/10.1016/j.tibs.2011.07.004
http://www.ncbi.nlm.nih.gov/pubmed/21924917
http://dx.doi.org/10.1038/nsmb.1543
http://dx.doi.org/10.1002/yea.3448
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Construction of Yeast Strains and Growth Conditions 
	Plasmids and Recombinant DNA Methods 
	Production and Purification of GST-Fusion Proteins 
	Production and Purification of Ypk1 from S. cerevisiae 
	Preparation of Ypk1-Phosphorylated Lam2 Fragment 
	In Vitro Binding Assay 
	Immunoblotting 
	Fluorescence Microscopy 

	Results 
	Localization of -Propeller Proteins Laf1 and Dgr2 at ER-PM CSs Requires Lam2 and Lam4 
	Laf1 Is Required for Efficient Retrograde Removal of PM Ergosterol 
	Laf1 Physically Associates with Lam2 and the PH Domain of Lam2 Is Not Required for Its Interaction with Laf1 
	Ypk1-Mediated Phosphorylation of Lam2 Disrupts Its Association with GST-Laf1 

	Discussion 
	References

