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Abstract

Serine palmitoyltransferase (SPT), an endoplasmic reticulum-localized membrane enzyme
composed of a catalytic LCB1/LCB2 heterodimer and a small activating subunit (Tsc3 in yeast;
ssSPTs in mammals), is negatively regulated by the evolutionarily conserved family of proteins
known as the ORMs. In yeast, SPT, the ORMSs, and the PI4P phosphatase Sacl, copurify in the
“SPQOTs” complex. However, neither the mechanism of ORM inhibition of SPT nor details of the
interactions of the ORMs and Sacl with SPT are known. Here we report that the first
transmembrane domain (TMD1) of Lcb1 is required for ORM binding to SPT. Loss of binding is
not due to altered membrane topology of Lcbl since replacing TMD1 with a heterologous TMD
restores membrane topology but not ORM binding. TMD1 deletion also eliminates ORM-
dependent formation of SPT oligomers as assessed by co-immunoprecipitation assays and /n vivo
imaging. Expression of ORMs lacking derepressive phosphorylation sites results in constitutive
SPT oligomerization, while phosphomimetic ORMs fail to induce oligomerization under any
conditions. Significantly, when LCB1-RFP and LCB1ATMD1-GFP were coexpressed, more
LCB1ATMD1-GFP was in the peripheral ER, suggesting ORM regulation is partially
accomplished by SPT redistribution. Tsc3 deletion does not abolish ORM inhibition of SPT,
indicating the ORMSs do not simply prevent activation by Tsc3. Binding of Sacl to SPT requires
Tsc3, but not the ORMs, and Sacl does not influence ORM-mediated oligomerization of SPT.
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Finally, yeast mutants lacking ORM regulation of SPT require the LCB-P lyase Dpl1 to maintain
long-chain bases at sublethal levels.

serine palmitoyltransferase; ORMs; sphingolipids; Lcb1; Tsc3; Dpll

INTRODUCTION

The sphingolipids are a complex family of molecules with crucial structural and signaling
roles and perturbations in their synthesis, trafficking, and degradation underlie many human
diseases (1). Thus, understanding the mechanisms responsible for maintaining homeostasis
of the sphingolipids is an important goal. Serine palmitoyltransferase (SPT) catalyzes the
committed and rate-limiting step in sphingolipid biosynthesis. In prokaryotes, SPT is a
soluble homodimer that structural studies have shown contains two catalytic sites, each at
the subunit interface (2). In eukaryotes, the enzyme is composed of three subunits, two of
which, LCB1 and LCB2, are evolutionarily conserved and form a catalytically competent
ER-localized heterodimer with a single active site at the dimer interface (3). The third
subunit is a much less conserved small protein that increases the catalytic activity of the
enzyme nearly 100-fold. While in yeast there is a single isoform of this protein (Tsc3) (4), in
higher eukaryotes there are two, and sometimes three, highly related isoforms (ssSPTs) that
also specify acyl-CoA chain preference (5).

While much progress has been made in elucidating the structural organization of SPT,
determining the mechanism(s) that regulate its activity has proven more difficult. However,
the Weissman (6) and Chang (7) laboratories provided major insights into how SPT is
regulated by showing that the yeast ORM proteins negatively regulate SPT in response to
sphingolipid availability. This negative regulation was shown to be relieved by
phosphorylation of the N-terminal domains of the ORM proteins (6). In addition, the ORM
proteins were shown to reside in a complex (SPOTS) with SPT that also contains Sacl (a
PI14P lipid phosphatase), and repressed SPT appeared to be localized to the peripheral ER,
while derepressed SPT was largely perinuclear (6). Subsequently, it has been determined
that phosphorylation of the N-terminal domain is catalyzed by YpkZ1, which is regulated by
TORC2 (8-10), and by Nprl, which is regulated by TORC1 (11).

In higher eukaryotic cells the ORM orthologues, the ORMDLSs (of which there are three),
also regulate SPT activity (6,12-14). However, they lack the N-terminal domain present in
the yeast ORMs, and therefore do not appear to be regulated by phosphorylation. Rather,
since silencing the ORMDLSs increases long-chain base (LCB) synthesis, simple mass action
may account for their regulation of SPT. This is consistent with our previous report that
increasing SPT activity results in a compensatory increase in ORMDL expression that is
required to maintain sphingolipid homeostasis (12).

Since the catalytic heterodimers of yeast and mammalian SPT are activated by a small third
subunit, it is possible that ORM repression is the result of antagonism of the activity of the
activating subunits. Alternatively, the ORMSs could directly inhibit the catalytic heterodimer.
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Because phosphorylation of wild-type yeast ORMs is regulated by sphingolipid availability,
and ORM phosphorylation (and derepression) would therefore be expected to increase in the
absence of the activating small subunit, these possibilities are difficult to distinguish.
However, mutation of the YPK phosphorylation sites of the yeast ORMs results in proteins
that are constitutive repressors of SPT activity (6). In the present study, we have used these
mutants to show that the ORMSs bind to and directly inhibit the catalytic heterodimer.

Regardless of the mechanism by which the ORMs regulate SPT activity, binding to SPT is
required. Our topological analysis of heterotrimeric SPT showed that: i) LCB1 has three
transmembrane domains with its N-terminus in the ER lumen and its C-terminus in the
cytosol (15); ii) LCB2 has two transmembrane domains with both the N- and C-termini in
the cytosol (unpublished); and iii) the small activating subunit has a single transmembrane
domain with its N-terminus in the cytosol (16). In addition, Han et al. have shown that Lcbl
is sufficient to bind the yeast ORMs (7). Furthermore, the N-terminal domain, including
TMDL, of Lcbl can be deleted without compromising membrane targeting or enzymatic
activity (15). Thus, TMDL could be a regulatory domain important for interaction with the
ORMs, integral ER membrane proteins containing four membrane spanning domains (17).

Based on the interaction between epitope-tagged hLCB2b (SPTLC3) and hLCB2a
(SPTLC2), blue-native gel electrophoresis and size exclusion chromatography of solubilized
SPT, Hornemann et al. proposed that mammalian SPT is an octamer of catalytic
heterodimers (18). In addition, Breslow et al. proposed that the yeast SPOTS complex also
exists in higher order structures whose assembly is regulated by sphingolipid availability (6).
Both the yeast and mammalian ORM proteins have themselves been proposed to exist in
higher order complexes (6,19), but it is unclear whether the formation of SPT multimers is
dependent upon ORM oligomerization. It is also unclear what role, if any, ORM
oligomerization plays in the regulation of SPT activity. In the present study, we have defined
a region of LCB1 required for ORM binding and used mutants in which this region has been
deleted to address these questions. Our results suggest that SPT multimerization is ORM-
dependent, and that, like many other enzymes, its activity is regulated by its multimeric
state.

MATERIALS AND METHODS

Reagents

Tunicamycin, stearylamine, sucrose monolaurate (SML), Triton X-100 (TX100), and
myriocin were purchased from Sigma. Digitonin (DIG) and n-dodecyl-p-d-maltoside
(DDM) were purchased from Anatrace. Endoglycosidase H, restriction enzymes, DNA
polymerases and DNA modifying enzymes were from New England Biolabs. QuikChange
mutagenesis kits were from Agilent. PHS, and DHS were from Avanti Polar Lipids and 3-
ketosphinganine was from Matreya. The Phos-tag™ reagent was purchased from Wako
Chemicals. [31H-serine (30 Ci/mmol) was obtained from PerkinElmer. Anti-FLAG beads
were from Sigma-Aldrich and GFP-Trap® A beads were from Chromotek. Yeast and
bacterial media were obtained from BD Difco. 3-amino-1,2,4-triazole (3-AT) was from MP
Biomedicals, LLC. AccQ-Tag, used to derivatize long-chain bases for detection, was from
Waters.
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The rabbit polyclonal anti-Lcb1 and anti-Lcb2 antibodies were generated using recombinant
yeast proteins prepared from £. coli. as previously described (4). Rabbit anti-hLCB1
antibodies were from BD Transduction Laboratories. Rabbit polyclonal anti-Tsc3, anti-
Orm1, anti-Orm2 and anti-Elo3 antibodies were made using peptides as immunogens. For
anti-Tsc3, two pooled peptides, MTQHKSSMVYIC, residues 1-11, and
CIPTTKEAKRRNGKSE, residues 11-25, (cysteines added for coupling) were used. The
peptides were synthesized and the antibodies were generated by Covance. The antibodies
were validated using microsomes prepared from a yeast #5¢3A mutant and from yeast
expressing epitope-tagged Tsc3 proteins. For anti-Orm1, a single peptide
(SASSSIKTTEPVKDHRC, residues 32-47) was used; for anti-Orm2, two pooled peptides,
SQSNKISTPVTDHRC, residues 29-42, and SHVEQETFEDENDQC, residues 51-64, were
used; and for anti-Elo3, a single peptide KKTVKKESEVSGSVASGS, residues 311-328,
was used. The Orm1, Orm2 and Elo3 peptides and antibodies were produced by New
England Peptide, Inc. Antibodies were affinity purified using CNBr-activated Sepharose 4B
beads (GE Healthcare Life Sciences) to which the immunizing peptides were covalently
coupled according to the manufacturer’s instructions. Antibodies were validated using yeast
knockout mutants and yeast expressing epitope-tagged variants of the Orm1, Ormz2, or Elo3
proteins. HRP-conjugated goat anti-rabbit and anti-mouse secondary antibodies from Bio-
Rad were used for detection. HA or FLAG-tagged proteins were detected using
commercially available HRP-conjugated anti-HA (Covance) or anti-FLAG (GenScript)
antibodies.

Cells and Growth Conditions

Plasmids

The yeast strains used in this study are listed in Table 1. Yeast cells were grown in YPD (1%
yeast extract, 2% peptone, 2% glucose) or in synthetic complete medium with 2% glucose
(SD) according to standard procedures (20). CHO LyB cells were grown in Ham’s F-12
medium (Invitrogen) supplemented with 10% fetal bovine serum (Biofluids, Inc.), 100 U/ml
penicillin and 100 pg/ml streptomycin. CHO LyB cells were transfected using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.

Plasmids were constructed using standard procedures and relevant features are listed in
Table 2. For the construction of yeast Lch1TMD1FVTL a plasmid containing Lcb1 with
codons 50 to 85 of Lcb1 replaced with an Nhel site (15) was linearized with Nhel and co-
transformed with a PCR-generated fragment containing TMD1 of FVT1 (codons 2-26)
flanked with 50 base pairs upstream and 50 base pairs downstream of TMDL1 of Lcbl. After
allowing for /n vivo recombination, the plasmid (pTDG-3, Table 2) was extracted, amplified
by passage through E. coli, and the construct was confirmed by DNA sequencing. To replace
TMD1 of hLCB1 with TMD1 from yeast Lcb1, the N-terminal domain (codons 1 to 40) of
hLCB1 was replaced with the yeast N-terminal domain (codons 1-85) by a similar /n vivo
recombination strategy to generate pTDG-24 (Table 2). The pAL2-URA plasmid was
constructed by replacing the GAL1 and GAL10 promoters of pESC-URA with the yeast
LCB2 and ADH2 promoters respectively. A fragment encoding £. coli biotin ligase (birA)
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was PCR-amplified for insertion immediately before the stop codon of Lcbl in a yeast
expression vector and the R118G mutation (21) was introduced into BirA by QuikChange
mutagenesis.

Yeast microsomal membrane preparation

Cells in exponential growth were pelleted at 5000 x g, and washed with water and with
TEGM buffer (0.05 M Tris (pH 7.5), 1 mM EGTA, 1 mM B-mercaptoethanol, 1 mM
phenylmethylsulfonyl fluoride, 1 pg/ml leupeptin, 1 ug/ml pepstatin A, 1 pg/ml aprotinin).
Cell pellets were resuspended in TEGM buffer at 50 OD cells/ 1 ml and glass beads (0.5 mm
diameter zirconia beads (BioSpec)) were added to the meniscus. Cells were disrupted by
vortexing 4 x 1 min, with 1 min cooling on ice between vortexing. The lysate was
transferred to a fresh tube along with several washings of the beads and the sample was
centrifuged at 8000 x g for 10 min. The supernatant was transferred to a new tube and spun
at 100,000 x g for 30 min. The resulting pellet was resuspended by Dounce homogenization
in at least 10 volumes of TEGM buffer and repelleted at 100,000 x g. The final membrane
pellet was resuspended in TEGM containing 33% glycerol and stored at —80°C. Protein
concentration was determined by Bio-Rad dye reagent using IgG as standard.

CHO-LyB microsomal membrane preparation

SPT assay

CHO-LyB cells were harvested by scraping, washed with PBSE (phosphate-buffered saline
containing 1 mM EGTA and 1 mM EDTA) and transferred into 15 ml conical tubes.
Following centrifugation at 1000 x g for 5 min, the cell pellets were resuspended in TEGM
buffer. Following cell lysis by sonication (three 6 sec pulses at a setting of 5), the lysate was
centrifuged at 8000 x g for 10 min. Microsomes were recovered from the supernatant by
centrifugation at 100,000 x g for 30 min, and the microsomal pellet was washed and
resuspended in 100 pul TEGM buffer containing 15% glycerol.

The reaction was initiated by adding 200 pg of microsomal membrane to a reaction cocktail
(final volume 300 pl) containing 50 mM HEPES (pH, 8.1), 50 uM pyridoxal-5’-phosphate,
2.5 mM serine, 20 uCi [31H-serine, 100 uM palmitoyl-CoA and 20 uM BSA. After 10 min at
37 °C, NH4OH to 0.25 M was added, followed by the addition of 2 ml of
chloroform:methanol (1:2), and the sample was vortexed. Long chain bases (LCBSs) were
extracted by adding 1 ml chloroform and 2 ml of 0.5 M NH4OH, vortexing and brief
centrifugation. The upper aqueous layer was aspirated off and the lower layer was washed
with 2 ml of 60 mM KCI and centrifuged. The washing was repeated and 1 ml of the sample
was dried under nitrogen and counted in a Packard Tri-Carb scintillation counter.

Extraction and quantification of LCBs by HPLC

Total LCBs were isolated from 5 ODgqq of exponentially growing yeast cells by HCI
methanolysis. Briefly, washed cells were resuspended in 1 ml 1 N methanolic HCI (Supelco,
Bellefonte, PA) and the tubes were placed in boiling water for 30 min. After cooling on ice,
1 ml of 0.9% NaCl and 2 ml hexane:diethyl ether (1:1) were added and following
centrifugation the upper phase was removed and the LCBs were extracted from the lower
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phase by adding 0.25 ml 10 N NaOH, vortexing and then adding 2 ml hexane and vortexing.
Following centrifugation, 1.5 ml of the upper phase was dried under Ny, resuspended in 80
pl of methanol: 190 mM triethylamine (2:0.3, v/v) and 20 pl of AccQ reagent (\Waters,
Milford, MA) was added and allowed to react for 60 min. Derivatized LCBs from 1.0 ODgqg
of yeast cells were analyzed by HPLC as described below.

Free LCBs were extracted from 5 ODgqq of exponentially growing cells. Cells were pelleted,
washed with water and resuspended in 200 pl 1 N NH4OH. Zirconia beads (0.5 mm,
BioSpec) were added to the meniscus and the pellets were vortexed for 90 sec. LCBs were
extracted by the addition of 2 ml chloroform:methanol (1:2) containing 0.25 mM C17-
sphingosine standard (Avanti). The extract was vortexed an additional 90 sec and transferred
to a new tube. The beads were washed with an additional 1 ml chloroform:methanol (1:2)
without standards, and the combined extracts were briefly centrifuged to remove beads and
debris. Chloroform (1.5 ml) was added to the extract, which was then partitioned into phases
by the addition of 3 ml 0.5 N NH4OH. After centrifugation, the upper aqueous layer was
aspirated off and the lower organic phase was washed 2 times with 60 mM KCI. The final
cleared organic phase was dried and resuspended in 100 pl methanol:triethylamine (20:3).
Eighty ul of the final extract was transferred to an HPLC vial and 20 pl AccQ reagent
(Waters) was added to derive the LCBs. After 60 min, the reaction was subjected to base
hydrolysis using 0.1 N KOH. The equivalent of 3.2 ODggg was then separated by HPLC as
described below.

HPLC analysis of AccQ-derivatized LCBs

AccQ-derivatized LCB samples were separated on a reverse phase 0.46 x 25 cm C18
column (4 um) (GraceVydac) using an HP 1100 liquid chromatograph coupled to an Agilent
1100 series fluorescence detector. The LCBs were resolved using solvent A
(acetonitrile:methanol: water:acetic acid:triethylamine (480:320:165:30:7, v/v)) for 60 min
at a flow rate of 1.5 ml/min. The AccQ-derivatized LCB peaks were identified using
fluorescence excitation at 244 nm and 398 nm emission. Between runs, the column was
washed using solvent B (acetonitrile:methanol, 60:40, v/v) at 1 ml/min for 6 min before
returning to solvent A for 8 min at 1.5 ml/min.

Quantification of LCBs from the orm1Aorm2Adpl1A mutant by mass spectrometry

Cells were cultured overnight in YPD media containing 90 ng/ml myriocin to an ODgggnm 0f
~0.5, washed with water and transferred to YPD media at 0.1 ODggo/ml. After collection of
all time points, LCBs were extracted from frozen cells by the addition of 1 ml water:
ethanol: diethyl ether: pyridine: NH4OH (15:15:5:1:0.018) containing 4 pl of 25 uyM
sphingolipid standards (Avanti, LM-6002) at 65 °C for 20 min. The extract was briefly
centrifuged, the supernatant was collected, and the pellet was extracted once more with 1 ml
extraction buffer without internal standards. The combined supernatants were subjected to
base hydrolysis with 0.1 N KOH in methanol for 60 min at 37 °C, neutralized with 0.1 M
acetic acid in methanol and dried under N,. The dried residue was suspended in 100 pl
(80:20) LC/MS running buffers, sonicated, briefly centrifuged, and the liquid was
transferred to LC/MS vials for analysis. LC buffers were: A, tetrahydrofuran: methanol: 5
mM ammonium formate (30:20:50); B, tetrahydrofuran: methanol: 5 mM ammonium
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formate (70:20:10). Both buffers contained 0.1% formic acid. LCBs were separated on a 75
mm C18 Bio-Spec column at 750 pl/min using a binary gradient as follows: 20% buffer B
for 1 min, ramp to 50% buffer B in 1 min and hold for 3 min. Ramp to 100% buffer B in 1
min and hold for 6 min before returning to 20% in 1 min and hold for 2 min. LCBs were
detected in MRM mode essentially as described by Merrill et. al (22) and quantified using
authentic standards. Each sample was injected a minimum of two times at various volumes
(2-20 pl) to ensure linearity.

Analysis of Protein-Protein Interactions

Split-ubiquitin 2-hybrid assays were performed as described previously (5). The plasmids
expressing the Nub- and Cub-tagged proteins are as in Table 2. Orm1 and Orm2 were Nub-
tagged at their N-termini by insertion of a NubG-HA cassette immediately following the
start codon. Lcbl and Lch1ATMDI were Cub-tagged at their C-termini by inserting a Cub-
LexA-VP16 cassette immediately before their stop codons. Lch2 was tagged at its C-
terminus by insertion of the NubG-HA cassette immediately before the stop codon. HA,
FLAG, and GFP epitope-tagged bait and prey proteins were constructed by standard
methods and used for coimmunoprecipitation assays.

Immunoprecipitation (IP) was carried out as described (6) with some modifications. In brief,
microsomal membrane proteins were resuspended at 1 mg/ml in IP buffer (50 mM HEPES-
KOH, pH 6.8, 150 mM KOAc, 2 mM MgOAc, 1 mM CaCls, and 15% glycerol) with
protease inhibitors, and solubilized in 1% digitonin at 4 °C for 2.5 h. After centrifugation at
100,000 x g for 30 min, 1 ml of the supernatant was incubated with 50 pl of anti-FLAG
beads (Sigma-Aldrich) or 25 pl of GFP-Trap (ChromoTek) at 4 °C for 4 h. The beads were
pelleted and washed four times with IP buffer containing 0.1% digitonin. For anti-FLAG
IPs, bound proteins were eluted in 130 pl IP buffer containing 0.25% digitonin and 200
ug/ml of FLAG peptide. For anti-GFP IPs, bound proteins were eluted by boiling in 130 pl
SDS sample buffer. 17.5 pl of solubilized membranes (input), 17.5 pl of unbound and 5 pl of
bound fractions were loaded on a NUPAGE 4 -12% Bis-Tris gel (Invitrogen), and the
resolved proteins were detected by immunoblotting as described below.

For the proximity-dependent biotin identification (BiolD) assay (23), yeast
ormI1AormZAIchIN mutant cells expressing Lcb1-BirA and the Orm1/2 phosphorylation
mutants were grown in SD medium to an ODgqq of 1.5 and then split and diluted to an OD
of 0.02 for incubation without and with biotin (50 uM) for 18 h. Cells were harvested,
microsomal proteins were prepared, separated by SDS-PAGE, and transferred to
nitrocellulose for immunoblotting as described above.

Immunofluorescent Microscopy

LCB2CFP@82 \yas constructed by an in-frame insertion of a multimerizing GFP cassette
between codons 82 and 83 of Lcbh2 using standard procedures. The other RFP and GFP-
tagged proteins were constructed by inserting cassettes expressing the non-polymerizing
variants of the fluorescent proteins either immediately after the start codon (for N-terminal
tagging) or immediately before the stop codon (for C-terminal tagging). Imaging was
performed with an Olympus IX70 imaging system using a 100x objective, an EXi-CCD
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camera (Q-imaging) and IPLab 3.9 software. Excitation and emission wavelengths: 460-490
nm/510nm for the GFP filter, 510-550 nm/590nm for the RFP filter.

The fluorescence distributions (GFP/RFP) and their intensities were analyzed using Fiji
ImageJ software (National Institutes of Health). In brief, the merged image was used to
generate an LCB1-RFP and LCB1ATMD1-GFP grayscale panel. Straight lines were drawn
at 0°, 120° and 240° through the same 20 cells in each panel. The intensity of fluorescence
at the periphery was determined by averaging the fluorescence intensity at each of the points
where the lines intersected the peripheral ER of each cell. The fluorescence in the cell was
determined by averaging the intensity along points (0.06250 um intervals, 52 to 102
depending on cell size) of each of the three bisecting lines, including the points of
intersection with the peripheral ER, using the analytic tool “Plot Profile.” After subtracting
the background, the average fluorescence intensity at the periphery (Fperi) and the average
fluorescence intensity in the cell (Fcell) were used to calculate Fperi/Fcell.

Assessing Membrane Topology

Membrane topology of the yeast Lcb1-TMD1FVT protein was determined by inserting a 50
amino acid cassette containing 3 consensus N-glycosylation sites derived from yeast
invertase between residues 4 and 5 as previously described (15). Whether the N-terminus of
the protein was in the cytosol or the lumen was determined from the electrophoretic
mobilities of the proteins with and without endoglycosidase H (EndoH) treatment as
previously described (15).

Gel electrophoresis and immunoblotting

SDS-PAGE and immunoblotting using antibodies directed against various components of the
SPOTS complex, or the relevant epitope tags, were performed as previously described (12).
To assess the phosphorylation status of the yeast ORMs, the Phos-tag™ reagent was
employed as recommended by the manufacturer. Protein expression was quantified using
Fiji ImageJ software.

Data analysis

All results are presented as mean + standard deviation. p values <0.05 were considered
significant as assessed by single factor ANOVA within Microsoft Excel. *, p < 0.05; **, p <
0.01; *** p < 0.001.

RESULTS

The first transmembrane domain of Lcbl is essential for ORM regulation of SPT

Our previous observation that TMD1 of Lcb1 was not required for ER localization or for
catalytic activity of SPT (15) suggested that it might play a regulatory role. Consistent with
this hypothesis, yeast cells expressing Lcb1 from which TMD1 has been deleted
(leb1ATMDI) are both cold and tunicamycin sensitive (Fig. 1A), phenotypes that also result
from elevated LCB levels (6). Similar phenotypes are seen in an ormi1AormZA mutant,
raising the possibility that TMD1 is required for ORM regulation of SPT. This is consistent
with the observation that the ORMs interact with Lcbl in the absence of any other
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components of the SPOTS complex (7) and suggests that LCB levels in an
LebINTMDIorm1AormZ2A triple mutant should be no higher than in the LCBIATMDI
single mutant. Comparison of total LCB levels in cells containing Lcbl and Lch1ATMD1
with and without the ORMs (Fig. 1B) confirmed this prediction, showing that SPT
containing Lch1ATMD1 is not regulated by the ORMs. In these experiments, the LCB levels
were lower in the /cbIA TMDIorm1Aorm2A triple mutant than in the ormIAormZA double
mutant. This is not the result of a lower intrinsic activity of SPT containing an Lcb1ATMD1
subunit. Rather, the expression of the LcbIATMDL. and consequently Lcb2 and Tsc3 (4),
are reduced by 10-30% compared to their wild-type counterparts (Fig. 1C).

Deletion of the YPK kinases, which phosphorylate and thereby derepress the ORMs, is
lethal, possibly due to constitutive repression of SPT since deletion of the ORMSs restores
viability (10). If TMD1 of LCB1 is required for ORM binding and regulation, then
expression of Lcb1ATMDL in the ypkIAypkZA double mutant should create a subset of SPT
not subject to repression and, like deletion of the ORMs, rescue the double mutant. To test
this prediction, we crossed a ypkIA mutant to a ypk2A mutant containing a plasmid
expressing Lch1ATMD1. Following sporulation of the diploid, the viability of the meiotic
products was tested. The results showed that the lethality of the ypkZAypk2A double mutant
was indeed rescued by the Lch1ATMD1 expression plasmid (Fig. 1D), providing additional
support for the conclusion that TMD1 mediates ORM regulation.

The first transmembrane domain of Lcbl is essential for ORM binding to SPT

Two lines of evidence suggest that not only does deletion of TMD1 ablate ORM regulation,
but that it also eliminates ORM binding to Lcb1l. First, there was a positive split ubiquitin 2-
hybrid interaction between Lcb1-Cub and either Nub-Orm1 or Nub-Orm2, but not between
Lcb1ATMD1-Cub and the Nub-tagged Orms (Fig. 2A). The lack of interaction between
Lcb1ATMD1-Cub and the Nub-tagged ORM proteins cannot be attributed to a general
perturbation of Lcbl since both the full-length and ATMD1 mutant Cub-tagged Lcbls
showed a positive interaction with Lcb2-Nub (Fig. 2A), and SPTs from which TMD1 of
Lcb1 had been deleted were active (15). The second line of evidence that TMDL1 is required
for ORM binding comes from experiments where FLAG-tagged Orm2 was used to
coimmunoprecipitate associated proteins. Full length Lcbl, and Lcb2,
coimmunoprecipitated in anti-FLAG pull downs of FLAG-Orm2 when TMD1 was present,
whereas neither copurified when it was deleted (Fig. 2B).

We have previously shown the N-terminus of Lcbl is in the lumen of the ER and that
deletion of TMD1 (residues 50-85) results in an active protein whose N-terminus is cytosolic
(15). To exclude the possibility that the failure of the ORMs to bind to Lch1ATMD1 was the
result of the absence of an N-terminal lumenal domain, residues 50-85 of Lcb1 were
replaced with the first TMD of FVTL1 (residues 2-26), whose N-terminus has been shown to
reside in the ER lumen (24). Insertion of a glycosylation cassette (GC) after residue 4
demonstrated that, like full-length Lcb1, the N-terminus of the chimeric protein was lumenal
(Fig. 2C). Nevertheless, despite restoring membrane topology and actually increasing /n
vitro SPT activity (Fig 2D), the ORMs neither bound (Fig. 2E) nor repressed (Fig. 2F) SPT
containing the chimeric Lcbl subunit. Indeed, basal LCB levels were markedly elevated
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when TMD1 was replaced by the first membrane-spanning domain of FVT1 (Fig. 1F) as
would be expected if the chimeric protein could not bind the ORMs. Thus, TMD1 of Lcbl is
necessary for ORM binding and regulation. However, it is not sufficient; a chimera in which
TMDL1 (residues 1-40) of human LCB1 (hLcbh1) was replaced with residues 1-85 of yeast
was catalytically active when co-expressed with hLCB2a and ssSPTa (Fig. 2G) but did not
coimmunoprecipitate with FLAG-tagged yeast ORMSs (Fig. 2H). Taken together, these
results show that either the ORMs bind to multiple regions of SPT or that the role of TMD1
is to create a conformation competent for ORM binding to another region of Lcbl.

The yeast SPOTS complex also contains Sacl, a PI14P phosphatase that binds to SPT
regardless of whether the ORMs are present (6). However, unlike the ORMSs, Sacl binding
to SPT does not require TMD1 of Lcbl (Fig 3A). Rather, Sacl binding to SPT was
significantly reduced when Tsc3 was deleted (Fig. 3B). Thus, association of different
components of the SPOTS complex is mediated by different subunits of SPT. In addition,
while an ormiAormZ2AsacIA mutant is synthetically lethal, and deletion of the ORMs
increased free LCB levels nearly 50-fold (6), deletion of Sacl had only a modest (2.5-fold)
effect on free LCB levels (Fig. 3C) suggesting that it has little if any effect on in vivo SPT
activity. In this figure, free, rather than total, LCBs are shown because whereas in the
ormIAormZA mutant total LCBs are nearly doubled, the increase in total LCBs in the sacIA
mutant is not statistically significant; the effect of deleting Sac1 can only be seen by
analyzing free LCBs.

ORMDL-mediated regulation of mammalian SPT also requires TMD1 of mammalian LCB1

Given the results described above, it was of interest to determine if ORMDL binding to, and
regulation of, human SPT depends on the presence of TMD1 of hLCB1. The effect of
deleting TMD1 (residues 9-40) of hLCB1 on the ability of the ORMDLS to repress SPT was
therefore examined. For these experiments, we took advantage of the hLCB1CC133W
HSAN1 mutant that confers increased promiscuity of heterotrimeric SPT for utilization of
alanine as substrate, thereby increasing synthesis of deoxy-LCBs (25,26). Deoxy-LCBs
provide an accurate measure of /7 vivo SPT activity because these compounds are not
present in the tissue culture medium, arise only from de novo synthesis, and lack the C1-OH
that is phosphorylated to form LCB-Ps that are subsequently degraded by the LCB-1-P
lyase. Thus, unlike the serine-containing LCBs, their levels are not affected by turnover
(12,16). Accordingly, CHO-LyB cells (which lack endogenous SPT activity (27)) were
transfected with hLCBC133W or h CB1C133W ATMD1. hLCB2a and ssSPTa, with or
without ORMDL3 (Fig. 4A). Thirty hours post-transfection, total LCBs were extracted and
the levels of dihydrosphinganine (DHS) and 1-deoxysphinganine (1-deoxySA) were
quantified (Fig. 4B). Similar to results we have previously reported from HEK cells (12), co-
expression of ORMDL3 reduced the /n vivo activity of SPT by nearly 90%. In contrast,
when cells were transfected with hLCB1C133W |acking TMD1, hLCB2a and ssSPTa,
cotransfection with ORMDL3 reduced /n vivo SPT activity by only about 50% (Fig. 4B).
Not only did deletion of TMD1 of hLcb1 reduce the ability of ORMDLS3 to repress SPT
activity, it also reduced binding of ORMDL3 to hLCB1; full length hLCBZ1, but not
hLCB1ATMDZ1, coimmunoprecipitated with FLAG-ORMDL3 (Fig. 4C). Notably, the
interaction between hLCB1 and the ORMDLs was seen whether or not hLCB2a and the
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ssSPT subunit were present (Fig 4D), indicating that ORMDL binding to hLCB1 is
independent of other components of mammalian SPT. ORMDL3 was chosen for use in these
experiments because of its association with asthma (28) and because it is the most widely
studied of the three highly homologous ORMDLSs. However, we have previously shown that
all three ORMDLSs bind and repress mammalian SPT (12).

The ORMs mediate oligomerization and localization of SPT

Breslow et al. reported that Orm1 associates with Orm2 and suggested that SPT may exist in
higher order complexes (6). In addition, Hornemann et al. proposed that mammalian SPT is
oligomeric (18). To investigate whether the ORMs mediate the formation of higher order
structures, Lcb1-FLAG and Lcbh1-GFP were co-expressed in cells with and without the
ORM s and the ability of Lch1-FLAG to coimmunoprecipitate Lch1-GFP after digitonin
(DIG) solubilization was determined. The results showed that in the presence of the ORMs,
Lcb1-FLAG and Lcb1-GFP coimmunoprecipitated, while in their absence they did not (Fig.
5A). Similarly, even when the ORMs are present, Lcb1ATMD1-GFP, which cannot bind the
ORMs (see above), does not pull down with Lch1-FLAG (Fig. 5A). Reciprocal
coimmunoprecipitation experiments confirmed that Lcb1-GFP pulled down both Lcb1-
FLAG and Orm2, whereas Lch1ATMD1-GFP pulled down neither (Fig. 5B). While these
results clearly show ORM-mediated oligomerization of SPT, formation of higher order
structures is independent of Sacl; Lcb1-GFP coimmunoprecipitated with Lcb1-FLAG
whether or not Sacl was present (Fig. 5A). In previous experiments, using sucrose
monolaurate (SML) solubilized membranes, no such oligomerization was seen (3). However,
in contrast to the situation after digitonin solubilization, there is only weak association
between the ORMs and SPT after SML solubilization (Fig. 5C). This provides additional
support for the role of the ORMs in the formation of higher order SPT complexes and
demonstrates that the stability of the SPOTS complex is highly dependent upon
solubilization conditions. Indeed, only after digitonin solubilization was Sacl associated
with the SPOTS complex (Fig. 5C).

While characterizing regions of Lcb2 that would tolerate insertion of epitope tags, we
observed that when a multimerizing form of GFP was inserted into the lumenal loop of
Lcb2, treatment of cells with phytosphingosine (PHS) and other physiological LCBs
resulted in relocalization of Lch26FP@82 jnto unusual bar-like structures (Fig. 6A). These
structures also contain Lcbl (Fig. 6B). Given that they are only seen in the presence of high
levels of LCBs and that cells expressing Lch2GFP@82 have significant SPT activity, the bars
do not appear to be simple aggregates of an altered Lcbh2. Notably, the ORMs are also
present in these structures (Fig. 6C). Indeed, their formation is dependent upon the presence
of the ORMs (Fig. 6D); 51 + 4% of cells containing the ORMs had bars in the presence of
PHS while cells lacking the ORMs failed to form bars in the presence of PHS. These results
are entirely consistent with the fact that oligomerization is ORM-dependent (Fig. 5A). More
importantly, the phosphorylation state of the ORMs appears to control bar formation; in cells
expressing a constitutively-negative Orm2 mutant (Orm2-3A) that contains alanine
substitutions at the three serine residues (serines 46, 47 and 48) subject to derepressive
phosphorylation by the YPK kinases (6,10), the structures form spontaneously, with 49

+ 9% of cells showing bars without PHS and 52 + 16% with PHS (Fig. 6E). Conversely, the
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structures cannot be induced by PHS in cells expressing an Orm2 mutant (Orm2-3D)
containing phosphomimetic mutations at the same sites (Fig. 6E). Taken together, these
results indicate that when sphingolipid levels are high, hypophosphorylated ORMs favor
oligomerization of SPT that may directly or indirectly inhibit its activity. In contrast to the
ORMS, Sacl is not required for bar formation (Fig. 6F). Thus, the ORMs are required for
both oligomerization and bar formation while Sacl is required for neither. This strongly
suggests that the bars, though only seen when SPT contains Lch2 with a multimerizing GFP
inserted after residue 82, are nevertheless reporting a physiological change in the
intracellular localization/organization of SPT.

Breslow et al. presented evidence that the phosphorylation state of the ORMs shifted the
distribution of the SPOTs complex within the ER (6). Since deletion of TMD1 of Lcbl
results in loss of ORM binding, a situation comparable to full derepression of the ORMs, we
co-expressed full-length Lcb1-RFP and Lch1ATMD1-GFP and analyzed their distribution
by fluorescent microscopy. The results clearly showed that a greater fraction of Lcb1-RFP
was localized to the peripheral ER (Fig. 7). Thus, not only does ORM binding influence the
oligomeric state of the enzyme, but also its localization, implying that oligomerization is a
determinant of subcellular localization.

The ORMs directly repress the Lcb1/Lcb2 heterodimer

Since Tsc3 enhances (4), and the ORMs, in their unphosphorylated state, repress SPT
activity, it was important to determine whether the ORMSs antagonize the activity of Tsc3 or
act directly on the Lcb1-Lcb2 heterodimer. If the role of the ORMSs were to antagonize Tsc3,
then they should have no effect on /n vivo SPT activity when Tsc3 is deleted. Consistent
with this, the levels of LCBs were not significantly different in a tsc3Aorm1AormZ2A triple
mutant than in a #5¢3A single mutant (Fig. 8A). However, in the #s¢3A mutant the ORMs are,
as expected, hyperphosphorylated and likely derepressed (Fig. 8B) making it difficult to
interpret the lack of change in LCB levels. We therefore used the constitutively negative
Orm1-3A and Orm2-3A mutants to insure maximum repression (10,11). The results showed
that overexpression of the non-phosphorylatable Orm1-3A and Orm2-3A proteins results in
death of the fs¢3A mutant, and that this effect is eliminated by deleting TMD1 of Lcbl (Fig.
8C). Thus, the ORMs directly inhibit the Lch1/Lcb2 catalytic heterodimer.

Using wild-type Orm2, the non-phosphorylatable Orm2-3A, and the phosphomimetic
Orm2-3D mutants and the biotin ligase (BirA) proximity assay (23), we also examined the
effects of ORM phosphorylation on binding to Lcb1. The results showed that Lcb1-BirA
strongly biotinylated both wild-type Orm2 and Orm2-3A. However, there was no
biotinylation of Orm2-3D (Fig. 8D). These data strongly suggest that phosphorylated ORMs
do not bind to SPT. This conclusion was confirmed by direct co-immunoprecipitation
experiments in which Lcbh1-FLAG was co-expressed with the either Orm2, Orm2-3A or
Orm2-3D and captured with anti-FLAG antibodies; both Orm2 and Orm2-3A co-
immunoprecipitated with Lcb1-FLAG whereas Orm2-3D did not (Fig. 8E). These results are
consistent with the decreased binding of ORMs to Lcb1 observed after treatment of cells
with myriocin, which has been shown to increase ORM phosphorylation (6,29).
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The LCB-P lyase, Dpll, is essential for maintaining LCBs at sublethal levels in yeast
ormlAorm2A mutants

Previous studies have shown that cells lacking Dpl1, the lyase that degrades LCB-Ps to
palmitaldehyde and phosphoethanolamine, accumulate high LCB levels indicating that this
degradative pathway is important for maintaining LCB homeostasis (30). It was therefore of
interest to investigate the effect of combining the loss of this degradative pathway with the
loss of ORM regulation. Accordingly, an orm1AormZA mutant was crossed to a gp/1Atsc3A
mutant, the resulting diploid was sporulated, and tetrads were dissected. From 42 tetrads, not
a single orm14ormZ2Aadp/1A triple mutant was recovered. In contrast, 8
orm1AormZAapl1Atsc3A quadruple mutant products of meiosis were recovered. However,
when the tetrads were dissected on plates containing myriocin, which reduces SPT activity,
the vast majority of the ormi4AormZAdpliA triple mutants survived but failed to grow when
transferred to medium lacking myriocin (Fig. 9A). In addition, when cells were grown in the
presence of myriocin and then diluted into YPD, the levels of free LCBs in the
ormiAormZAdpl1A triple mutant rose faster and reached a higher level than those in the
orm1Aorm2 mutant (Fig. 9B). Since the dp/1A4 single mutant showed only a modest increase
in LCB levels following transfer to medium without myriocin (Fig. 9B, inset), these results
indicate that the combined loss of the ORMs and Dpl1 results in LCB levels incompatible
with cell viability and that the reduction in SPT activity due to loss of Tsc3 or inhibition by
myriocin reduces LCBs to a permissive level.

DISCUSSION

Topology mapping of yeast Lcb1l revealed the presence of three TMDs, an N-terminal TMD
located between amino acids 50-85 oriented to place the N-terminal 50 amino acids in the
ER lumen, and two centrally located TMDs separated by a short lumenal loop (15).
Although it has been suggested that the first TMD of yeast Lcb1 targets the protein to the
ER (31), its deletion does not abolish ER targeting (15). Nor does it reduce SPT catalytic
activity. However, deletion of TMD1 from yeast Lcbl abolished ORM binding, resulting in
phenotypes strikingly similar to an ormIAormZ2A double mutant or a constitutively
derepressed ormZ2 phosphomimetic mutant in which the three YPK phosphorylation sites
were mutated to aspartates. Thus, in contrast to models in which TMD1 is hypothesized to
act simply as a membrane tethering domain, we conclude that TMD1 is a regulatory domain,
and that TMD2 and TMD3 of Lcb1 determine membrane topology. Deletion of TMD1 of
hLCBL1 had the same effect on binding of the mammalian ORMDLSs; in the absence of
TMDL1 there was markedly reduced ORMDL binding to SPT and /n vivo enzymatic activity
increased. In addition, as reported for yeast ORM binding to Lcbl (7), only hLCB1 was
necessary for ORMDL binding. Unfortunately, neither the N-terminal region of yeast or
mammalian LCB1 could be stably expressed. Thus, it was not possible to directly determine
whether TMD1 was sufficient for ORM binding. However, a chimeric hLCB1 with its
TMD1 replaced by the cognate domain from the yeast protein did not bind the yeast ORMs
(Fig. 2H). Consequently, TMD1 is necessary, but not sufficient, for ORM binding. Indeed,
none of the data prove that TMD1 is directly involved in ORM binding. Nor do they exclude
the possibility that even if TMD1 is involved in binding, other regions of LCB1 are not also
involved. In this regard, it is noteworthy that a mutation (R228C) in the cytoplasmic loop
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between TMD1 and TMD2, identified as a suppressor of the ypkIAypk2A mutant, also
reduces ORM binding (Han et al., unpublished results).

The ORMs are believed to have functions beyond regulation of SPT (29). However, the
similarity of the phenotype of the ormIAormZA double mutant to that of the /coIA TMD1
mutant suggests that, at least in yeast, the major role of the ORMs is to regulate SPT activity.
In addition, deletion of orm1 or ORMZ suppresses the lethality of the yeast ypkIAypk2A
double mutant (10,32). Thus, our finding that the lethality of the ypkIAypkZA double mutant
is also suppressed by mutations in Lcb1 that abolish ORM binding indicates that the only
essential function of the YPK Kkinases, at least for growth at 26 °C, is to derepress SPT
activity when the ORMs are unphosphorylated and thus constitutively repressive. However,
since PHS restores normal growth to an /cb14 mutant that has no SPT activity, but only
partially rescues a ypkIAypk2A mutant in which SPT is markedly reduced but not abolished
(Fig. 1D), there are clearly additional YPK targets that regulate sphingolipid metabolism.
Indeed, the fact that ceramide synthase is activated by these kinases (33) raises the
possibility that ceramide synthases must be phosphorylated for efficient chemical
complementation by PHS of SPT-deficient cells. Alternatively, the YPK kinases may be
involved in PHS uptake and/or transport.

Siow and Wattenberg showed that in permeabilized cells addition of C6-ceramide reduced
SPT activity in an ORMDL-dependent manner (14), which could reflect a change in
conformation of the complex. This is consistent with the proposal that it is the oligomeric
state of the ORMDLs, presumably bound to SPT, which regulates /n vivo activity (19).
Oligomerization and/or subcellular relocalization have also been implicated in ORM
regulation of yeast SPT (6). The fortuitous observation that in the presence of high levels of
LCBs an SPT with GFP inserted into Lch2 forms bar-like structures provides compelling
evidence that the structural organization of SPT is responsive to changes in sphingolipid
availability. Because bars do not form when a non-multimerizing GFP is inserted at the same
position in Lcb2 (Han et al., unpublished results), it seems most probable that the bars
represent the serendipitous capture, facilitated by the polymerization of GFP, of an
intermediate in the physiological oligomerization/relocalization pathway. Regardless of the
precise mechanism responsible for bar formation, our hypothesis that sphingolipid
availability regulates SPT oligomerization/localization is supported by the findings that the
ability of Lcb1-FLAG to coimmunoprecipitate Lcb1-GFP is dependent on the ORMs and
that SPT containing full-length Lcbl localizes differently from SPT containing Lcb1 lacking
TMDL1.

The ORM s also colocalize with SPT in the bars. More importantly, bar formation is
dependent upon the presence of the ORMSs, suggesting that the ORMs control the state of
oligomerization; the repressive non-phosphorylatable Orm2-3A mutant results in
constitutive bar formation whereas the phosphomimetic Orm2-3D mutant cannot form bars,
even in the presence of high LCBs. Thus, in contrast to mammalian ORMDLs, which appear
to control SPT activity in direct response to sphingolipid availability, the phosphorylation
state of the ORMs is a key determinant of SPT regulation in yeast.
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Interestingly, although Sacl is not required for bar formation, its binding to the SPOTS
complex is dependent upon Tsc3. Thus, the localization of Sacl, a P14P phosphatase that
participates in maintenance of PI levels (34), may be regulated indirectly by ORM-mediated
intracellular relocalization of the SPOTS complex. In addition, while Tsc3 is required for
Sacl binding to the SPOTs complex, it is not required for ORM inhibition of the Lcbl/Lch2
heterodimer.

We have previously shown that accumulation of 1-deoxySA is a more accurate measure of /n
vivo SPT activity than is accumulation of the serine-containing LCBs (12,25). This was
attributed to the fact that the 1-deoxy-LCBs cannot be phosphorylated to generate the
substrate for cleavage by the LCB-P lyase, Dpll. Indeed, the effect of deletion of the ORMs
and deletion of Dpll on LCB levels is additive and Dpl1 is essential for survival of the
orm1AormZA double mutant. The observation that when SPT is induced, or there is no
binding of ORMDL to SPT, deoxy-LCBs accumulate to a greater extent than serine-
containing LCBs indicates that degradation of LCB-Ps by the lyase is also important for
maintaining sphingolipid homeostasis in the absence of ORMDL regulation in mammalian
cells. Although in mammalian cells there is an alternative pathway for metabolism of deoxy-
LCBs (35), it appears to play a relatively minor role, at least in cultured cells, in
maintenance of LCB homeostasis.

We have shown that the first transmembrane domain of LCB1 is required for the binding of
both mammalian and yeast ORMs. In addition, we have shown that yeast ORMSs participate
in regulating the oligomeric state and intracellular localization of SPT. Our working
hypothesis is that unlike in yeast where the ORMs are regulated by N-terminal
phosphorylation, mammalian ORMDLSs regulate SPT activity by mass action, and that the
levels of ORMDL expression depend upon both the synthesis of sphingolipids and their
ability to bind to SPT (12). The differences in ORM regulation of SPT between higher and
lower eukaryotes may reflect the need for more complex regulation in multicellular
organisms. Nevertheless, while the mechanism(s) by which the yeast and mammalian ORMs
regulate SPT are different, it seems likely that in both cases ORM regulation of SPT activity
is only a component of the overall regulation of sphingolipid homeostasis. Indeed, there are
no ORMs in C. elegans, suggesting that there may even be other mechanisms for the
regulation of SPT. Further studies will be required to elucidate such mechanisms.
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HIGHLIGHTS

. The first membrane-spanning domain of Lcb1 is required for ORM binding to
yeast and mammalian serine palmitoyltransferase (SPT).

. Tsc3, the small activating subunit of yeast SPT, mediates Sacl binding to the
yeast SPOTs complex.

. The ORMs mediate oligomerization and localization of SPT.

. Yeast cells lacking both ORM regulation of SPT and the LCB-P lyase, Dpl1,
accumulate lethal levels of sphingolipids.
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Figure 1. Deletion of TMDL1 of Lcb1 results in phenotypes similar to deletion of the ORMs.
A. Serial dilutions of cells with or without orm1 and ORMZ2 (ORMs) and expressing either

full-length Lcb1 (WT) or Lch1ATMD1 (ATMD1) were spotted onto YPD, or YPD +
tunicamycin (1 pg/ml) and the plates were incubated at 37 °C (2 days), 26 °C (3 days), or
17 °C (7 days) as indicated. B. Total LCBs were extracted from the indicated strains (as in
panel A) and quantified by HPLC as described in Materials and Methods. Results are the
average * SD of LCB levels from three independent colonies (*** p<0.001, n=3; N.S, not
significant, n=3). Results are representative of multiple independent experiments. C.
Twenty-five pg of microsomal protein from the samples used for LCB analysis (panel B)
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were separated by SDS-PAGE, transferred to nitrocellulose and Lcbl, Lcb2 and Tsc3 were
detected by immunoblotting. Protein expression was quantitatively analyzed with Fiji
ImageJ software (n=6). D. Wild-type (WT), ypkIAypk2A, ypk 1A ypk2A with a plasmid
expressing Lcb1ATMDL, ypkIAypkZhormIA. or ypkIAypk2Aorm2A cells were spotted on
plates containing YPD medium with or without PHS. Plates were incubated at 26° C for 3
days.
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Figure 2. TMD1 of Lcb1 is required for ORM binding to SPT.
A. Split-ubiquitin 2-hybrid interactions between yeast Lcb1-Cub or Lch1ATMD1-Cub and

Lcb2-Nub, Nub-Orm1, or Nub-Orm2 were assessed by growth on medium lacking histidine
(HIS) and containing 50 mM 3-AT. Plates were incubated at 26 °C for 3 days. B. Cells
expressing full-length Lcbl or Lcb1ATMD1 were transformed with a plasmid expressing
FLAG-Orm2. Solubilized microsomes were prepared, and following incubation with anti-
FLAG beads adsorbed proteins were resolved by SDS-PAGE and visualized by
immunoblotting with the indicated antibodies as described in Materials and Methods. Elo3,
a component of the ER-associated fatty acid elongase complex, was used as a negative
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control. C. A glycosylation cassette was inserted after residue 4 (GC@4) into full-length
Lcbl or Lebl in which TMD1 had been replaced by the first TMD of FVT1 (TMD1FVT).
Solubilized microsomes were resolved by SDS-PAGE before or after treatment with
endoglycosidase H (Endo H) and Lcbl was visualized by immunoblotting with an anti-Lcb1
antibody. D. SPT activity was measured in microsomes prepared from cells expressing full-
length Lcbl, Lcb1ATMDA. or Leh1-TMD1FVT, Results are the average + SD from two
independent colonies assayed in triplicate (* p< 0.05, *** p< 0.001, n=6). E. Microsomes
were prepared from /cbIA mutant yeast cells expressing Lcb1-FLAG, Lch1ATMDI-FLAG,
or Lch1-TMD1FVT-FLAG, solubilized, incubated with anti-FLAG beads and adsorbed
proteins resolved by SDS-PAGE. Coimmunoprecipitated proteins were visualized by
immunoblotting with the indicated antibodies. Elo3 was used as a negative control. F. Total
LCB levels were determined from cells expressing wild-type Lcb1 or Lch1-TMD1FVT with
and without the ORM proteins as in Fig. 1B8. The results are the average + SD of three
independent colonies for each strain (*** p<0.001, n=3; N.S, not significant, n=3). G. SPT
activity was determined in microsomes prepared from yeast /cbIA mutant cells and
expressing hLCB2a and ssSPTa with either hLCB1 or hLCB1TMD1Yeast g chimera in
which TMD1 of hLCB1 was replaced with TMD1 from yeast Lcbl. SPT activity was
measured in triplicate from microsomes prepared from three colonies of each strain and the
results are the average + SD; (N.S, not significant, n=9). H. Solubilized microsomes were
prepared from yeast /chIA mutant cells expressing FLAG-Orm2 and either yeast Lcb1 or
hLCB1 TMD1Yeast h|_CB2a, and ssSPTa. After adsorption on anti-FLAG beads, the
interaction of Orm2 with the wild-type and chimeric proteins was assessed as in Fig. 2E.
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Figure 3. Sacl binding to SPT requires Tsc3.
A. Solubilized microsomes prepared from yeast /cbZA mutant cells expressing HA-Sacl and

either Lcb1-FLAG or Lcb1ATMDL1 - FLAG were incubated with anti-FLAG antibodies and
coimmunoprecipitation of HA-Sacl and Orm2 was assessed. B. Lcbl- FLAG and HA-Sacl
were co-expressed in wild-type or #sc3A mutant cells and the coimmunoprecipitation of HA-
Sacl with Lcb1- FLAG was evaluated as in Panel A. C. Levels of free LCBs in wild-type,
Saclh, andormiAormZA cells (seven independent colonies of each) were determined as
described in Materials and Methods. Results are the average + SD, *** p<0.001, n=7).
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Figure 4. TMD1 of human LCBL1 is required for ORMDL binding.
A. CHO-LyB cells were transfected with empty vector (lane 1), hLCB1C133W (lanes 2 and

3) or hLCB1C133W ATMD1 (lanes 4 and 5), and hLCB2a (/anes 2-5), ssSPTa (/anes 2-5) and
HA-ORMDLS3 (/anes 3 and 5). After thirty hours, microsomal proteins were prepared,
resolved by SDS-PAGE and visualized by immunoblotting with the indicated antibodies. B.
Total levels of DHS and 1-deoxySa were measured from the samples used in Panel A.
Results are the average + SD of LCB levels from three independent transfections (* p< 0.05,
*** n< 0.001, N.S, not significant, n=3). C. hLCB1 (left panel) or (LCB1ATMD1 (right
panel) was co-expressed with hLCB2a, ssSPTa and FLAG-ORMDL3 in CHO-LyB cells.
Solubilized microsomes were prepared and the coimmunoprecipitation of the LCB1 proteins
with FLAG-ORMDL3 was determined. Calnexin was used as a negative control. D. hLCB1
and FLAG-ORMDL3 were co-expressed in yeast. Solubilized microsomes were prepared
and the coimmunoprecipitation of hLCB1 with FLAG-ORMDL3 was determined. Elo3 was
used as a negative control.
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Figure 5. The ORM proteins mediate oligomerization of SPT.
A. Yeast Lch1-GFP was co-expressed with either Lch1-FLAG (Panels 1-3) or Lch1ATMD1-

FLAG (Panel 4) in wild-type (Panels 1 and 4), ormiAormZ2A (Panel 2), or SacIA (Panel 3)
mutant cells. The ability of Lcb1-FLAG or Lch1ATMD1-FLAG to coimmunoprecipitate
Lcb1-GFP was assessed by immunoblotting after adsorption of solubilized microsomal
proteins to anti-FLAG beads. B. The ability of Lcb1-GFP or Lcb1ATMD1-GFP to
coimmunoprecipitate Lcb1-FLAG was determined by adsorption of solubilized microsomal
proteins from Panel 1 or Panel 4 in A. to anti-GFP beads followed by SDS-PAGE and
immunoblotting with anti-FLAG antibodies. C. Yeast microsomes were prepared from
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lcbIAsac1A mutant cells expressing Lcbh1- FLAG and HA-Sacl, solubilized with 2% DIG,
1% DDM, 0.1% SML or 1% Triton X-100 (TX100) at 4 °C and incubated with anti-FLAG
beads. Adsorbed proteins were resolved by SDS-PAGE and visualized by immunoblotting
with antibodies to the proteins indicated on the right side of the panel.
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Figure 6. ORM-dependent relocalization of SPT is induced by LCBs.
A. Yeast cells expressing Lcb2 containing a multimerizing version of GFP inserted between

residues 82 and 83 (Lch2CGFP@82) \were grown in YPD medium with and without LCBs
(PHS, DHS, or 3-ketosphinganine (3-KDS) and the localization of Lcb2 was observed using
fluorescence microscopy. The non-physiological LCB stearylamine (STA) served as a
negative control. B. Lchb1-RFP was co-expressed with Lch2GFP@82 and the localization of
the proteins was compared by fluorescence microscopy. C. RFP-Orm2 and Lch2CGFP@82
were co-expressed and their localization visualized by fluorescence microscopy. D. PHS-
induced relocalization of SPT in wild-type (-PHS, no bars, n>500 cells; +PHS, 51 * 4% with

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Han et al.

Page 29

bars, n=247 cells, 5 experiments) and ormIAorm2A mutant cells (-PHS, no bars, n=93 cells;
+PHS, no bars, n=187 cells, 3 experiments) expressing Lch2CFP@82 \yas compared as in
Panel A. E. PHS-induced relocalization of SPT in cells expressing Lch26FP@82 and the non-
phosphorylatable Orm2-3A (-PHS, 49 + 9% with bars, n=116 cells; +PHS, 52 + 16% with
bars, n=67 cells, 3 experiments) or the phosphomimetic Orm2-3D mutant (-PHS, no bars,
n=80 cells; +PHS, no bars, n=118 cells, 3 experiments) was determined as in Panel A. F.
PHS-induced relocalization of SPT in wild-type and sacIA cells (-PHS, no bars, n>100 cells;
+PHS, 23 + 10% with bars, n=99 cells, 4 experiments) expressing Lch2CFP@82 \yag
determined as in Panel A. Scale bar, 5 microns.
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Figure 7. Deletion of TMDL1 of Lcb1 results in altered localization of SPT.
A. The localization of Lcb1-RFP and Lch1ATMD1-GFP were compared by fluorescence

microscopy. The merged image (A, right hand panel) clearly shows lack of complete
colocalization. B. The average intensity of Lchb1IATMD1GFP or Lch1RFP at the periphery,
compared to the average fluorescence intensity in the cell, were determined using Fiji
ImageJ software as described in Materials and Methods. Results are expressed as the
quotient of the average fluorescence intensity at two points in the peripheral ER at opposite
ends of the cell divided by the average fluorescence intensity at any point on a line
connecting those two points times 100%. For each of 20 cells, three lines were used; **
p<0.01, n=60. Scale bar, 5 microns.
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Figure 8. ORMs directly repress the Lcb1-Lcb2 heterodimer.
A. Total LCB levels in wild-type, ts¢30, ormIAormZ2A, and ormIAormZAtsc3A mutant cells

were determined as described in Materials and Methods. Results are the average + SD from
three independent colonies of each strain, *** p<0.001, n=3; N.S, not significant, n=3. B.
Microsomal protein extracts were prepared from wild-type (WT), ts¢3A,0rmIAtsc3A and
ormZAtsc3A mutant cells, resolved by SDS-PAGE with or without the Phos-tag™ reagent,
and the indicated proteins were detected by immunoblotting using antibodies to the proteins
indicated on the right side of the panel. C. Plasmids co-expressing wild-type Orm1 and
Ormz2, the non-phosphorylatable Orm1-3 A and Orm2-3A, or the phosphomimetic Orm1-3D
and Orm2-3D mutant proteins from divergent galactose inducible GAL1 and GAL10
promoters were introduced into an ormiAormZAtsc3A mutant or an orm1Aorm2Atsc3A
mutant with LCBI replaced by LCBIATMDI. Growth of two independent colonies of each
was assessed in the absence or presence of 2% (w/v) galactose. D. ormIAormZALchbIA
mutants co-expressing Lch1-BirA and either wild-type Orm2, the non-phosphorylatable
Orm2-3A, or the phosphomimetic Orm2-3D mutant proteins were grown with or without
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biotin as described in Materials and Methods. 5 pg of microsomal protein were separated by
SDS-PAGE, transferred to nitrocellulose and immunoblotted for detection with anti-Lcb1,
anti-Orm2 and streptavidin-HRP (Thermo Scientific). E. Microsomal proteins were prepared
from ormiAorm2ALcb1A mutants co-expressing Lcb1-FLAG and either wild-type Orm2,
the non-phosphorylatable Orm2-3A, or the phosphomimetic Orm2-3D mutant proteins.
Anti-FLAG pulldowns followed by anti-Lcb1, Lcb2 and Orm2 immunoblotting were
performed as described in the Materials and Methods.
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Figure 9. The LCB-P lyase, Dpl1, is essential for viability of an orm1Aorm2A mutant.
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A. The indicated yeast strains were grown in YPD with (orm1Aorm2A,orm1AormZ2Adpl1A)
or without (wild-type, tsc3horm1A, orm2Atsc3A, ormIAormZ2Aapl/iAtsc3N) myriocin (270
ng/ml), spotted onto YPD agar plates with or without myriocin and incubated at 26 °C for

three days. B. The indicated yeast strains were grown in YPD containing myriocin (90

ng/ml) to ~1.0 ODgggn/ml. The cells were collected by centrifugation, washed twice with
water and then shifted into fresh YPD medium at 0.1 ODggg/ml. At the indicated times, 1
ODgqg cells was removed and the free LCB levels were determined by mass spectrometry as
described in Materials and Methods. Each time point represents the average of LCBs + SD
from three independent colonies. The rate of increase in LCBs after transfer out of myriocin
was much higher in the orm1AormZAap/IA triple mutant (1502 + 170 mol/ODggg/hr) than in
the orm1AormZ2A double mutant (324 + 51 pmol/ODggg/hr, p < 0.001) or the gp/IA single

mutant (14 £ 5 pmol/ODggg/hr, p < 0.001).
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Table 1.

Strains used in this study
Strains Genotype Source
TDYG4110 MATa his3A1 leu2A0 met154 0 lys2A0 ura3A0\cbl:: KanMX4 Open biosystems
ACX164-1C | MATa his3A1 leu2A0 lys2A0 ura3A0 Orm1 ::Natform2.::HIS3 Chang lab
TDYK1085 | MATa his3A1 leu2A0 ura34A0orml.: Natform2:: HIS3\cbl:: KanMX4 Dunn lab
TDYG4a MATa his3A1 leu2A0 met1540 lys2A0 ura340 Dunn lab
TDYD513 MATa his3A1 leu2A0 met15A0 ura3A01cbl.1.CB1ATMD1 Dunn lab
TDYD529 MATa his341 leu2A0 lys2A0 ura3A0 Orml::Nat®orm2.:HIS3, Ichl ::LCB1ATMD1 Dunn lab
TDYD514 MATa his3A1 leu2A0 met15A0 ura3A0\chl:LCBITMDFVT Dunn lab
TDYG12115 | MATa his341 leu2A0 ura3A0 Orml.::Natform2.:H/S3, Ichl:: LCB1TMD1FVT Dunn lab
TDYG1197 MATa his341 leu2A0 lys2A0 ura3A0ypkl..: KanMX4 Open biosystems
TDYG1199 MATa his3A1 leu2A0 met15A0 ura3A0ypk2.: KanMX4 Open biosystems
TDYG12040 | MATa his3A1 leu2A0 met15A0 ura3A0ypkl:: KanMX4ypk2:: KanMX4 Dunn lab
TDYG12100 | MATa his3A1 leu2A0 met15A0 ura3A0ypkl:: KanMX4ypk2.:: KanMX4 +pRS315L CBIATMDI | Dunn lab
TDYG12073 | MATa his341 leu2A0 met1540 ura3A0ypkl.: KanMX4ypk2 :: KanMX4 Orm1.::Nat® Dunn lab
TDYG12083 | MATa his3A41 leu2A0 lys2A0 ura3A0ypkl.:: KanMX4ypk2.: KanMX4 orm2..: HIS3 Dunn lab
TDYG8040 MATa, trp1-901 leu2-3,112 his3-200 lys2-;801 ade2 ura3A0 LYSZ:: lexA-HIS3 ura3:: lexA-lacZ | Dunn lab
TDYGO113 | MATa his3A1 leu2A0 lys2A0 ura3A0 trp1A Ichl:: KanMX4tsc3.:Nat® Dunn lab
TDYG1191 MATa his3A1 leu2A0 met15A60 ura3A0sacl:: KanMX4 Open biosystems
TDY14038 MATa his3A1 leu2A0 lysAZA0 ura3A0Icbl.: KanMX4sacl:: KanMX4 Dunn lab
TDYG14027 | MATa his341 leu2A0 met1540 lys2A0 ura3A0 |cbl:: KanMX4 sacl.: KanMX4tsc3.:.Nat® Dunn lab
TDYG6028 MATa his341 leu2A0 lys2A0 ura340\ch2..: KanMX4 Open biosystems
TDYG6032 MATa his341 leu2A0 lys2A0 ura3A0\ch2.: KanMX4 Open biosystems
TDYG6041 MATa his341 leu2A0 lys2A0 ura3A01cbl.: KanMX4Ich2.:: KanMX4 Dunn lab
TDYG1211 MATa his3A1 leu2A0 met15A0 ura3A0\cb2.:: KanM X4 sacl.: KanMX4 Dunn lab
TDYG1152 | MATA his3A1 leu2A0 met15A0 uraSA0 Orml.:Natform2.:HIS3 Ich2.:: KanMX4 Dunn lab
TDYG4b MATa his341 leu2A0 lys2A0 ura3A0 Dunn lab
TDYG4071 MATa his3A1 leu2A0 lys2A0 ura3A0tsc3.:Nat® Dunn lab
TDYK1145 | MATa his3A1 leu2A0 met1540 ura3A0 Orm1.::Nattsc3.:URA Dunn lab
TDYK1147 MATa his3A1 leu2A0 met15A0 ura3A0 orm2..:HIS3tsc3.:URA Dunn lab
TDYG1130 | MATa his341 leu2A0 met15A0 ura3A0 Orml::Natform2.:HIS3tsc3.:URAFOA Dunn lab
TDYG1150 MATa his3A1 leu2A0 met15A0 lys2A0 ura3A0 orm2.:HIS3\cb2:: KanMX4 Dunn lab
TDYK1166 MATa his3A1 leu2A0 met15A0 ura3A0 dpll.: KanMX4 Open biosystems
TDYK1544 | MATa his341 leu2A0 ura3A0 Orm1.:Natform2.:HIS3 dpll.: KanMX4 Dunn lab
TDYK1135 | MATa his341 leu2A0 ura3A0 Orm1.:Natform2.:HIS3 dpll.: KanMX4tsc3.::URA3 Dunn lab
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Table 2

Plasmids used in this study

Names Plasmids Description

pTDG-1 pRS315 LCB1, CEN LEU

pTDG-2 pRS315 LCB1ATMD1, CEN LEU

pTDG-3 pRS315 LCB1TMD1?VT CEN LEU

pTDG-4 PRS315 LCB1-Cub-LexA-VP16, CEN LEU
pTDG-5 pRS315 LCB1ATMD1- Cub-LexA-VP16, CEN LEU
pTDG-6 pRS315 LcB1-3XxFLAG CEN LEU

pTDG-7 pRS315 LcB1ATMDI-3x FLAG, CEN LEU
pTDG-8 pRS315 LCB1TMD1Vt-3x FLAG, CEN LEU
pTDG-9 pRS315 LCB1 GC@4, CEN LEU

pTDG-10 pRS315 LCB1TMD1FVT GC@4, CEN LEU
pTDG-11 pRS315 LCB1-GFP, CEN LEU

pTDG-12 pRS315 LCB1-RFP, CEN LEU

pTDG-13 pRS315 LCB1ATMD1-GFP, CEN LEU

pTDG-14 PRS316 LCB2-GFP@82, CEN URA

pTDG-14-1 | PRS315 LCB2-GFP@82, CEN LEU

pTDG-15 pRS316 LCB2-Nub, CEN URA

pTDG-15 pRS316 ORM2 CEN URA

pTDG-17 pRS316 ORMZ2-3A, S46A S47A S48A CEN URA
pTDG-18 pRS316 ORMZ2-3D, S46D S47D S48D CEN URA
pTDG-19 pRS316 Nub-Orm1, CEN URA

pTDG-20 pRS316 RFP-ORM2, CEN URA

pTDG-21 pRS316 Nub-ORM2, CEN URA

pTDG-22 pRS316 3x FLAG-ORM2, CEN URA

pTDG-23 pRS316 3xHA-Sacl, CEN URA

pTDG-24 pRS315 hLCB1TMD1Yeat CEN URA

pTDG-25 pRS313 hLcbl, CEN HIS3

pTDG-27 pRS316 hLCB2a, CEN URA

pTDG-28 pPR3N Nub-HA-ssSPTa BS TRP

pTDG-29 | pESC-URA ORML1 (GAL10) / ORM2 (GAL1) 2u URA
pTDG-30 PESC-URA ORM1-3A (GAL10) /ORM2-3A (GAL1) 2y URA
pTDG-31 | pESC-URA ORM1-3D (GAL10) /JORM2-3D (GAL1) 2) URA
pTDG-32 pAL2-URA ORM2 (pLCB2) 2u URA

pTDG-33 | pAL2-URA ORM2-3A (pLCB2) 2i URA

pTDG-34 | pAL2-URA ORM2-3D (pLCB2) 2it URA 1

pTDG-35 pRS315 Lcbl1-BirA CEN LEU

pTDS-1 pCMV6-XL5 | hLCB1C1BW
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Names Plasmids Description
pTDS-2 pCMV6-XL5 | hLCB1¢33W ATMD1
pTDS-3 pCMV6-XL4 hLCB2a
pTDS-4 pcDNA3.1 (+) | NubG-HA-ORMDL3, pCMV
pTDS-5 pcDNA3.1 (+) | 3x FLAG-ORMDL3, pCMV
pTDS-6 pcDNA3.1 (+) | NubG-HA-ssSPTa, pCMV
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