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Abstract

Of the long-chain bases (LCBs) that comprise the ceramides (CERs) present in mammals, only
4,14-sphingadiene (sphingadiene; SPD) has a cis double bond (at C14). Because of this unique
structure, the metabolism of SPD may differ from that of other LCBs, but whether this is the
case remains unclear. FADS3 is responsible for introducing the cis double bond in SPD.
However, the substrate specificity of FADS3 and cofactors involved in the FADS3-catalyzed
reaction are also unknown. In the present study, a cell-based assay using a ceramide synthase
inhibitor and an in vitro experiment showed that FADS3 is active toward sphingosine (SPH)-
containing CERs (SPH-CERs) but not toward free SPH. FADS3 exhibits specificity with
respect to the chain length of the SPH moiety of SPH-CERs (active toward C16-20), but not
that of the fatty acid moiety. Furthermore, FADS3 is active toward straight-chain and iso-
branched-chain SPH-containing CERs but not toward anteiso-branched forms. In addition to
SPH-CERs, FADS3 also shows activity toward dihydrosphingosine-containing CERs, but this
activity is approximately half of that toward SPH-CERs. It uses either NADH or NADPH as
an electron donor, and the electron transfer is facilitated by cytochrome bs. The metabolic flow
of SPD to sphingomyelin is predominant over that to glycosphingolipids. In the metabolic
pathway from SPD to fatty acids, the chain length of the SPD is reduced by two carbons and
the ¢rans double bond at C4 is saturated. This study thus elucidates the enzymatic properties of

FADS3 and the metabolism of SPD.
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1. Introduction

Sphingolipids are multifunctional lipids present in eukaryotes and some prokaryotes [1]. As
constituents of biological membranes, components of multilayered lipid structures in skin, or
lipid mediators, they play roles in a variety of physiological functions, including neural
function, skin barrier formation, immunity, spermatogenesis, and regulation of sugar
metabolism [1-4]. Sphingolipids are abundant in the plasma membranes and form lipid
microdomains, which, together with cholesterol, serve as platforms for proteins involved in
signal transduction [5].

The hydrophobic backbone of sphingolipids is ceramide (CER), which is composed of a
long-chain amino alcohol called a long-chain base (LCB) and a fatty acid (FA). Complex
sphingolipids have a polar head group, which, in mammals, is a phosphocholine (in
sphingomyelin [SM]) or carbohydrate(s) (in glycosphingolipids). The combination of these
three components (LCB, FA, and polar head group), each of which can take various forms,
creates a vast number of molecular species of sphingolipids [1], and this structural diversity is
the molecular basis for their multifunctional properties.

The LCBs commonly have hydroxyl groups at C1 and C3 and an amino group at C2.
These functional groups act as electron donors and acceptors for hydrogen bonds that are
important for the lipid—lipid interactions in lipid microdomain formation [6, 7]. Mammals have
five types of LCBs: dihydrosphingosine (DHS), sphingosine (SPH, which has a trans-double
bond at C4), phytosphingosine (PHS, which has a hydroxyl group at C4), 6-hydroxy (6-OH)
SPH (which has a frans-double bond at C4 and a hydroxyl group at C6), and 4,14-sphingadiene
(SPD; which has trans- and cis-double bonds at C4 and C14, respectively) [1, 8]. SPH, DHS,
and SPD are distributed throughout a wide range of tissues, whereas PHS and 6-OH SPH are
tissue-specific (PHS: epithelial tissues such as epidermis, small intestine, and kidney; 6-OH
SPH: epidermis) [1, 9-13]. These two types of LCBs, which have one more hydroxyl group

than the other three, may enhance permeability barrier function by strengthening lipid-lipid

4



interactions in epithelial tissues. In contrast, SPD—the only mammalian LCB with a cis-double
bond—weakens lipid—lipid interactions because of the angled nature of the cis-double bond,
preventing localization of SPD-containing sphingolipids to the lipid microdomain [12]. In
addition, the presence of the cis-double bond in SPD may mean that there are differences
between the metabolism of SPD and SPD-containing CERs (SPD-CERs) from that of other
LCBs/CERs, although this has not yet been examined.

FADS3, a member of the FA desaturase (FADS) family, is responsible for the introduction
of the cis-double bond at C14 in SPD [12, 14]. In humans, the FADS family has eight members:
FADSI1, FADS2, FADS3, SCDS5 (FADS4), SCD1 (FADSS), FADS6, DEGS1 (FADS7), and
DEGS2 (FADSS) [15, 16], and of these, only the function of FADS6 remains unknown. FADSI,
FADS2, SCDI1, and SCDS5 are acyl-CoA desaturases that introduce a cis-double bond into acyl-
CoAs: FADS1 at C5; FADS2 at C6; SCD1 and SCDS5 at C9 [17, 18]. In contrast, the substrates
of DEGS1 and DEGS2 are DHS-containing CERs (DHS-CERs). DEGS1 introduces a trans-
double bond at C4 of the DHS moiety of DHS-CERSs to generate SPH-containing CERs (SPH-
CERs) [15]. DEGS?2 is a bifunctional enzyme with C4-hydroxylase activity and weak C4-
desaturase activity, producing PHS-containing CERs and SPH-CERs, respectively [13, 15, 19].
Although we have previously reported that FADS3 produces SPD-CERs, using SPH-CERs as
substrates [12], another study has shown that FADS3 also exhibits activity toward free SPH (as
well as SPH-CERs) [14]. Thus, the precise substrates of FADS3 remain controversial.

The desaturation/hydroxylation reactions catalyzed by FADS family members are
initiated via the transfer of an electron from NADH or NADPH to cytochrome bs reductases
[17, 19]. The electron is then transferred to cytochrome bs and thereafter to FADS proteins,
resulting in the desaturation/hydroxylation of the substrate and the conversion of molecular
oxygen to water. Of the FADS family members, FADS1-3 have their own cytochrome bs-like
domains [20]. Although FADS2 can catalyze the desaturation reaction in the absence of

cytochrome bs, this activity is enhanced in its presence [21]. It is unclear, however, whether
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FADS3-catalyzed reactions are also enhanced by cytochrome bs.

The first reaction in sphingolipid biosynthesis is the condensation of serine with acyl-CoA
to produce 3-ketodihydrosphingosine. Serine palmitoyltransferases (SPTs), which catalyze this
reaction, are composed of large subunits (SPTLC1, SPTLC2, and SPTLC3) and small subunits
(SPTSSA and SPTSSB) [22]. There are four SPT complexes with different combinations of
these subunits: SPTLC1/SPTLC2/SPTSSA, SPTLC1/SPTLC2/SPTSSB,
SPTLCI1/SPTLC3/SPTSSA, and SPTLCI1/SPTLC3/SPTSSB. Each of these exhibits
characteristic substrate specificity in terms of acyl-CoA chain lengths [23-26]. Certain
mutations in SPTLC1 or SPTLC?2 cause hereditary sensory neuropathy type 1 (HSANT1) [22].
These mutations alter the substrate specificity of SPT so that it uses alanine or glycine as its
substrate, which causes the production of the neurotoxic 1-deoxy sphingolipids [22, 27, 28].
FADS3 is involved in the production of 1-deoxy-14Z-SPH, a metabolite of 1-deoxy-
sphingolipids [14, 29].

The quantities of sphingolipids required in a tissue are maintained by a balance between
synthesis and degradation. CERs are synthesized in the endoplasmic reticulum, converted to
complex sphingolipids (SMs and glycosphingolipids) in the Golgi apparatus, and transported
to the plasma membrane [1, 30, 31]. In contrast, the degradation of sphingolipids occurs mainly
in lysosomes, where sphingolipids are degraded to LCBs [31]. These LCBs are then either
recycled for sphingolipid synthesis or converted to FAs (via LCB I-phosphates and fatty
aldehydes) that are incorporated mainly into glycerophospholipids [1, 32]. Metabolic flows
differ among LCBs: while SPH and DHS are either metabolized to both SMs and
glycosphingolipids or degraded to saturated FAs with two shorter carbon chains [32, 33], the
efficiency of PHS-to-SM metabolism is low, so most PHS is metabolized to glycosphingolipids
[34, 35]. In the degradation pathway, PHS undergoes a-oxidation and is converted to an FA
with three shorter carbon chains [34, 35]. However, the details of the metabolism of SPD are

unknown.



As described above, the substrate specificity and cytochrome bs dependence of FADS3
are unclear. In addition, the metabolic flow of SPD to complex sphingolipids and the
degradation pathway of SPD remain undetermined. In the present study we resolve these

questions and provide clues to the molecular mechanism of sphingolipid homeostasis.



2. Material and methods

2.1. Mice

Male C57BL/6J mice purchased from Sankyo Laboratory Services (Tokyo, Japan) were used
in this study. They were maintained under a room temperature of 23 + 1 °C, humidity of 50 +
5%, and a 12-hour light/dark cycle with free access to a standard chow diet (PicoLab Rodent
Diet 20; LabDiet, St. Louis, MO) and water. The animal experiments were approved by the

institutional animal care and use committee of Hokkaido University.

2.2. Cells, growth conditions, and transfection

We cultured HEK 293T cells (RIKEN BioResource Research Center, Tsukuba, Japan) and
myelogenous leukemia-derived human HAP1 cells (American Type Culture Collection,
Manassas, VA) in Dulbecco’s modified Eagle’s medium (D6429; Merck, Darmstadt, Germany)
and Iscove’s modified Dulbecco’s medium (Thermo Fisher Scientific, Waltham, MA),
respectively, both containing 10% fetal bovine serum, 100 units/mL penicillin, and 100 pg/mL
streptomycin (Merck) at 37 °C under 5% CO». HEK 293T cells were grown on dishes coated
with 3% collagen (Cellmatrix Type I-P; Nitta gelatin, Osaka, Japan). FADS3 KO HAP1 cells
were generated as previously reported [12]. DEGSI KO HAPI1 cells were generated using the
CRISPR/Cas9 system as described previously [36], and a clone with a 33 bp deletion in exon
2 of DEGSI was obtained and used. Transfections were performed using Lipofectamine
Transfection Reagent with PLUS Reagent (Thermo Fisher Scientific), according to the

manufacturer’s instructions.

2.3. Plasmids
The mammalian expression vectors pCE-puro 3XFLAG-1 and pCE-puro HA-1 were used to
express proteins with 3XxFLAG tag and HA tag, respectively, at the N-termini [37 50, 38]. The

pCE-puro 3xFLAG-FADS3, pCE-puro 3xFLAG-CERS1-6, pCE-puro 3xFLAG-ELOVLI,
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pCE-puro 3XFLAG-SPTLCI1, pCE-puro 3XFLAG-SPTSSB, and pCE-puro HA-SPTLC3
plasmids have been described previously [12, 26, 39]. The pCE-puro 3XxFLAG-CYB5A
plasmid was constructed as follows. The human CYB54 gene was first amplified from human
kidney cDNA (Takara Bio, Shiga, Japan) via PCR using the following primers: 5'-
GGATCCATGGCAGAGAGCAGTCGGACGAGGCC-3’ and 5'-
TCAGTCCTCTGCCATGTATAGGCT-3". The amplified gene was cloned into the TA cloning
vector pPGEM-T Easy (Promega, Madison, WI) and then transferred to the pCE-puro-3xFLAG-

1 vector.

2.4. Immunoblotting

Immunoblotting was performed as described previously [35]. Anti-FLAG monoclonal
antibody (M2; 1 pg/mL; Merck), anti-HA monoclonal antibody (HA-7; 1 pg/mL; Merck), and
anti-GAPDH monoclonal antibody (5A12; 0.5 pg/mL; FUJIFILM Wako Pure Chemical, Osaka,
Japan) were used as the primary antibodies. Anti-mouse IgG HRP-conjugated F(ab'), fragment
(1/7,500 dilution; Cytiva, Marlborough, MA) was used as the secondary antibody. A
chemiluminescence solution consisting of 100 mM Tris-HCI (pH 8.5), 0.2 mM p-coumaric acid
(Merck), 2.5 mM luminol (FUJIFILM Wako Pure Chemical), and 0.02% hydrogen peroxide

was used to detect chemiluminescence.

2.5. Lipid analyses

Liquid chromatography (LC)-tandem mass spectrometry (MS/MS) analyses were performed
using an ultra performance LC-coupled triple quadrupole mass spectrometer (Xevo TQ-S;
Waters, Milford, MA). LC separations were performed on a Triart C18 (metal-free column,
length 150 mm, particle size 1.9 um, inner diameter 2.1 mm; YMC, Kyoto, Japan) or
ACQUITY UPLC CSH C18 column (length 100 mm, particle size 1.7 pm, inner diameter 2.1

mm; Waters) with a column temperature of 55 °C and a flow rate of 0.3 mL/min in a binary
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gradient system using mobile phase A (acetonitrile/water [3:2, v/v]) and mobile phase B (2-
propanol/acetonitrile [9:1, v/v], both containing 5 mM formic acid ammonium). Lipids
separated by LC were ionized by electrospray ionization and analyzed by MS/MS in multiple
reacting monitoring (MRM) mode. The m/z values of the precursor and product ions of each
lipid species were set at Q1 and Q3 (Table S1), respectively, and detected in positive ion mode.
The quantity of each lipid was calculated by comparing the peak area of the mass spectrogram
to that of an internal (for the measurements of most of the lipids in this study) or external
standard (for seven deuterium [d7]-containing SPH and d7-SPD measurements). We used do-
SPH-CER (N-palmitoyl do-D-erythro-SPH [d18:1/do-C16:0]; catalog number 791660; Avanti
Polar Lipids, Alabaster, AL) as an internal standard for the quantification of SPD-CERs. The
validity of the use of this standard has been reported previously: SPD-CER and SPH-CER
show different retention times in LC and similar fragmentation patterns and peak intensities in
fragmentation analysis, but each produces a major fragment peak with a characteristic m/z
value (SPD, 262.3; SPH, 264.3) [12]. For the same reason, SPH-containing SM (do-SM
[d18:1/ds-C16:0; catalog number 27551; Cayman Chemical, Ann Arbor, MI] or C12:0 SM
[d18:1/C12:0; catalog number LM6005; Avanti Polar Lipids]) and SPH-containing HexCER
(d3-HexCER [d18:1/d3-C16:0; catalog number 24621; Cayman Chemical] or C12:0 HexCER
[d18:1/C12:0; catalog number LM6005; Avanti Polar Lipids]) were used as internal standards
for the measurements of SPD-containing SMs and HexCERs. The software MassLynx (Waters)
was used for data analysis. Details of each lipid measurement are described below.
Quantification of CERs, SMs, and HexCERs in mouse brain and kidney was performed
as follows. Brain and kidney (10 mg) collected from three-month-old mice were transferred to
glass tubes containing zirconia beads and mixed with 450 pL chloroform/methanol (1:2, v/v)
and internal standards (100 pmol do-SPH-CER; 500 pmol [brain] or 100 pmol [kidney] ds-
HexCER; 250 pmol do-SM). The tissues were then crushed by vigorous mixing (4,500 rpm,

4 °C, 1 min) using a Micro Smash MS-100 (TOMY Seiko, Tokyo, Japan). After centrifugation
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(20,400 x g, 4 °C, 3 min), the supernatant was collected. The procedure was repeated for the
pellets, and that supernatant was combined with the first one. Samples were then treated with
22.5 uL of 4 M KOH and incubated at 37 °C for 1 h to hydrolyze the ester bonds in the
glycerolipids. After neutralization by 22.5 pL of 4 M formic acid, the samples were mixed
vigorously with 300 pL chloroform and 540 puL H»O and centrifuged (20,400 x g, room
temperature, 3 min) for phase separation. The organic phase containing lipids was collected,
dried, dissolved in 500 pL chloroform/methanol (1:2, v/v), diluted to appropriate
concentrations, and subjected to LC-MS/MS analyses. LC separation was performed using a
Triart C18 column with the following gradient steps (gradient condition 1): 0 min, 40% B; 0—
33 min, gradient to 100% B; 33-38 min, 100% B; 38-38.1 min, gradient to 40% B; 38.1-40
min, 40% B. MRM settings (Q1 and Q3 values and collision energies) for SPH-CERs and SPD-
CERs were as described previously [26], and those for HexCERs and SMs are shown in Table
S1.

Quantification of CERs, SMs, HexCERs, and LCBs from cultured cells was performed as
follows. Cells grown in 6- or 12-well dishes were treated with d7-SPH (catalog number 860657;
Avanti Polar Lipids), d;-DHS (catalog number 860657; Avanti Polar Lipids), d7-SPD (catalog
number 860734; Avanti Polar Lipids), 14Z-SPH (catalog number 27019; Cayman Chemical),
straight-chain C17:0 FA (catalog number H3500; Merck), iso-branched-chain C17:0 FA
(catalog number 11-1615; Larodan AB, Solna, Sweden), or anteiso-branched-chain C17:0 FA
(catalog number M3164; Merck). Cells were collected using a scraper, transferred to glass
tubes, centrifuged, and suspended in 150 pL of water. Samples were divided into a 50 pL
aliquot for protein quantification and a 100 pL aliquot for lipid analyses. Protein quantification
was performed using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) according
to the manufacturer’s instructions. For lipid analyses, samples were mixed with 375 pL
chloroform/methanol (1:2, v/v) and internal standards (1 or 2 pmol do-SPH-CER [for SPH-

CER and SPD-CER measurements]; 1 or 2 pmol do-DHS-CER [catalog number 791661; Avanti
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Polar Lipids; for 14Z-SPH-CER measurement]; and 25 pmol LIPIDMAPS Mass Spec Internal
Standard, Ceramide/Sphingoid Internal Standard Mix II [catalog number LM6005; Avanti
Polar Lipids; C12:0 SM and C12:0 GlcCer in this mixture were used for d7-SM and d7-HexCER
measurements, respectively]), followed by alkali treatment with KOH, neutralization, phase
separation, collection of the organic phase, and drying as described above. The lipids were
dissolved in chloroform/methanol (1:2, v/v), diluted to appropriate concentrations, and
subjected to LC-MS/MS analyses. LC separation was performed using an ACQUITY UPLC
CSH C18 column with the following gradient steps (gradient condition 2): 0 min, 40% B; 0—
18 min, gradient to 100% B; 18-23 min, 100% B; 23-23.1 min, gradient to 40% B; 23.1-25
min, 40% B. MRM settings for unlabeled SPH-CERs and SPD-CERs were as described
previously [26], and those for unlabeled 14Z-SPH-CER and d7-labeled CERs, HexCERs, SMs,
and LCBs are shown in Table S1.

Quantification of FAs was performed as follows. Palmitoleic acid (cis-9-C16:1 FA) and
trans-2-hexadecenoic acid (trans-2-C16:1 FA) were purchased from Cayman Chemical
(catalog numbers 10009871 and 11132, respectively). Lipids were extracted from cultured cells
and alkali-treated as described above. As an internal standard, 50 pmol of do-oleic acid (catalog
number 86180; Avanti Polar Lipids) was used. Dried lipids were dissolved in 100 pL
chloroform/methanol (1:2, v/v), and 1 pL was derivatized with N-(4-aminomethylphenyl)
pyridinium using the AMP" Mass Spec Kit (Cayman Chemical), according to the
manufacturer’s protocol. Samples were diluted with methanol to appropriate concentrations
and subjected to LC-MS/MS analyses. Separation by LC was performed using an ACQUITY
UPLC CSH C18 column with the following gradient steps (gradient condition 3): 0 min, 10%
B; 0—18 min, gradient to 100% B; 18-23 min, 100% B; 23-23.1 min, gradient to 10% B; 23.1—

25 min, 10% B. MRM settings are shown in Table S1.

2.6. Measurement of FADS3 activity in vitro
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Cells suspended in lysis buffer (50 mM HEPES-NaOH [pH 7.4], 150 mM NaCl, I mM MgCl,,
1 mM phenylmethylsulfonyl fluoride, and 1 x protease inhibitor cocktail [Complete, EDTA-
free protease inhibitor Cocktail; Merck]) were lysed by sonication. After centrifugation (400 %
g, 4 °C, 3 min), the supernatant (total cell lysates) was collected. Total cell lysates (50 pg) and
10 uM C6-SPH-CER (d18:1/C6:0; catalog number 860506; Avanti Polar Lipids), C6-DHS-
CER (d18:0/C6:0; catalog number 860633; Avanti Polar Lipids), or d7-SPH were mixed in 100
pL of assay buffer (50 mM potassium phosphate [pH 7.5], 1 mM NADH, 1 mM
phenylmethylsulfonyl fluoride, and 1 x protease inhibitor cocktail) and incubated at 37 °C for
10 min. After the reaction, 375 pL of chloroform/methanol (1:2, v/v) and internal standard (20
pmol do-SPH-CER [for C6-SPD-CER measurement] and 20 pmol do-DHS-CER [for C6-14Z-
SPH-CER measurement]) were added to the samples, which were mixed vigorously, followed
by alkali treatment with KOH, neutralization, phase separation, collection of the organic phase,
and drying as described above. The lipids thus obtained were dissolved in 200 pL
chloroform/methanol (1:2, v/v), diluted to appropriate concentrations, and subjected to LC-
MS/MS analyses as described above, using an ACQUITY UPLC CSH C18 column with
gradient condition 3. MRM settings for C6-SPD-CER, C6-14Z-SPH-CER, and d7-SPD

measurements are shown in Table S1.
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3. Results
3.1. Free SPH is not a substrate of FADS3
There are conflicting reports on the substrates of FADS3, with one study suggesting that these
are only SPH-CERs [12] and another suggesting that they are both SPH-CERs and free SPH
[14]. To clarify this, we first measured the quantity of free SPD in HEK 293T cells
overproducing FADS3 with or without the CER synthase inhibitor fumonisin B; (FB1), which
causes accumulation of LCBs (the substrates of CER synthases). If FADS3 were active toward
free SPH, we would expect that FB; treatment would increase the quantity of free SPD. After
labeling the cells with d7-SPH for 4 h, we extracted the lipids and subjected them to
measurement of the quantities of free d7-LCBs (d7-SPH and d7-SPD) and d7-CERs (d7-SPH-
CERs and d7-SPD-CERs) via LC-MS/MS. In the absence of FB1, d7-SPD-CERs were produced
in an FADS3 expression-dependent manner (Fig. 1 A). Treatment of the cells with FB1 inhibited
the production of CERs (d7-SPH-CERs and d7-SPD-CERs) almost completely both in control
(vector-transfected cells) and in FADS3-overproducing cells. The levels of free d7-SPH were
comparable between control and FADS3-overexpressing cells in the absence of FB; and were
similarly increased upon treatment with FB;. On the other hand, d7-SPD was below the
detection limit in both control and FADS3-overexpressing cells, with or without FB; treatment.
Next, we measured the activity of FADS3 toward SPH-CER and free SPH in vitro. Total
cell lysates prepared from cells transfected with vector or the F4DS3-encoding plasmid were
incubated with SPH-CER containing C6:0 FA (C6-SPH-CER) or d7-SPH, and the quantities of
C6-SPD-CER and d7-SPD produced were measured via LC-MS/MS. C6-SPD-CER was
produced by the lysates prepared from FADS3-overproducing cells at levels that were ~3,000-
fold those produced by control lysates (Fig. 1B). However, d7-SPD was not produced by either
of the lysates. Thus, the substrates of FADS3 are SPH-CERs only, and not free SPH, at least

under our assay conditions.
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3.2. FADS3 exhibits low specificity for the FA chain length of SPH-CERs

Although SPH-CERs include several molecular species that differ in the chain lengths of their
FA and/or LCB moieties, the substrate specificity of FADS3 toward these various species is
unknown. We therefore first examined its specificity toward FA chain lengths. For this purpose,
a 3xFLAG-tagged CER synthase isozyme (CERSI, 2, 3, 4, 5, or 6) was co-overexpressed with
3xXFLAG-tagged FADS3 in HEK 293T cells. CERS isozymes show specificity for the chain
length of their substrate acyl-CoAs: CERS1, C18:0-CoA; CERS2, C22:0- and C24:0-CoAs;
CERS3, >C18:0-CoAs; CERS4, C18:0- and C20:0-CoAs; CERSS5, C16:0-CoA; CERSS6,
C16:0-CoA [1, 40-42]. Therefore, overexpressing them results in increases in the CER species
with the corresponding FA chain length [43]. The expression levels of CERS1-6 and FADS3
were confirmed by immunoblotting (Fig. 2A). The cells were labeled with d7-SPH, and the
quantities of d7-SPH-CERs and d7-SPD-CERs produced were ascertained via LC-MS/MS. In
line with a previous report [43], cells overexpressing each CER synthase but not FADS3
exhibited increased levels of the d7;-SPH-CER containing the FA preferred by the respective
CER synthase (Fig. 2B). The FA composition of d7-SPD-CERs in FADS3-overexpressing cells
was similar to that of the d7-SPH-CERs in cells overexpressing the same CER synthase but not
overexpressing FADS3.

Since HEK 293T cells contain few SPH-CERs with >C26 FAs, we were unable to evaluate
the activity of FADS3 toward them in the above experiment. To circumvent this problem, we
overexpressed ELOVLI, an FA elongase that produces C26 and C28 acyl-CoAs [39, 44, 45],
together with FADS3 and/or CERS3. Immunoblotting confirmed the expression of all these
proteins (Fig. 2C). The C26 and C28 acyl-CoAs generated by ELOVLI led to the production
of C26/C28 d7;-SPH-CERs by the CER synthase CERS3, and these were efficiently converted
to C26/C28 d7-SPD-CERs by FADS3 (Fig. 2D). Taken together, these results indicate that

FADS3 does not exhibit substrate specificity toward the FA chain lengths of SPH-CERs.
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3.3. FADS3 exhibits specificity toward SPH-CERs with C16-20 SPHs
We next examined the substrate specificity of FADS3 toward the SPH chain lengths of SPH-
CERs. LCBs can be represented using the number of hydroxyl groups (d, di; t, tri), carbon
chain length, and number of double bonds (e.g., d18:1 and d18:2 for SPH and SPD with a
carbon chain length of 18, respectively). Hereafter, we use the d/t notation to distinguish them
from FAs, for which we use the C notation (e.g., palmitic acid, C16:0). Most of the LCBs in
the CERs in most tissues and cells are d18, whereas the brain and epidermis contain CERs with
d20 and d/t16-26 LCBs, respectively [26, 46]. The chain length of an LCB is defined by that
of its sphingolipid precursor acyl-CoA. SPTs catalyze the condensation of an acyl-CoA (chain-
length n) with serine to produce 3-ketodihydrosphingosine (n + 2), which is then converted to
the LCB DHS (n + 2). Mammals have four SPT complexes, among which that consisting of
the large subunits SPTLC1 and SPTLC3 and a small subunit SPTSSB can use acyl-CoAs with
a wide range of chain lengths as substrates [23, 26]. In this study, SPTLC1, SPTLC3, and
SPTSSB were co-overexpressed with FADS3 in HEK 293T cells. Their expression was
confirmed by immunoblotting (Fig. 3A). SPH-CERs and SPD-CERs with d16-24 were
quantified via LC-MS/MS, and all chain lengths other than d23 were detected (Fig. 3B). The
levels of SPD-CERs with d16:2—d20:2 were higher in FADS3-overexpressing cells than in
vector-transfected cells. In contrast, SPH-CERs with d17:1-d20:1 were reduced by FADS3
overexpression. The levels of SPH-CERs and SPD-CERs with d21, d22, and d24 were low,
and FADS3 overexpression did not cause statistically significant changes in these quantities.
These results indicate that FADS3 is active toward SPH-CERs with d16:1-d20:1, but not
toward those with >d21:1.

Although most LCBs in mammals have straight chains, branched-chain LCBs with -2
(iso) or ®-3 (anteiso) methylation are known to exist in some tissues [47, 48]. It has been
reported that not only straight-chain but also anteiso-branched-chain SPH with d19:1 was

produced in HEK 293 cells overexpressing SPTLC3 [47]. In our experiment, we also detected
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two adjacent peaks (14.6 min and 14.8 min) on the LC chromatogram for d19:1 SPH-CERs
(Fig. 3C). Under our LC conditions using a reversed-phase column, branched-chain SPH-CERs
are eluted before straight-chain SPH-CERs, although the peaks of iso- and anteiso-branched
CERs are not separated [48]. Therefore, the 14.6 min and 14.8 min peaks likely correspond to
the branched- and straight-chain species, respectively. However, only a single peak was
observed for d19:2 SPD-CERs, suggesting that FADS3 is not active toward anteiso- and/or
iso-branched SPH-CERs. To investigate this possibility, we added straight, iso-, and anteiso-
C17:0 FAs (precursors of d19 CERs) to the culture medium of the HEK 293T cells
overexpressing SPTLC1, SPTLC3, SPTSSB, and FADS3, and assessed the resulting quantities
of d19:1 SPH-CERs and d19:2 SPD-CERs via LC-MS/MS. All types (straight- and iso/anteiso-
branched-chain) of d19:1 SPH-CERs were detected with or without FADS3 overexpression
when their corresponding C17:0 FAs were added (Fig. 3D). Overexpression of FADS3 led to
the production of straight-chain and iso-branched-chain SPD-CERs with d19:2 but not anteiso-
branched-chain SPD-CERs. These results indicate that FADS3 is active toward straight-chain
and iso-branched-chain SPH-CERs, but not toward anteiso-branched-chain SPH-CERs.
Therefore, the peak of d19:1 SPH-CER, with a retention time of 14.6 min (Fig. 3C), may

represent only the anteiso form of the branched-chain CER.

3.4. FADS3 is active toward DHS-CERs

DEGS]I encodes the DHS-CER C4 desaturase and is involved in the production of SPH-CERs
[15]. In patients with mutations in DEGS!I and in DEGSI knockout (KO) cells, 14Z-SPH-
containing sphingolipids, which have a cis-double bond at C14 but not a frans-double bound
at C4, are detected [49]. To examine whether 14Z-SPH-CERs are produced by FADS3 using
DHS-CERs as substrates, we transfected DEGSI KO HAP1 cells with vector or the FADS3-
encoding plasmid, labeled with d7-DHS, and subjected them to quantification of d7-14Z-SPH-

CERs via LC-MS/MS. The levels of d7-14Z-SPH-CERs produced by cells overexpressing
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FADS3 were about four-fold those produced by vector-transfected cells (Fig. 4A), indicating
that FADS3 is active toward both DHS-CERs and SPH-CERs.

To determine toward which of these FADS3 is more active, we then performed in vitro
assay combining either C6-DHS-CER (DHS-CER with a C6:0 FA) or C6-SPH-CER as
substrates with total cell lysates prepared from HAP1 cells transfected with vector or the
FADS3-encoding plasmid as enzyme sources. FADS3 produced both C6-14Z-SPH-CER and
C6-SPD-CER, but the quantity of C6-SPD-CER produced was about double that of C6-14Z-
SPH-CER (Fig. 4B). Thus, FADS3 exhibits more activity toward SPH-CERs than DHS-CERs.

There are two possible pathways for SPD-CER production. In the first (pathway 1), DHS-
CERs are converted to SPH-CERs by DEGS1 and then to SPD-CERs by FADS3 (Fig. 4C).
The existence of this pathway is clear, since the activity of DEGS1 and FADS3 toward each of
these substrates has already been demonstrated (Fig. 4B) [12, 19]. In the second (pathway 2),
DHS-CERs are converted to 14Z-SPH-CERs by FADS3 and then to SPD-CERs by DEGSI.
Although we had shown that FADS3 can convert DHS-CERs to 14Z-SPH-CERs (Fig. 4B), the
activity of DEGS1 toward 14Z-SPH-CERs had not yet been examined. To investigate this, we
incubated HAP1 WT and DEGS! KO cells with 14Z-SPH to produce 14Z-SPH-CERs and then
quantified the 14Z-SPH-CERs and SPD-CERs produced via LC-MS/MS. In WT cells, SPD-
CER production was increased by treatment with 14Z-SPH, but this was not the case in DEGS1
KO cells (Fig. 4D). Instead, quantities of 14Z-SPH-CERs in DEGS1 KO cells were greater
than in WT cells. These results suggest that SPD-CERs can also be generated via 14Z-SPH-

CERs (pathway 2).

3.5. Cytochrome bs stimulates the FADS3-catalyzed reaction
To date, it has been unclear whether NADH or NADPH acts as an electron donor in the
desaturation reaction catalyzed by FADS3. To investigate this, we examined the activity of

FADS3 in the presence of NADH or NADPH, using total cell lysates prepared from HEK 293T
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cells overexpressing FADS3 as the enzyme source and C6-SPH-CER as the substrate. The
quantity of C6-SPD-CER produced was 14.6- and 12.8-fold higher in the presence of NADH
and NADPH, respectively, than in their absence (Fig. 5A), indicating that both NADH and
NADPH act as electron donors in the FADS3-catalyzed reaction.

FADS3 has its own cytochrome bs-like domain. To examine the role of cytochrome bs in
the FADS3-catalyzed reaction, we co-overproduced the cytochrome bs CYB5A, which is
localized to the endoplasmic reticulum membrane [50], with FADS3 in HEK 293T cells. The
expression of both CYB5A and FADS3 was confirmed by immunoblotting (Fig. 5B). The cells
were labeled with d7-SPH and the quantity of d7-SPD-CERs generated was examined via LC-
MS/MS. Although d7-SPD-CERs were produced in cells overexpressing FADS3 alone, the
quantity was increased 2.1-fold by co-overexpression with CYBS5SA (Fig. 5C). Thus,

cytochrome bs promotes the FADS3-catalyzed reaction.

3.6. SPD-CERs are predominantly metabolized to SMs rather than glycosphingolipids

The metabolic flows to complex sphingolipids (SMs and glycosphingolipids) differ among
CERs, although that of SPD-CERs was as yet unknown. To reveal this, we labeled FADS3 KO
HAP1 cells with d7-SPD or d7-SPH (for comparison) and determined the time course of the
production of dr-labeled CERs, monohexosylceramides (HexCERs; the simplest
glycosphingolipids), and SMs via LC-MS/MS. We used FADS3 KO cells to avoid conversion
of SPH to SPD-CERs. The quantities produced and production kinetics of d7-labeled CERs
were similar in d7-SPH-CERs and d7-SPD-CERs: both reached a maximum at 5 h after the
addition of d7-SPD/d7-SPH to the cultures and then decreased (Fig. 6A). HexCER production
reached a maximum at 10 h and then decreased under both d7-SPH and d7-SPD metabolism.
At all times examined except 1 h, the quantities of d7-SPH-HexCERs produced were greater
than those of d7-SPD-HexCERs (1.7—4.1-fold). In contrast, levels of d;-SPD-SMs were higher

than those of d7-SPH-SMs (e.g., 1.4-fold at 10 h). The levels of d7-SPD-SMs increased up to
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10 h and then reached a plateau, whereas those of d7-SPH-SMs increased throughout the
measurement period. These results suggest that the metabolism flow of SPD-CERs to SMs is
predominant over that to glycosphingolipids.

Next, we examined the quantities of SPD-containing complex sphingolipids in mouse
brain and kidney, where SPD-CERs are abundant [12]. The quantities of SPD-CERs were
19.3% and 46.6% of those of SPH-CERs in brain and kidney, respectively (Fig. 6B). Although
high levels of SPH-HexCERs (mostly galactosyl CERs) were present in brain, the quantities
of SPD-HexCERs were low, accounting for only 3.2% of SPH-HexCERs. In kidney, only trace
quantities of HexCERs existed (for both SPH- and SPD-HexCERs), probably because
HexCERs are transient metabolic intermediates of more complex glycosphingolipids in this
tissue. The quantities of SPD-SMs were 7.2% and 30.0% of those of SPH-SMs in brain and
kidney, respectively. The higher levels of SPD-containing SMs than HexCERs relative to their
SPH-containing types (7.2% of the SPH-containing SMs vs 3.2% of the SPH-containing
HexCERs) in brain are consistent with the above conclusion drawn from the d7-SPD labeling
experiment that metabolism of SPD-CERs to SMs is predominant over that to HexCERs (Fig.

6A).

3.7. SPD is metabolized to mono-unsaturated FAs in the degradation pathway

In the degradation pathway, LCBs are metabolized to acyl-CoAs via several reactions and then
incorporated mainly into glycerophospholipids (Fig. 7A) [1]. The metabolism of LCBs to acyl-
CoAs is conducted via four common reactions (C1 phosphorylation, C2-C3 cleavage,
oxidation [conversion of fatty aldehydes to FAs], and CoA addition) and additional reactions
specific to each LCB (SPH, reduction [saturation]; PHS, a-oxidation) [34, 35, 51]. These
reactions convert DHS and SPH to 2-carbon shortened, saturated acyl-CoA and PHS to 3-
carbon shortened, saturated (non-hydroxylated) acyl-CoA. These acyl-CoAs are used primarily

for glycerophospholipid synthesis, either directly or after desaturation/FA elongation.
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To reveal the degradation pathway of SPD, we labeled F4DS3 KO cells with d18:2 d7-
SPD or d18:1 d7-SPH (for comparison) for 0, 1, 5, 10, or 24 h. Lipids were extracted, alkali-
treated to release FAs from glycerophospholipids, and subjected to quantification of the d7-FAs
produced via LC-MS/MS. The total quantities of d;-labeled FAs produced and the kinetics of
production were similar with d7-SPD and d7-SPH labeling (Fig. 7B). At 1 h of labeling, the
most abundant FA species produced from d18:1 d7-SPH was d7-C16:0 FA (55.0%), followed
by d7-C18:0 FA (25.1%) and d7-C18:1 FA (16.2%). Thereafter, the proportion of d7-C16:0 FA
decreased, but that of d7-C18:1 FA increased. This indicates that d18:1 SPH is first metabolized
to C16:0 acyl-CoA and then undergoes FA elongation and desaturation. In contrast, d7-C16:1
FA was the most abundant FA species produced from d18:2 d7-SPD at 1 h (52.8%), followed
by d7-C18:1 FA (39.0%) and d7-C18:2 FA (4.4%). The percentage of d7-C16:1 FA decreased,
but those of d7-C18:1 FA and d7-C18:2 FA increased with increasing labeling time. Thus, the
first metabolite of d18:2 SPD is C16:1 acyl-CoA, which means that SPD loses only one of its
two double bonds (cis-14 or trans-4) in the degradation pathway to become cis-12-C16:1 or
trans-2-C16:1 acyl-CoA. The LC retention time of d7-C16:1 FA produced from d18:2 d7-SPD
(4.3 min) was clearly distinct from that of trans-2-C16:1 FA (5.6 min) but close to that of cis-
9-C16:1 FA (4.4 min) (Fig. 7C), indicating that the metabolite of d18:2 SPD is cis-12-C16:1
FA. The trans-double bond at C4 in SPH is reduced by trans-2-enoyl-CoA reductase during
metabolism [51]. Our result shows that the trans-double bond at C4 in SPD is also reduced in

the degradation pathway, with the cis-double bond at C14 remaining intact (Fig. 7D).
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4. Discussion

In our previous study [12], we proposed that the substrates of FADS3 are SPH-CERs, but not
free SPH, based on the following two results. First, the time courses of d7-SPD-CER synthesis
from d7-SPH and d7-DHS were similar. Second, C6-SPH-CER was metabolized to C6-SPD-
CER in FADS3-overexpressing cells. However, another report also exists that FADS3 is active
toward both free SPH and SPH-CERs [14]. The conclusion in that study was drawn from the
results of a cell-based assay in the presence of FB; and an in vitro assay. In the former assay,
which used HEK 293 cells labeled with d7-SPH, the addition of FB; reduced the ratio of d7-
SPD to d7-SPH to ~30%. The finding that the production of d7-SPD was not completely
abolished by the addition of FB; led the authors to propose that SPH could also be used as a
substrate of FADS3. However, in that experiment, HEK 293 cells that did not overexpress
FADS3 were used. Under such conditions (that is, conditions of low FADS3 activity), the d7-
SPD/d7-SPH ratio was extremely low (~0.03 and ~0.01 before and after the addition of FBy,
respectively), so the activity may not have been accurately evaluated. Indeed, in the present
study we could not detect free d7-SPD with or without FB treatment (Fig. 1A). In the previous
in vitro assay [14], using total cell lysates prepared from HEK 293 cells overproducing FADS3
as the enzyme source and C6-SPH-CER and d7-SPH as the substrates, quantities of both C6-
SPD-CER and d7-SPD increased in a 5 min reaction. In that experiment, however, the oxidized
form of NAD (NAD™), not the reduced form (NADH), was used as a coenzyme, which was
unable to provide electrons to FADS3. Furthermore, the quantities of C6-SPH-CER and d7-
SPD produced were extremely low (< 0.1% and < 1% of the substrates, respectively), and
vector control was also lacking [14]. Our in vitro assay showed that 3.5% of the substrate C6-
SPH-CER was converted to C6-SPD-CER (Fig. 1B), which indicates that this activity is
approximately 50 times stronger than suggested by the previous study [14]. In addition, the
activity of FADS3-overproducing cell lysates was ~3,000-fold higher than that of the vector

control (Fig. 1B). However, we did not detect any activity of FADS3 toward d7-SPH in vitro.
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Our results suggest that the substrates of FADS3 are SPH-CERs but not free SPH, although the
possibility that FADS3 exhibits weak activity toward free SPH cannot be completely ruled out.
In general, the structure of the polar group of the substrate is important for substrate recognition
by the enzyme. The nitrogen-containing moiety of SPH and SPH-CER is an amine and an
amide, respectively, and these are completely different in structure: the former is steric while
the latter is planar. In addition, the fact that the substrates of DEGS1 (FADS7) and DEGS2
(FADSS), which belong to the same FADS family as FADS3, are DHS-CERs but not free DHS
[19], supports our conclusion that the substrates of FADS3 are SPH-CERs but not free SPH.
The substrates of the FADS family are not carboxylic acids, ketones, or aldehydes, but carbonyl
group-containing thioesters (FADS1, FADS2, SCDS5, and SCD1) or amides (FADS3, DEGSI,
and DEGS2), suggesting the importance of the carbonyl groups for substrate recognition.
Indeed, X-ray crystallography of human SCD1 has shown that the hydrogen atom of the Trp-
262 residue and the oxygen atom of the carbonyl group of acyl-CoA are hydrogen bonded [52].

In the present study, we examined the substrate specificity of FADS3 for the chain lengths
of the FA and SPH moieties that comprise the SPH-CERs (Figs. 2, 3). FADS3 showed no
specificity with respect to the FA moiety and was active toward SPH-CERs with a wide range
of chain lengths (C16—C28; Fig. 2). In contrast, it did exhibit specificity with respect to the
SPH moiety, and was active only toward d16:1-d20:1 (Fig. 3B). Rat SCD cannot act on acyl-
CoAs with >C20 [53]. X-ray crystallography of mouse SCD1 shows that it has a hydrophobic
tunnel that accommodates the acyl chain, but the limited size of this tunnel may explain its lack
of activity toward >C20 acyl-CoAs [54]. We speculate that FADS3 has a similar hydrophobic
tunnel for the SPH moiety of SPH-CERs, but no such tunnel for the FA moiety (i.e., it may
bind to the enzyme’s surface), enabling binding to FAs with a wide range of chain lengths.
FADS3 showed specificity with respect to not only SPH chain length but also chain branching.
It was active toward SPH-CERs with d19:1 straight-chains and iso-branched chains, but not

toward anteiso-branched chains (Fig. 3D). Since the methyl group of anteiso-d19:1 SPH at
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C16 is adjacent to the site of the enzyme action (introduction of a cis-double bond) of FADS3
(between C14 and C15), the steric hindrance of the methyl group may prevent the catalytic
groups of FADS3 from carrying out the reaction.

We have shown here that FADS3 is active toward not only SPH-CERs but also DHS-
CERs (Fig. 4A and B). Furthermore, DEGS1 exhibited activity toward 14Z-SPH-CERs, in
addition to the previously known substrates (DHS-CERs; Fig. 4D). These results indicate that
SPD-CERs can be produced by both pathway 1, via SPH-CERs, and pathway 2, via 14Z-SPH-
CERs (Fig. 4C). However, considering that FADS3 activity toward C6-DHS-CER was
approximately half of that toward C6-SPH-CER in vitro (Fig. 4B), and that 14Z-SPH-CERs
were barely detectable in WT cells (Fig. 4D), it is highly likely that the predominant SPD
synthesis pathway is pathway 1.

The electron donors in the reaction catalyzed by FADS3 were NADH and NADPH (Fig.
5A), similar to other FADS enzymes analyzed thus far [19, 55, 56]. Both cytochrome bs
reductase and cytochrome P450 oxidoreductase can reduce cytochrome bs, using mainly
NADH and NADPH electrons, respectively [57, 58]. The lack of selectivity for NADH and
NADPH in the activity of FADS3 suggests that electrons are supplied from both cytochrome
bs reductase and cytochrome P450 oxidoreductase to FADS3. FADS3 has its own cytochrome
bs-like domain, as do FADS1 and FADS?2. It has been reported that FADS2 is active in the
absence of cytochrome bs, although its activity is enhanced in the presence of cytochrome bs
[21]. We found that the cytochrome b5 CYBS5A similarly stimulated FADS3 activity (Fig. 5C).
This suggests that there are two electron transfer pathways for FADS3: one is the transfer from
cytochrome bs reductase/cytochrome P450 oxidoreductase directly to the cytochrome bs-like
domain of FADS3, and the other is via cytochrome bs, with the latter pathway being more
efficient than the former.

In this study, we have revealed the metabolic pathways of SPD to complex sphingolipids

and acyl-CoAs/FAs. In the former, the metabolism of SPD/SPD-CERs to SMs was
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predominant over that to glycosphingolipids (Fig. 6). In the latter, SPD was metabolized to 2-
carbon-shortened, mono-unsaturated acyl-CoAs/FAs (Fig. 7). SPD has a trans-double bond at
the C4, similarly to SPH, and a unique cis-double bond at C14. Our study revealed that the
double bond present in the acyl-CoAs/FAs corresponds to the cis-double bond at C14 in SPD
(Fig. 7C). This double bond is located at the C12 position (w-4) in the C16:1 FA derived from
d18:2 SPD, although the presence of such an ®-4 FA has not yet been reported in mammalian
cells, probably because of the much lower abundance of the precursor SPD than of
glycerophospholipids.

In summary, this study has elucidated the enzymatic properties of FADS3 (cofactor,
substrate specificity, and cytochrome bs dependence) and the details of SPD metabolism. These
findings contribute to the elucidation of the molecular basis of sphingolipid homeostasis.
Further studies are needed to elucidate the functions of SPD and its metabolites by analyzing

Fads3 KO mice.
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Figure captions

Fig. 1. The substrates of FADS3 are SPH-CERs only, not SPH. (A, B) HEK 293T cells were
transfected with empty vector (pCE-puro 3xFLAG-1) or the plasmid expressing 3xFLAG-
FADS3 (pCE-puro 3XFLAG-FADS3). (A) Twenty-four hours after transfection, cells were
treated with 20 uM FB; for 6 h and then labeled with 1 pM d7-SPH for 4 h. Lipids were
extracted from the cells, and d;-SPH-CERs, d7-SPD-CERs, d7-SPH, and d7-SPD were
quantified via LC-MS/MS. The values presented for d7-SPH-CERs and d7-SPD-CERs are the
sums of the quantities of species with C16:0, C18:0, C20:0, C22:0, C24:1, and C24:0 in the FA
moiety. Bars indicate means + SD (n = 3) with white circles representing each individual value.
Statistical significance (Tukey’s test) is indicated only for the differences between the vector
and FADS3 (## p < 0.01) and between those with and without FB; (** p < 0.01). ND, not
detected. (B) Twenty-four hours after transfection, total cell lysates were prepared and
incubated with 10 uM d7-SPH or C6-SPH-CER in the presence of 1 mM NADH at 37 °C for
10 min. Lipids were extracted, and d7-SPD and C6-SPD-CER were quantified via LC-MS/MS.

Values presented are means + SD (n = 3; ** p < 0.01; Student’s ¢-test).

Fig. 2. FADS3 shows no specificity with respect to the FA chain length of SPH-CERs. (A-D)
HEK 293T cells were transfected with empty vector (pCE-puro 3xFLAG-1; A-D) and the
plasmids expressing 3XFLAG-CERS isozymes (A and B, CERS1-6; C and D, CERS3),
3XxFLAG-ELOVLI1 (C and D), and 3XFLAG-FADS3 (A-D) in the combination shown in the
figure. (A, C) Twenty-four hours after transfection, total cell lysates were prepared and
subjected to immunoblotting using anti-FLAG and anti-GAPDH (loading control) antibodies.
IB, immunoblotting. (B, D) Twenty-four hours after transfection, cells were labeled with 1 uM
d7-SPH for 4 h. Lipids were extracted from the cells, and d7-SPH-CERs and d7-SPD-CERs
were quantified via LC-MS/MS. Values presented are means + SD of the total quantities of d7-

SPH-CERs or d7-SPD-CERs, with FA species color coded (n = 3; * p < 0.05; ** p < 0.01;
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Student’s #-test; vector vs FADS3).

Fig. 3. FADS3 shows specificity with respect to chain length and chain branching in the LCB
moiety of SPH-CERs. (A-D) HEK 293T cells were transfected with empty vector (pCE-puro
3XFLAG-1) and the plasmids expressing 3XxFLAG-SPTLC1, 3xFLAG-SPTSSB, HA-SPTLC3,
and 3xFLAG-FADS3 in the combination shown in the figure. Cells were then cultured for 24
h. (A) Total cell lysates were prepared and subjected to immunoblotting using anti-FLAG, anti-
HA, and anti-GAPDH (loading control) antibodies. IB, immunoblotting. (B, C) Lipids were
extracted, and SPH-CERs and SPD-CERs with chain lengths of d16—d24 were quantified via
LC-MS/MS. (B) The values presented for SPH-CERs and SPD-CERs are the sums of the
quantities of species with C16:0, C18:0, C20:0, C22:0, C24:1, and C24:0 in the FA moiety.
Values presented are means + SD (n = 3; * p < 0.05; ** p < 0.01; Student’s ¢-test). (C) lon
chromatograms of SPH-CER (d19:1/C24:0) and SPD-CER (d19:2/C24:0) are shown. Asterisks
represent nonspecific backgrounds. (D) Cells were treated with 25 pM straight-chain, iso-
branched-chain, or anteiso-branched-chain FAs (all C17:0) for 8 h. Lipids were extracted and
d19:1 SPH-CERs and d19:2 SPD-CERs with straight-chain, iso-branched-chain, or anteiso-
branched-chain LCB were quantified via LC-MS/MS. The values presented for d19:1 SPH-
CERs and d19:2 SPD-CERs are the sums of the quantities of species with C16:0, C18:0, C20:0,
(C22:0, C24:1, and C24:0 in the FA moiety. Values presented are means + SD (n = 3; ** p <

0.01; Dunnet’s test; vs ethanol).

Fig. 4. FADS3 shows activity toward DHS-CERs. (A, B) DEGS! KO HAPI1 cells were
transfected with empty vector (pCE-puro 3xFLAG-1) or the plasmid expressing 3xFLAG-
FADS3 (pCE-puro 3xFLAG-FADS3). Cells were then cultured for 24 h. (A) Cells were labeled
with 2 uM d7-DHS for 4 h. Lipids were extracted from the cells, and d7-14Z-SPH-CERs were

quantified via LC-MS/MS. The values presented are the sums of the quantities of d7-14Z-SPH-
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CER species with C16:0, C18:0, C20:0, C22:0, C24:1, and C24:0 in the FA moiety. Values
presented are means + SD (n = 3; ** p < 0.01; Student’s #-test). (B) Total cell lysates were
prepared and incubated with 10 uM C6-SPH-CER or C6-DHS-CER in the presence of 1 mM
NADH at 37 °C for 10 min. Lipids were extracted, and C6-SPD-CER and C6-14Z-SPH-CER
were quantified via LC-MS/MS. Values presented are means + SD (n = 3; ** p <0.01; Tukey’s
test). (C) Two possible DHS-CER-to-SPD-CER synthesis pathways are shown: one via SPH-
CER and the other via 14Z-SPH-CER. D, DEGSI KO HAPI1 cells were cultured in serum- and
antibiotic-free medium for 24 h. The medium was then replaced with one containing 10 mg/mL
FA-free BSA and 1 uM 14Z-SPH. After four hours of incubation, the lipids were extracted
from the cells and SPD-CERs and 14Z-SPH-CERs were quantified via LC-MS/MS. The values
presented are the sums of the quantities of SPD-CER or 14Z-SPH-CER species with C16:0,
C18:0, C20:0, C22:0, C24:1, and C24:0 in the FA moiety. Values represent means + SD (n = 3;

** p <0.01; Tukey’s test).

Fig. 5. Cytochrome bs promotes the reaction catalyzed by FADS3. (A) HEK 293T cells were
transfected with the plasmid expressing 3XFLAG-FADS3 (pCE-puro 3xFLAG-FADS3).
Twenty-four hours after transfection, total cell lysates were prepared and incubated with C6-
SPH-CER in the presence or absence of | mM NADH or NADPH. Lipids were extracted, and
C6-SPD-CER was quantified via LC-MS/MS. Values presented are means + SD (n = 3; ** p <
0.01; Tukey’s test). (B, C) HEK 293T cells were transfected with empty vector (pCE-puro
3XFLAG-1) or the plasmid expressing 3XFLAG-CYBS5A together with the plasmid expressing
3xXFLAG-FADS3 and cultured for 24 h. (B) Total cell lysates were prepared and subjected to
immunoblotting using anti-FLAG and anti-GAPDH (loading control) antibodies. 1B,
immunoblotting. (C) Cells were labeled with 1 uM d7-SPH for 4 h. Lipids were extracted, and
d7-SPD-CERs were quantified via LC-MS/MS. The values presented are the sums of the

quantities of d7-SPD-CER species with C16:0, C18:0, C20:0, C22:0, C24:1, and C24:0 in the
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FA moiety. Values presented are means + SD (n = 3; ** p < 0.01; Student’s #-test).

Fig. 6. SPD is predominantly metabolized to SMs rather than HexCERs. (A) FADS3 KO HAP1
cells were labeled with 5 uM d7-SPH or d7-SPD for 0, 1, 5, 10, or 24 h. Lipids were extracted
from the cells, and d7-labeled CERs, HexCERs, and SMs were quantified via LC-MS/MS. The
values presented are the sums of the quantities of individual species with C16:0, C18:0, C20:0,
(C22:0, C24:1, and C24:0 in the FA moiety. Values presented are means + SD (n=3; * p <0.05;
** p <0.01; Student’s ¢-test). (B) Lipids were extracted from brain and kidney of three-month-
old male mice (n = 3) and the quantities of CERs, SMs, and HexCERs containing d18:1 SPH
or d18:2 SPD were quantified via LC-MS/MS. The values presented are the means + SD of the
sums of the quantities of individual species with C16:0, C18:0, C20:0, C22:0, C24:1, and C24:0

in the FA moiety.

Fig. 7. SPD is metabolized to mono-unsaturated acyl-CoAs/FAs. (A) The metabolism
pathways of DHS, SPH, and PHS are illustrated. LCBs are metabolized to acyl-CoAs via four
common steps: C1 phosphorylation, C2—C3 cleavage, oxidation, and CoA addition. In addition,
SPH and PHS undergo reduction (saturation) and a-oxidation (cleavage, oxidation, and CoA
addition), respectively. Through these reactions, DHS (d[x]:0), SPH (d[x]:1), and PHS (t[x]:0)
are metabolized to acyl-CoAs with C[x — 2]:0, C[x — 2]:0, and C[x — 3]:0, respectively. These
acyl-CoAs are then mainly used for glycerophospholipid synthesis, either directly or after
elongation and/or desaturation. (B) FADS3 KO HAP1 cells were labeled with 5 uM d7-SPH or
d7-SPD for 0, 1, 5, 10, or 24 h. Lipids were extracted from cells and subjected to alkali treatment
to release the FAs from the glycerolipids. The FAs were then derivatized with N-(4-
aminomethylphenyl) pyridinium, and d;-FAs (C16:2, C18:2, C20:2, Cl6:1, C18:1, C20:1,
C16:0, C18:0, and C20:0) were quantified via LC-MS/MS. Values presented are means + SD

of the total quantities of d7-FAs, with the FA species color coded (n = 3; * p < 0.05; Student’s
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t-test). (C) d7-C16:1 FA generated in FADS3 KO HAPI1 cells treated with d7-SPD for 10 h and
commercially available cis-9- and trans-2-C16:1 FAs were derivatized with N-(4-
aminomethylphenyl) pyridinium and subjected to LC-MS/MS. Their ion chromatograms are
shown. (D) The proposed metabolic pathway of SPD (d[x]:2) to acyl-CoA (C[x — 2]:1) is
illustrated. SPD undergoes the four reactions common to LCBs, and the resulting di-

unsaturated acyl-CoA is converted to mono-unsaturated acyl-CoA via saturation of the trans-

double bond at C2 (corresponding to C4 in SPD).
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Table S1. MRM settings used in LC-MS/MS analyses

Lipid Collision
olass Species Precursor ion Q1 value Q3 value energy (eV)
CER d-d18:1/C16:0 [M-H,O + H]" 527.5 2713 20
CER dr-d18:1/C18:0 [M-H,O +H]" 555.6 2713 20
CER d-d18:1/C20:0 [M-H,O + H]" 583.6 2713 20
CER d-d18:1/C22:0 [M-H,O +H]" 611.6 2713 25
CER ds-d18:1/C24:1 [M-H,O +H]" 637.6 2713 30
CER dr-d18:1/C24:0 [M-H,O + H]" 639.6 2713 30
CER dr-d18:1/C26:1 [M-H,O +H]" 665.6 2713 30
CER d-d18:1/C26:0 [M-H,O +H]" 667.6 2713 30
CER dr-d18:1/C28:1 [M-H,O + H]" 693.6 2713 30
CER d-d18:1/C28:0 [M-H,O +H]" 695.6 2713 30
CER dr-d18:1/C30:1 [M-H,O +H]" 721.6 2713 35
CER d-d18:1/C30:0 [M-H,O + H]" 723.6 2713 35
CER d-d18:2/C16:0 [M-H,O +H]" 525.5 269.3 20
CER d-d18:2/C18:0 [M-H,O +H]" 553.6 269.3 20
CER d-d18:2/C20:0 [M-H,O + H]" 581.6 269.3 20
CER d-d18:2/C22:0 [M-H,O +H]" 609.6 269.3 25
CER ds-d18:2/C24:1 [M-H,O +H]" 635.6 269.3 30
CER d-d18:2/C24:0 [M-H,O + H]" 637.6 269.3 30
CER dr-d18:2/C26:1 [M-H,O +H]" 663.6 269.3 30
CER d-d18:2/C26:0 [M-H,O +H]" 665.6 269.3 30
CER dr-d18:2/C28:1 [M-H,O + H]" 691.6 269.3 30
CER d-d18:2/C28:0 [M-H,O +H]" 693.6 269.3 30
CER dr-d18:2/C30:1 [M-H,O +H]" 719.6 269.3 35
CER d-d18:2/C30:0 [M-H,O +H]" 721.6 269.3 35
CER d18:1(14Z)/C16:0 [M+H]" 538.5 2823 20
CER d18:1(14Z)/C18:0 [M+H]" 566.6 282.3 20
CER d18:1(14Z)/C20:0 [M+H]" 594.6 2823 20
CER d18:1(14Z)/C22:0 [M+H]" 622.6 282.3 25
CER d18:1(14Z)/C24:1 [M+H]" 648.6 282.3 30
CER d18:1(14Z)/C24:0 [M+H]" 650.6 2823 30
CER d7-d18:1(142)/C16:0 [M +H]" 803.6 269.3 20



CER d7-d18:1(142)/C18:0 [M +H]" 545.5 289.3 20
CER d7-d18:1(142)/C20:0 [M +H]" 573.6 289.3 20
CER d7-d18:1(142)/C22:0 [M +H]" 601.6 289.3 25
CER d7-d18:1(142)/C24:1 [M +H]" 627.6 289.3 30
CER d7-d18:1(142)/C24:0 [M +H]" 629.6 289.3 30
HexCer  d18:1/C16:0 [M-H,O +H]" 682.6 264.3 40
HexCer  d18:1/C18:0 [M-H,O + H]" 710.6 264.3 40
HexCer  d18:1/C20:0 [M-H,O +H]" 738.6 264.3 40
HexCer  d18:1/C22:0 [M-H,O +H]" 766.6 264.3 40
HexCer  d18:1/C24:0 [M-H,O + H]" 794.7 264.3 40
HexCer  d18:2/C16:0 [M-H,O +H]" 680.6 262.3 40
HexCer  d18:2/C18:0 [M-H,O +H]" 708.6 262.3 40
HexCer  d18:2/C20:0 [M-H,O + H]" 736.6 262.3 40
HexCer  d18:2/C22:0 [M-H,O +H]" 764.6 262.3 40
HexCer  d18:2/C24:0 [M-H,O +H]" 792.7 262.3 40
HexCer  d7-d18:1/C16:0 [M-H,O +H]" 689.6 271.3 40
HexCer  d7-d18:1/C18:0 [M-H,O +H]" 717.6 271.3 40
HexCer  d7-d18:1/C20:0 [M-H,O + H]" 745.6 271.3 40
HexCer  d7-d18:1/C22:0 [M-H,O +H]" 773.6 271.3 40
HexCer  d7-d18:1/C24:1 [M-H,O +H]" 799.7 271.3 40
HexCer  d7-d18:1/C24:0 [M-H,O + H]" 801.7 271.3 40
HexCer  d7-d18:2/C16:0 [M-H,O +H]" 687.6 269.3 40
HexCer  d7-d18:2/C18:0 [M-H,O +H]" 715.6 269.3 40
HexCer  d7-d18:2/C20:0 [M-H,O + H]" 743.6 269.3 40
HexCer  d7-d18:2/C22:0 [M-H,O +H]" 771.6 269.3 40
HexCer  d7-d18:2/C24:1 [M-H,O +H]" 797.7 269.3 40
HexCer  d7-d18:2/C24:0 [M-H,O +H]" 799.7 269.3 40
SM d18:1/C16:0 [M+H]" 703.7 184.2 60
SM d18:1/C18:0 [M+H]" 731.7 184.2 60
SM d18:1/C20:0 [M+H]" 759.8 184.2 60
SM d18:1/C22:0 [M+H]" 787.8 184.2 60
SM d18:1/C24:0 [M+H]" 815.8 184.2 60
SM d18:2/C16:0 [M+H]" 701.7 184.2 60
SM d18:2/C18:0 [M+H]" 729.7 184.2 60



SM d18:2/C20:0 [M + HJ 757.8 184.2 60
SM d18:2/C22:0 [M + HJ 785.8 184.2 60
SM d18:2/C24:0 [M + HJ 813.8 184.2 60
SM dr-d18:1/C16:0 [M + HJ 710.7 184.2 60
SM dr-d18:1/C18:0 [M + HJ 738.7 184.2 60
SM dr-d18:1/C20:0 [M + HJ 766.8 184.2 60
SM dr-d18:1/C22:0 [M + HJ 794.8 184.2 60
SM dr-d18:1/C24:1 [M + H]' 820.8 184.2 60
SM dr-d18:1/C24:0 [M + HJ 822.8 184.2 60
SM dr-d18:2/C16:0 [M + HJ 708.7 184.2 60
SM dr-d18:2/C18:0 [M + HJ 736.7 184.2 60
SM dr-d18:2/C20:0 [M + HJ 764.8 184.2 60
SM dr-d18:2/C22:0 [M + HJ 792.8 184.2 60
SM dr-d18:2/C24:1 [M + H]' 818.8 184.2 60
SM dr-d18:2/C24:0 [M + HJ 820.8 184.2 60
SPH dr-d18:1 [M-H,O + H]"  289.3 271.3 15
SPD dr-d18:2 [M-H,O + H]" 2872 269.2 15
FA Cl6:1 [M +AMPP]" 4214 239.0 48
FA dr-C16:3 [M+AMPP]" 4244 239.0 48
FA dr-C16:2 [M +AMPP]" 4264 239.0 48
FA dr-C16:1 [M +AMPP]" 4284 239.0 48
FA d7-C16:0 [M+AMPP]" 4304 239.0 50
FA dr-C18:3 [M+AMPP]" 4524 239.0 44
FA dr-C18:2 [M +AMPP]" 4544 239.0 44
FA dr-C18:1 [M +AMPP]"  456.4 239.0 48
FA d7-C18:0 [M+AMPP]" 4584 239.0 50
FA d7-C20:3 [M+AMPP]" 4804 239.0 48
FA d7-C20:2 [M +AMPP]" 4824 239.0 48
FA d7-C20:1 [M +AMPP]" 4844 239.0 48
FA d7-C20:0 [M+AMPP]" 4864 239.0 50

AMPP: N-(4-aminomethylphenyl) pyridinium.



	Manuscript
	Figuresのコピー
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