CrossMark

&dlick for updates

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 14, pp. 7477-7487, April 1,2016
© 2016 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Enzyme Activities of the Ceramide Synthases CERS2-6 Are
Regulated by Phosphorylation in the C-terminal Region®

Received for publication, October 1, 2015, and in revised form, February 1,2016 Published, JBC Papers in Press, February 17,2016, DOI 10.1074/jbc.M115.695858

Takayuki Sassa, Taisuke Hirayama, and Akio Kihara'

From the Laboratory of Biochemistry, Faculty of Pharmaceutical Sciences, Hokkaido University, Kita-ku, Sapporo 060-0812, Japan

Ceramide and complex sphingolipids regulate important cel-
lular functions including cell growth, apoptosis, and signaling.
Dysregulation of sphingolipid metabolism leads to pathological
consequences such as sphingolipidoses and insulin resistance.
Ceramides in mammals vary greatly in their acyl-chain compo-
sition: six different ceramide synthase isozymes (CERS1- 6) that
exhibit distinct substrate specificity and tissue distribution
account for this diversity. In the present study, we demonstrated
that CERS2- 6 were phosphorylated at the cytoplasmic C-termi-
nal regions. Most of the phosphorylated residues conformed to a
consensus motif for phosphorylation by casein kinase 2 (CK2),
and treatment of cells with the CK2-specific inhibitor CX-4945
lowered the phosphorylation levels of CERS2, -4, -5, and -6.
Phosphorylation of CERS2 was especially important for its cat-
alytic activity, acting mainly by increasing its V,,,, value. Phos-
phorylation modestly increased the catalytic activities of CERS4
and -5 and mildly increased those of CERS3 and -6. Dephosphor-
ylation of endogenous ceramide synthases in the mouse brain
led to severely reduced activity toward the Cers2 substrates
C22:0/C24:0-CoAs and modestly reduced activity toward the
Cers5/6 substrate C16:0-CoA. These results suggest that the
phosphorylation of ceramide synthases may be a key regulatory
point in the control of the distribution and levels of sphingolip-
ids of various acyl-chain lengths.

Sphingolipids, one of the major lipid constituents of eukary-
otic membranes, mediate a number of cellular and physiologi-
cal functions such as cell growth, apoptosis, immune responses,
and the epidermal permeability barrier, whereas their abnor-
mal metabolism is involved in diseases such as sphingolipido-
ses, neural disorders, and diabetes (1-7). Ceramides are located
in the hub of sphingolipid metabolism. Ceramides are precur-
sors for complex sphingolipids, whereas their hydrolysis
releases a sphingoid long-chain base and a fatty acid (FA).> The
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released long-chain base can then be recycled to synthesize new
ceramide, or metabolized further into other lipids such as
sphingosine 1-phosphate (8 —10). Ceramide synthases catalyze
the formation of an amide bond between the long-chain base
and the FA in the endoplasmic reticulum. In most tissues, the
chain lengths of the FA moieties of ceramides are C16-C24,
whereas the ceramides of skin and testis are exceptional in that
they contain FAs with up to C36 (11-13). FAs can be classified
by chain length: long-chain (LC) FAs have C11-C20, very-long-
chain (VLC) FAs have =C21, and ultra long-chain (ULC) FAs
have =C26 (11, 12). There are six mammalian ceramide syn-
thase isozymes (human CERS1-6 and mouse Cersl-6) that
exhibit distinct specificity for acyl-CoAs of defined chain
lengths (9, 14 -16). Thus, the expression levels of ceramide syn-
thase isozymes largely determine the levels and acyl-chain
compositions of the ceramides present within a cell type or
tissue.

The functional importance of ceramides and sphingolipids
with defined acyl-chain lengths has been revealed by a number
of studies. LC-ceramide, especially C16-ceramide, is generally
pro-apoptotic, whereas VLC C24:0/C24:1-ceramides are anti-
apoptotic (17, 18). During cytokinesis, the levels of C22- and
C24-ceramides are increased, and these VLC-ceramides are
accumulated in the midbody (19). Knockdown of CERS2 or
CERS4, which synthesize VLC-ceramides, results in cytokinesis
failure (19). In the adipose tissue of obese humans, CERS6
mRNA expression and Cl6-ceramide are elevated, and in-
creased CERSG6 expression correlates with insulin resistance (6).
Conversely, Cers6-deficient mice are protected from high fat
diet-induced obesity and glucose intolerance (6). CERS1, which
is important for the synthesis of C18-ceramide and predomi-
nantly expressed in the brain and skeletal muscle, is mutated in
a form of myoclonic epilepsy (7). CersI-deficient mice exhibit
cerebellar abnormalities and behavioral deficits including in
motor coordination (20, 21). ULC-ceramides are synthesized
by CERS3 (22), and CERS3/Cers3 deficiency in humans and
mice leads to epidermal permeability barrier defects through
the resulting reduction in ULC-ceramide levels (22, 23). More-
over, Cers3-dependent formation of ULC-ceramides is essen-
tial for spermatogenesis and fertility in mice (24). These data
highlight the independent role of each ceramide synthase
isozyme and implicate ceramide synthases as novel targets for
therapeutic interventions for diseases in which sphingolipids
with particular acyl-chain lengths are pathogenically involved
(5, 16).

The regulation of ceramide synthase activity is poorly under-
stood. What is known is that ceramide synthases can exist as
complexes, and homo- or heterodimerization modulates CERS
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activity (25). Ceramide synthases are subject to post-transla-
tional modifications including glycosylation and phosphoryla-
tion. CERS2, -5, and -6 can be N-glycosylated at the N-terminal
region, although the glycosylation is dispensable for CERS6
activity (14). Global analysis of protein phosphorylation sites by
MS has identified that CERS2 and -5 are phosphorylated at
multiple residues in the C-terminal regions (26).

What remains to be demonstrated is whether the phosphor-
ylation of ceramide synthases actually modulates their enzy-
matic activities. In this line of research, it has recently been
demonstrated that Lacl and Lagl, the CERS homologs of yeast
Saccharomyces cerevisiae, are phosphorylated by two protein
kinases, Ypk1 and Cka2 (27, 28). Ypk1, which is activated by the
target of rapamycin complex 2 (TORC2), phosphorylates two
serine residues at the N-terminal regions of Lacl and Lagl and
increases their synthetic activities (28). Cka2 is the catalytic
subunit of casein kinase 2 (CK2) and phosphorylates three ser-
ine residues at the C-terminal regions of Lacl and Lagl (27).
The Cka2-dependent phosphorylation of Lacl and Lagl is
required for efficient ceramide biosynthesis (27). These results
raised an important question in the field of sphingolipid metab-
olism: are the activities of mammalian ceramide synthases also
regulated by phosphorylation?

In the present study, we examined whether six mammalian
ceramide synthase isozymes are phosphorylated. We found
that CERS2-6 were phosphorylated in the C-terminal regions
and determined their phosphorylation sites. We also demon-
strated that the enzymatic activity of CERS2 is heavily depen-
dent on phosphorylation, whereas those of CERS3— 6 are mod-
estly or mildly increased by it. Finally, we revealed that the
phosphorylation of CERS2 increases its V.., value and modu-
lates its affinities toward sphingosine and acyl-CoA, but in
opposite directions.

Experimental Procedures

Cell Culture and Transfection—HEK 293T cells were grown
in DMEM (D6429; Sigma) containing 10% fetal bovine serum
and supplemented with 100 units/ml of penicillin and 100
pg/ml of streptomycin. Cells were seeded in dishes coated with
0.3% collagen and maintained in a humidified atmosphere of 5%
CO, at 37°C. Transfections were performed using Lipo-
fectamine Plus Reagent (Thermo Fisher Scientific, Waltham,
MA) according to the manufacturer’s instructions.

Plasmid Construction—Plasmids and primers used in this
study are listed in Tables 1 and 2, respectively. Human CERS1,
-5, and -6 cDNAs were amplified by PCR using human tissue
¢DNAs (Human MTC panels I; TAKARA Bio, Shiga, Japan) as
templates (for CERSI, pancreas cDNA; for CERSS, skeletal
muscle ¢cDNA; for CERS6, kidney cDNA) and primers (for
CERS1I, CERS1-F1 and CERS1-R1; for CERS5, CERS5-F1 and
CERS5-R1; for CERS6, CERS6-F1 and CERS6-R1). Mouse
Cers2 ¢DNA was amplified by PCR using the pcDNA3
HA-Cers2 plasmid (14) as a template and primers Cers2-F1 and
Cers2-R1. Each amplified DNA fragment was cloned into the
pGEM-T Easy vector (Promega, Fitchburg, WI). Human
CERS?2, CERS3, and CERS4 cDNAs cloned into the pGEM-T
Easy vector have been described previously (29, 30). Human
CERS2 (§341A/T346A/S348A/5349A) abbreviated as CERS2
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TABLE 1

Plasmids used in this study

Allinserts are cloned into the mammalian expression vector pCE-puro HA-1, which
is designed to produce a protein fused to an N-terminal HA tag.

Plasmid Insert Species
pHT46 CERSI Human
pHT56 CERS2 Human
pHT57 CERS2 (4A) Human
pHT50 CERS3 Human
pHT51 CERS3 (§340A) Human
pHT52 CERS4 Human
pHT53 CERS4 (4A) Human
pHT58 CERSS Human
pHT59 CERSS (4A) Human
pHT54 CERS6 Human
pHT55 CERS6 (4A) Human
pHT35 Cers2 Mouse
pHT42 Cers2 (S341A) Mouse
pHT45 Cers2 (T346A) Mouse
pHT43 Cers2 (S348A) Mouse
pHT44 Cers2 (S349A) Mouse
pHT33 Cers2 (4A) Mouse

(4A), CERS3 (§340A), CERS4 (S343A/S348A/S350A/S351A)
abbreviated as CERS4 (4A), CERS5 (S350A/S354A/S355A/
S356A) abbreviated as CERSS (4A), CERS6 (S341A/S345A/
S346A/S347A) abbreviated as CERS6 (4A), mouse Cers2
(S341A), Cers2 (T346A), Cers2 (S348A), Cers2 (S349A), and
Cers2 (S341A/T346A/S348A/5349A) abbreviated as Cers2 (4A)
(Table 1) were constructed using the overlap extension PCR
(for mutant (MT) forms of human CERS2-6) or QuikChange
site-directed mutagenesis kit (Agilent Technologies, Santa
Clara, CA) (for MTs of mouse Cers2), with appropriate WT
plasmid as a template and primers (for CERS2 (4A), CERS2—
4A-F and CERS2-4A-R; for CERS3 (5340A), CERS3-S340A-F
and CERS3-S340A-R; for CERS4 (4A), CERS4-4A-F and
CERS4—-4A-R; for CERSS (4A), CERS5-4A-F and CERS5-
4A-R; for CERS6 (4A), CERS6 —4A-F and CERS6 —-4A-R; for
Cers2 (8341A), Cers2-S341-F and Cers2-S341-R; for Cers2
(T346A), Cers2-T346-F and Cers2-T346-R; for Cers2 (S348A),
Cers2-S348-F and Cers2-S348-R; for Cers2 (5§349A), Cers2-
S349-F and Cers2-S349-R; for Cers2 (4A), Cers2—4A-F and
Cers2—4A-R) (Table 2). Each cDNA fragment was excised from
the corresponding pGEM-T Easy-based plasmid and cloned
into a mammalian expression vector pCE-puro HA-1, which is
designed to produce a protein fused to an N-terminal HA tag
under control of the human elongation factor 1a promoter (31).

Immunoblotting—Immunoblotting was performed as de-
scribed previously (32) using the anti-HA antibody HA-7
(1:2,000 dilution; Sigma) as the primary antibody and HRP-
conjugated anti-mouse IgG F(ab'), fragment (1:7,500 dilution;
GE Healthcare Life Sciences, Little Chalfont, UK) as the sec-
ondary antibody. The signal was detected with Pierce Western
blotting Substrate (Thermo Fisher Scientific) or Western
Lightning Plus-ECL (PerkinElmer Life Sciences).

Preparation of Membrane Fractions—The membrane frac-
tion of HEK 293T cells was prepared as follows. Cells were
suspended in buffer A (50 mm HEPES-NaOH (pH 7.4), 150 mm
NaCl, 10% glycerol, 1 mm DTT, 1 mm PMSF, and a 1 X Com-
plete protease inhibitor mixture (EDTA-free; Roche Diagnos-
tics, Basel, Switzerland)) and lysed by sonication; cell debris was
removed by centrifugation at 300 X g and 4 °C for 5 min; the
supernatant was centrifuged at 100,000 X gand 4 °C for 30 min;
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TABLE 2
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Nucleotide sequences of primers used in this study

The restriction sites created are underlined.

Primer Nucleotide sequence
CERS1-F1 5'-GGGATCCATGGCGGCGGCGGGGCCCGCGGCGG-3" (BamHI)
CERS1-R1 5'-TCAGAAGCGCTTGTCCTTCACCAGG-3'
CERS2-4A-F 5'-GCTGACCGGGAAGAAGCAGAGGCCGCAGAGGGGGAGGAGGCTGCAGCTGG-3'
CERS2-4A-R 5'-TGCGGCCTCTGCTTCTTCCCGGTCAGCGCGTTCATCTTCTACCAGCTTTC-3'

CERS3-S340A-F
CERS3-S340A-R

5'-GAGCATCCAGGATGTGAGGGCTGATGACGAGGATTATGAAGAGG-3'
5'-CCTCTTCATAATCCTCGTCATCAGCCCTCACATCCTGGATGCTC-3’
5'-CCAGATGGAGAAGGACATTCGTGCTGATGTAGAAGAAGCAGACGCC-
5'-CCTGGGCCGCCGCCGCCTCCTCAGCGGCGTCTGCTTCTTCTACATCA-
5'-GGATCCATGGCGACAGCAGCGCAGGGACCCC-3' (BamHI)
5'-CGCTGATGTGGAGGCCGCCGCAGAGGAAGAAGATGTGACCACCTG-3'
5'-GCGGCGGCCTCCACATCAGCGCGATCATCCTTCGATACCTTTCCC-3'
5'-GGATCCATGGCAGGGATCTTAGCCTGGTTCT-3’ (BamHI)
5'-CATGTGTCCAAGGATGATCGAGCTGATATTGAGGCTGCCGCAGATG-

5-GGTTCTGAGTCCTCCTCATCTGCGGCAGCCTCAATATCAGCTCGATC-

5'-TGATCAATGCTCCAGACCTTGTATGACTACT-3' (Bcll)

CERS4-4A-F

GCTGAGGAGGCGGCGGCGGCCCAGG-3’
CERS4-4A-R

GCACGAATGTCCTTCTCCATCTGG-3'
CERS5-F1
CERS5-R1 5'-TTACTCTTCAGCCCAGTAGCTGCCT-3’
CERS5-4A-F
CERS5-4A-R
CERS6-F1
CERS6-R1 5'-TTAATCATCCATGGAGCAGGAGCCA-3’
CERS6-4A-F

AGGAGGACTCAGAACC-3'
CERS6-4A-R

ATCCTTGGACACATG-3'
Cers2-F1
Cers2-R1

Cers2-S341-F

Cers2-S341-R
Cers2-T346-F
Cers2-T346-R
Cers2-S348-F

Cers2-S348-R
Cers2-S349-F

Cers2-S349-R
Cers2—4A-F

5'-GCGGCCGCTCAGTCATTCTTAGGATGATTGTTA-3" (Notl)
5'-GCTGATAGAAGATGAACGCGCTGACAGAGAAGAAACAGAGAG-3’
5'-CTCTCTGTTTCTTCTCTGTCAGCGCGTTCATCTTCTATCAGC-3’
5'-CGCAGTGACAGAGAAGAAGCAGAGAGTTCAGAGGGGGAGG-3’
5'-CCTCCCCCTCTGAACTCTCTGCTTCTTCTCTGTCACTGCG-3'
5'-GCAGTGACAGAGAAGAAACAGAGGCATCAGAGGGGGAGGAGACTGC-3’
5'-GCAGTCTCCTCCCCCTCTGATGCCTCTGTTTCTTCTCTGTCACTGC-3’
5'-CAGAGAAGAAACAGAGAGTGCAGAGGGGGAGGAGACTGCAGC-3’
5'-GCTGCAGTCTCCTCCCCCTCTGCACTCTCTGTTTCTTCTCTG-3’
5'-GCTGATAGAAGATGAACGCGCTGACAGAGAAGAAGCAGAGGCAGC-

AGAGGGGGAGGAGACTGCAGC-3'

Cers2—4A-R

5'-GCTGCAGTCTCCTCCCCCTCTGCTGCCTCTGCTTCTTCTCTGTCAGCG-

CGTTCATCTTCTATCAGC-3'

and the pellet (total membrane fraction) was suspended in
buffer A. Treatment with A protein phosphatase (APPase) (New
England Biolabs, Ipswich, MA) and protein N-glycosidase F
(PNGase F) (New England Biolabs) were performed by incubat-
ing the membrane with APPase (8 units/ug of membrane pro-
tein) and PNGase F (20 units/ug of membrane protein) in pro-
tein metallophosphatases buffer (50 mm HEPES (pH 7.5), 100
mM NaCl, 2 mm DTT, 0.01% Brij 35, and 0.1 mm MnCl,; New
England Biolabs) at 30 °C for 60 min.

In Vitro Ceramide Synthase Assay—The ceramide synthase
assay was performed by incubating the membrane fraction with
5 puM deuterium-labeled sphingosine (sphingosine-d.; Avanti
Polar Lipids, Alabaster, AL) and 25 um acyl-CoA in 100 ul of
reaction buffer (buffer A containing 2 mm MgCl, and 0.1% dig-
itonin) at 37 °C for 30 min. Kinetic analysis of WT HA-CERS2
was performed by changing the concentrations of one sub-
strate, while fixing the concentration of the other at 5 and 25 um
for sphingosine-d., and C24:1-CoA, respectively. C16:0 (palmi-
toyl)-CoA, C18:0 (stearoyl)-CoA, and C20:0 (arachidoyl)-CoA
were purchased from Sigma, whereas C24:0 (lignoceroyl)-CoA
and C24:1 (nervonoyl)-CoA were purchased from Avanti Polar
Lipids. The reaction was terminated by the addition of 375 ul of
chloroform/methanol (1:2, v/v) and 1.25 ul of 12 M formic acid,
followed by vigorous shaking. The mixture was subjected to
phase separation by adding 125 ul of chloroform and 125 ul of
H,O0, followed by centrifugation (9,000 X g, room temperature,
3 min). Lipids were recovered from the organic phase, dried,
and suspended in chloroform/methanol (1:2, v/v). Deuterium-
labeled ceramide (ceramide-d,) species were detected by
LC/MS (see below).
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Lipid Analysis Using LC/MS—Ceramides were analyzed by
reversed-phase LC/MS using ultra-performance liquid chro-
matography coupled with electrospray ionization tandem triple
quadrupole MS (Xevo TQ-S, Waters, Milford, MA) as de-
scribed previously (29). Each ceramide species was detected by
multiple reaction monitoring by selecting the m/z ((M-H,O +
H]" and [M + H]™) of specific ceramide species at Q1 and the
m/z 264.2 for ceramide and the m/z 271.2 for ceramide-d.,
respectively, at Q3 (Table 3). Data analysis and quantification
were performed using MassLynx software (version 4.1;
Waters).

Results

CERS2-6 Proteins Are Phosphorylated Mainly at the C-ter-
minal Region—Mammalian CERS1-6 are multispanning
membrane proteins with five predicted transmembrane seg-
ments (Fig. 1). Examination of the amino acid sequences of the
CERS1-6 C-terminal regions revealed the presence of poten-
tial phosphorylation sites in CERS2—- 6 (Fig. 1). They are mostly
conserved between human CERS2-6 and the corresponding
mouse Cers2—6 proteins, and bear resemblance to the phos-
phorylation sites in yeast S. cerevisiae ceramide synthases Lacl
and Lagl (27) (Fig. 1). Most of the potentially phosphorylated
serine residues match the consensus motif for phosphorylation
by CK2 (i.e. (S/T)XX(D/E), where X stands for any amino acid,
S for serine, T for threonine, D for aspartate, and E for gluta-
mate) (33) (Fig. 1). Proteome analysis of phosphorylation sites
by MS has previously identified that four residues in CERS2
(Ser-341, Thr-346, Ser-348, and Ser-349) and CERS5 (Ser-350,
Ser-354, Ser-355, and Ser-356) are phosphorylated in HeLa
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TABLE 3
Selected m/z values for ceramide species in MS analysis
Collision
Precursor Product energy
Cer” species ion (Q1) ion (Q3) (in V)
d18:1/C16:0 Cer 520.2, 538.2 264.2 20
d18:1/C16:0 Cer-d,, 527.2,545.2 271.2 20
d18:1/C18:0 Cer 548.2, 566.2 264.2 20
d18:1/C18:0 Cer-d, 555.2,573.2 271.2 20
d18:1/C20:0 Cer 576.3,594.3 264.2 25
d18:1/C20:0 Cer-d, 583.3, 601.3 271.2 25
d18:1/C22:1 Cer 602.3, 620.3 264.2 25
d18:1/C22:0 Cer 604.3, 622.3 264.2 25
d18:1/C24:1 Cer 630.3, 648.3 264.2 30
d18:1/C24:1 Cer-d, 637.3, 655.3 271.2 30
d18:1/C24:0 Cer 632.3, 650.3 264.2 30
d18:1/C24:0 Cer-d, 639.3, 657.3 271.2 30
d18:1/C26:0 Cer 660.4, 678.4 264.2 30

“ Cer, ceramide; Cer-d, deuterium-labeled ceramide.

U

human CERS1
mouse Cersl

H INEE

313 QVHELKDLREYDTAEAQSLKPSKA 336
313 QMRELEDLREYDTLEAQTAKPCKA 336

CERS2
Cers2

334 KLVEDEREDREETESEEGEEAAAG 357
334 KLIEDEREDREETESEEGEETAAG 357

human
mouse

human CERS3
mouse Cers3

333 KSIQDVREDDEDYEEEEEEEEEEA 356
369 QNVQDVREDNEEEEEEEEEEEAES 392

human CERS4
mouse Cers4

336 QMEKKIREDVEESDESEEAAAAQE 359
335 QMTEDIREDVEEPDEEDDEPVSEG 358

CERS5
Cers5

human
mouse

343 KVSKDDREDVEFFEEEDVTTCTK 366
343 KVSKDDREDVEEREEEEEDETTHKN 366

human CERS6 334 KVSKDDREDIEFESDEEDSEPPGK 357

mouse Cersé6 334 KVSKDDREDIEREREDDEDSEPPGK 357
yeast Lacl 386 GILKDDREDEEFDEESDESSTTPT 409
yeast Lagl 386 GIQKDEREDEDSDESAENEESKEK 409

FIGURE 1. Potential phosphorylation sites in the C-terminal regions of
CERS2-6. The schematic illustration of mammalian CERS1-6 denotes the
five predicted transmembrane segments and the TRAM/LAG1/CLN8 (TLC)
homology domain (45), shown as black and gray regions, respectively. The
region around the potential phosphorylation sites is shaded, and the amino
acid sequences of human CERS1-6 and mouse Cers1-6 in the region are
presented below it. Amino acid residues analyzed in this study are high-
lighted in black or gray boxes, with the former denoting CK2 phosphorylation
sites. For comparison, amino acid sequences and phosphorylation sites in the
C-terminal region of yeast Lac1 and Lag1 are presented (27).

cells (26). To examine whether CERS1-6 are phosphorylated,
we expressed the N terminally HA-tagged versions of WT
CERS1-6 (HA-CERS1-6) in HEK 293T cells and treated the
total membrane fractions with APPase only, PNGase F only, and
a combination of the two. We examined the electrophoretic
mobility of each HA-CERS protein by SDS-PAGE, followed by
immunoblotting. WT HA-CERS1 was detected as a single
band, and its mobility did not shift appreciably after treatment
with APPase or PNGase F, suggesting that HA-CERS1 was not
phosphorylated or glycosylated (Fig. 2). Untreated WT HA-
CERS2 was detected as three bands (Fig. 2). Treatment with
APPase increased the mobility of the top and middle bands,
with the middle band merging with the bottom band. Treat-
ment with PNGase F increased the mobility of the top band,
which merged with the middle band. Treatment with both
enzymes resulted in merging of the top and middle bands with
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the bottom band. Thus, HA-CERS2 was phosphorylated and
glycosylated, with the bottom band corresponding to the
unmodified form of HA-CERS2, the middle band to the phos-
phorylated form, and the top band to the phosphorylated and
glycosylated form. Untreated WT HA-CERS3 was detected as a
single band, and treatment with APPase resulted in a subtle but
reproduciblemobilityshift,suggestingthatHA-CERS3wasphos-
phorylated at only one or a few sites (Fig. 2). The mobility
patterns of WT HA-CERS4-6 were essentially similar to
those of HA-CERS2, except that their levels of the unmodi-
fied form were very low (Fig. 2). In summary, HA-CERS2-6
were phosphorylated, and HA-CERS2, -4, -5, and -6 were
also glycosylated.

We next examined whether the observed phosphorylation is
located at the potential phosphorylation sites in the C-terminal
regions of CERS2-6 that were identified during the global
phosphoproteomic analysis referred to in the above paragraph
(26). We expressed the MT forms of HA-CERS2-6, in which
the potential phosphorylation sites in the C-terminal region
of each CERS (CERS2, Ser-341/Thr-346/Ser-348/Ser-349;
CERS3, Ser-340; CERS4, Ser-343/Ser-348/Ser-350/Ser-351;
CERS5, Ser-350/Ser-354/Ser-355/Ser-356; CERS6, Ser-341/
Ser-345/Ser-346/Ser-347) were all substituted with Ala
residues, and compared their electrophoretic mobilities with
those of the corresponding WT proteins. Untreated MT
HA-CERS2- 6 showed essentially identical mobility patterns to
those of APPase-treated WT proteins (Fig. 2). Moreover, the
treatment of MT HA-CERS2- 6 with APPase did not result in
any further mobility shifts (Fig. 2). MT HA-CERS2, -4, -5, and
-6 were glycosylated similarly to their corresponding WT pro-
teins (Fig. 2). Taken together, these results demonstrate that
HA-CERS2-6 are phosphorylated, and the major phosphory-
lation sites are located in the C-terminal region, although the
possibility that additional phosphorylation sites are present
cannot be excluded.

CK2 Phosphorylates CERS2, -4, -5, and -6 Proteins—As indi-
cated before, CERS2-6 contain one to four putative CK2 phos-
phorylation sites in their C-terminal regions. To validate the
sites, we treated cells expressing WT HA-CERS1-6 with
CX-4945, a selective CK2 inhibitor currently in phase I and II
clinical trials for cancer treatment (34 —36), and examined the
mobility of each HA-CERS protein by SDS-PAGE followed by
immunoblotting. As expected, HA-CERS1 showed no mobility
shift after CX-4945 treatment (Fig. 3). For HA-CERS2, which
contains two potential CK2 phosphorylation sites, CX-4945
treatment caused a clear reduction in the phosphoHA-CERS2/
HA-CERS2 ratio without an appreciable shift in the mobility of
any form (Fig. 3). HA-CERS3 showed no mobility shift after
CX-4945 treatment (Fig. 3). This result despite CERS3 contain-
ing one potential CK2 phosphorylation site (Ser-340) suggests
this residue was likely phosphorylated by another kinase. The
mobility of HA-CERS4 -6 (possessing two or four potential
CK2 phosphorylation sites each) shifted clearly after CX-4945
treatment toward the position of their corresponding MT pro-
teins (Fig. 3). These results demonstrate that HA-CERS2, -4, -5,
and -6 are substrates of CK2, and suggest that the CK2-depen-
dent phosphorylation of CERS may be an evolutionarily con-
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FIGURE 2. CERS2-6 are phosphorylated. HEK 293T cells were transfected with a plasmid encoding WT HA-CERS1-6 or MT HA-CERS2-6, as indicated. Total
membrane fractions prepared from the transfected cells were treated with or without APPase and PNGase F as indicated, separated by SDS-PAGE, and

subjected to immunoblotting with anti-HA antibodies.
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FIGURE 3. CK2 phosphorylates CERS2, -4, -5, and -6. HEK 293T cells were
transfected with a plasmid encoding WT HA-CERS1-6 or MT HA-CERS2-6, as
indicated. Three hours after transfection, the cells were incubated with or
without 5 um CK2 inhibitor CX-4945 at 37 °C for 21 h. Total lysates (20 ug of
protein) prepared from the transfected cells were separated by SDS-PAGE
and subjected to immunoblotting with anti-HA antibodies.

served regulatory mechanism for the control of ceramide
synthesis.

CERS2 Phosphorylation Is Important for Enzymatic
Activity—W e performed an in vitro ceramide synthase assay to
examine the impact of phosphorylation on the enzymatic activ-
ity of the CERS isozymes. Membrane fractions prepared from
HEK 293T cells expressing each HA-CERS protein were treated
with or without APPase, followed by incubation with acyl-CoA
and deuterium-labeled sphingosine, and the levels of deuteri-
um-labeled ceramide produced were determined using LC/MS.
Treatment with APPase significantly reduced the activities of
HA-CERS2-6 to various degrees compared with untreated
controls (Fig. 4). The activity of HA-CERS2 was most severely
reduced (by 81%), whereas those of HA-CERS4 and -5 were
modestly reduced (by 52 and 67%, respectively), and those of
HA-CERS3 and -6 were mildly reduced (by 28 and 17%, respec-
tively) (Fig. 4). In contrast, the activity of HA-CERSI1 was not
affected by APPase treatment (Fig. 4). We noticed that the activ-
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FIGURE 4. CERS2 enzymatic activity is highly dependent on phosphoryla-
tion. HEK 293T cells were transfected with a vector or a plasmid encoding
HA-CERS1-6. Total membrane fractions (10 g of protein) prepared from the
transfected cells were treated with or without APPase at 30 °C for 1 h, followed
by incubation with 5 um deuterium-labeled sphingosine and 25 um of the
indicated acyl-CoA at 37 °C for 30 min. Lipids were extracted, and deuterium-
labeled ceramides were analyzed by a Xevo TQ-S LC/MS system and quanti-
fied by MassLynx software. The values represent the activity of each CERS
relative to that of the vector/APPase (—) sample and are the mean = S.D.from
three independent assays. Statistically significant differences are indicated;
** p <0.01; t test.

ities toward C16:0-, C20:0-, C24:0-, and C24:1-CoA in vector-
transfected samples corresponding to those of endogenous
CERS proteins were also significantly reduced by APPase treat-
ment compared with untreated controls (Fig. 4). The most
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severe reduction of 84% was observed toward C24:1-CoA, the
main substrate of CERS2 (Fig. 4). These results demonstrate
that the phosphorylation of HA-CERS2 is quite important for
its enzymatic activity, and suggest that the activity of endoge-
nous CERS2 is regulated by phosphorylation as well. The activ-
ities of CERS3- 6 also seem to be regulated by phosphorylation,
albeit modestly or weakly.

We further addressed whether the phosphorylation of
endogenous CERS proteins in tissue is important for enzymatic
activities. In the mouse brain, all Cers genes but Cers3 are
expressed (37). Brain sphingolipids consist mainly of C18 and
C24 acyl-chains: Cersl synthesizes C18-Cer in neurons,
whereas Cers2 synthesizes C24-ceramides in oligodendrocytes
(37, 38). Phosphorylation sites in the C-terminal regions are
mostly conserved between mouse Cers2—6 and human
CERS2-6 (Fig. 1). We prepared total membrane fractions from
the mouse brain, treated them with or without APPase, and
measured ceramide synthase activities toward various acyl-
CoAs. Treatment with APPase reduced total ceramide synthase
activity toward C16:0-CoA by 38%, C22:0-CoA by 88%, and
C24:0-CoA by 85%; in contrast, activity toward C18:0-CoA was
unchanged (Fig. 5). These results accord well with the observa-
tion that the HA-CERS2 protein, which exhibits activity toward
C22/C24-CoAs, is highly dependent on phosphorylation (Fig.
4), and suggest that the activity of endogenous Cers2 is regu-
lated by phosphorylation in the mouse brain. Reduction in the
activity toward C16:0-CoA may reflect a net effect of Cers5 and
Cers6 dephosphorylation, although the relative contribution of
each isozyme cannot be estimated.

CERS2-6 Phosphorylation in the C-terminal Region Is
Required for Changes in Cellular Ceramide Composition—To
examine the impact of CERS phosphorylation in the C-terminal
region on cellular ceramide composition, we analyzed the
distribution of ceramides having different acyl-chain composi-
tions in cells expressing WT HA-CERS1-6 or MT HA-
CERS2-6 using LC/MS. As expected from the known substrate
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specificities of CERS isozymes (15), expression of each WT HA-
CERS induced a characteristic shift in ceramide composition
distinct from the composition of the control (Fig. 6). Expression
of WT HA-CERS1 increased the level of C18:0-ceramide,
whereas it reduced the levels of other species including C16:0-
ceramide, C22:0-ceramide, and C24-ceramides. Expression of
WT HA-CERS2 mainly increased the levels of VLC-ceramides
including C22-ceramides and C24:1-ceramide, whereas it
reduced the levels of C16:0-ceramide and C18:0-ceramide.
Expression of WT HA-CERS3 increased the levels of C26:0-cer-
amide (the ULC-ceramide) as well as those of C18:0-ceramide,
C20:0-ceramide, and C24:0-ceramide, whereas it reduced the
level of C16:0-ceramide. These results are consistent with its
broad substrate specificity reported in a previous study (39).
Expression of WT HA-CERS4 increased the levels of C18-C22-
ceramides, whereas it reduced the levels of C16:0-ceramide and
C24-ceramides. WT HA-CERS5 and -6 had similar effects on
ceramide composition: an increased level of C16:0-ceramide
and decreased levels of C18:0-ceramide, C22:0-ceramide, and
C24-ceramides. In contrast, MT HA-CERS2-6 caused little or
no changes in ceramide composition compared with the con-
trol distribution. These results suggest that CERS phosphory-
lation in the C-terminal region is essential for efficient cer-
amide synthesis in cells, and that this phosphorylation has no
apparent effect on each specificity of the isozyme for acyl-CoAs
of certain defined chain lengths.

CERS2-6 Phosphorylation in the C-terminal Region Posi-
tively Regulates Enzymatic Activity—We examined whether the
phosphorylation of CERS2- 6 in their C-terminal regions reg-
ulates their enzymatic activities. We performed an in vitro cer-
amide synthase assay to compare the activities of each isozyme
between their WT and MT variants. The activity of each MT
HA-CERS was significantly reduced compared with that of its
corresponding WT HA-CERS: HA-CERS2 (4A) by 35%, HA-
CERS3 (S340A) by 10%, HA-CERS4 (4A) by 53%, HA-CERS5
(4A) by 27%, and HA-CERS6 (4A) by 10% (Fig. 7A). These
results are essentially consistent with those of treating WT
HA-CERS2-6 with APPase (Fig. 4); however, the reductions
were more severe for WT HA-CERS2-6 treated with APPase
than for MT HA-CERS2-6 (Figs. 4 and 7). These differences
may have arisen from the pretreatment of WT HA-CERS2-6
with or without APPase: the pretreatment changes the final
buffer composition in the subsequent in vitro ceramide syn-
thases assay and may partially inactivate ceramide synthases
during incubation.

We next evaluated the contributions of individual residues in
the C-terminal phosphorylation sites to the enzymatic activity
of Cers2. We chose Cers2 for further, detailed analyses, because
loss of phosphorylation caused the most striking effects on the
activity of Cers2 among Cers isozymes (Figs. 4—6A4). To do so,
we expressed mouse HA-Cers2 WT and five MT variants, in
which Ser-341, Thr-346, Ser-348, Ser-349, or all four residues
were substituted with Ala, separately in HEK 293T cells and
performed an in vitro ceramide synthase assay. As expected,
HA-Cers2 (4A) was the most severely affected M T variant, with
its activity reduced by 62% compared with WT HA-Cers2 (Fig.
7B). Three of the four single mutation MT variants exhibited
significantly reduced activities: in the order of severest to mild-
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FIGURE 6. Phosphorylation is required for CERS2-6 to function in cells. HEK 293T cells were transfected with a vector or a plasmid encoding WT
HA-CERS1-6 or MT HA-CERS2-6, as indicated. Twenty-four hours after transfection, lipids were extracted, and ceramide species were analyzed by a Xevo TQ-S
LC/MS system and quantified by MassLynx software. The values represent the percent of each ceramide species relative to total ceramides, and are the mean =
S.D. from three independent experiments. Statistically significant differences are indicated; *, p < 0.05; **, p < 0.01; t test.

est, Cers2 (S341A), Cers2 (T346A), and Cers2 (S348A) (Fig. 7B).
We observed by SDS-PAGE/immunoblot analysis that the elec-
trophoretic mobility of each MT variant was clearly different
from that of the WT protein, except for HA-Cers2 (S348A) (Fig.
7C). The S349A mutation did not affect enzymatic activity, yet
induced the most obvious mobility shift among single mutation
MT variants (Fig. 7C). Thus, there is no apparent correlation
between the effects of mutation on enzymatic activity and any
resultant shifts in mobility.

CERS2 Phosphorylation Regulates V,, .. and Affinities toward
Sphingosine and Acyl-CoA Substrates—To examine how the
activity of CERS2 is regulated by phosphorylation, we per-
formed kinetic analyses of WT HA-CERS2 enzymes treated
with or without APPase. Kinetic analysis was performed by
changing the concentration of one substrate while fixing the
concentration of the other at a near saturation level in a cer-
amide synthase assay. K,,, and V, .. values were estimated by
fitting the data to the Michaelis-Menten equation by nonlinear
regression analysis. We found that phosphatase treatment
severely reduced its V. values by 84 or 94% compared with
those of untreated controls (from 0.51 to 0.08 pmol/min/ug for
sphingosine and from 0.76 to 0.04 pmol/min/ug for C24:1-
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CoA) (Fig. 8, A and B). The phosphatase treatment increased its
K, value toward sphingosine to 7.70 um from 1.07 uM for the
untreated control (Fig. 84). In contrast, the K, value toward
C24:1-CoA was reduced to 5.46 uMm from 62.9 um for the
untreated control (Fig. 8B). These results demonstrate that the
phosphorylation of HA-CERS2 in the C-terminal region
increases its activity primarily by decreasing the V, .. value of
the associated reaction.

Discussion

In the present study, we demonstrated that mammalian cer-
amide synthases CERS2-6 are phosphorylated at their C-ter-
minal regions (Fig. 2). We further identified CK2 as a protein
kinase that phosphorylates mammalian ceramide synthases:
specifically, CERS2, -4, -5, and -6 (Fig. 3). As reported recently,
the catalytic components of yeast ceramide synthases, Lacl and
Lagl, are also phosphorylated by CK2 at their C-terminal
regions (27), suggesting that the CK2-dependent phosphoryla-
tion of CERS is an evolutionarily conserved mechanism for the
regulation of ceramide synthesis. In addition to their C-termi-
nal regions, yeast Lacl and Lagl are phosphorylated at their
N-terminal regions by the ortholog of mammalian SGK1
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FIGURE 7. Mutations in phosphorylation sites decrease enzymatic activ-
ity of CERS isozymes. A, HEK 293T cells were transfected with a vector or a
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HEK 293T cells were transfected with a vector or a plasmid encoding mouse
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37 °C for 30 min. Lipids were extracted, and deuterium-labeled ceramides
were analyzed by a Xevo TQ-S LC/MS system and quantified by MassLynx
software. The values represent the activity of each CERS relative to that of the
vector sample, and are the mean = S.D. from three independent assays. Sta-
tistically significant differences in the activities between WT and MT are indi-
cated; **, p < 0.01; t test. C, total membrane fractions (10 ng of protein)
prepared from the transfected cells were separated by SDS-PAGE and sub-
jected to immunoblotting with anti-HA antibodies.

(serum/glucocorticoid-regulated kinase 1) kinase Ypk1, which
isactivated by TORC2 (28). However, no consensus SGK1 phos-
phorylation motif could be found anywhere in the sequences
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extracted, and deuterium-labeled ceramides were analyzed by a Xevo TQ-S
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activity of each CERS, and are the mean = S.D. from three independent mea-
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for CERS1-6 (i.e. RXRXX(S/T)-®, where R stands for arginine,
X for any amino acid, S for serine, T for threonine, and ® for a
hydrophobic amino acid), and we did not observe any further
shift in the electrophoretic mobility of MT HA-CERS2- 6 upon
dephosphorylation by APPase treatment (Fig. 2). The N-termi-
nal regions of Lac1 and Lag] face the cytosolic side of the endo-
plasmic reticulum and are subject to phosphorylation (28),
whereas the N-terminal regions of mammalian CERS proteins
are likely exposed to the lumen of the endoplasmic reticulum,
as demonstrated by the N-glycosylation of CERS2, -5, and -6 in
these regions (14). Therefore, we conclude that residues in the
C-terminal region are the predominant phosphorylation sites
in mammalian CERS2- 6 proteins.
We demonstrated that the C-terminal regions of WT HA-
CERS2, -4, -5, and -6 are phosphorylated by CK2 (Fig. 3). CK2 is
SASBMB
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a highly pleiotropic, constitutively active Ser/Thr kinase that is
responsible for catalyzing almost one-fourth of the known
phosphoproteome (33). The expression level and activity of
CK2 are elevated in many cancers originating from diverse tis-
sues (40). CK2 exhibits cell-proliferative and anti-apoptotic
properties, and is thus attracting increasing attention as a
promising target for cancer treatment (34, 40). CK2 inhibitors
such as CX-4945 are expected to decrease ceramide levels by
inhibiting CERS phosphorylation. On the other hand, many
studies have demonstrated that ceramides promote apoptosis
by activating pro-death pathways or inhibiting pro-survival
pathways (5). Thus, in the context of cell death induction, it
seems that the inhibition of CERS phosphorylation by a CK2
inhibitor would exert an opposite, undesirable effect. Further
work is necessary to clarify the role of ceramide and CERS phos-
phorylation in a CK2-dependent promotion of cell prolifera-
tion and counteraction of apoptosis in cancer.

Dephosphorylation exerted different effects on the activities
of WT HA-CERS2-6 among isozymes (Fig. 4). The activity of
HA-CERS2 highly depended on phosphorylation, and this reg-
ulation seems to apply similarly to endogenous CERS2 in HEK
293T (Fig. 4) and Cers2 in the mouse brain (Fig. 5). The kinetic
analysis demonstrated that the phosphorylation of HA-CERS2
affects four parameters, namely its V, . values and K, values
toward sphingosine and acyl-CoA, severely reducing the V,_
values in particular. The phosphorylation of CERS2 increased
its affinity toward sphingosine (~7-fold decrease in K;,,) while
decreasing it toward C24:1-CoA (~12-fold increase in K,,,). The
C-terminal regions of CERS2—6 contain multiple acidic, Glu
and Asp residues, and become further acidic by phosphoryla-
tion. These acidic C-terminal regions may bind to the positively
charged amino group of the long-chain base and hold the mol-
ecule for effective catalysis, whereas they may repel C22/C24-
CoAs through the negatively charged CoA moiety. Thus, the
phosphorylation of CERS2 enables effective ceramide synthesis
when the ratio of sphingosine to C22/C24-CoAs concentra-
tions is low.

In contrast to HA-CERS2, the activities of HA-CERS3-6
were modestly or mildly reduced by APPase treatment (Fig.
4). Their ceramide synthase assays were performed in the
presence of sphingosine and acyl-CoA substrates at near-
saturation levels, and therefore the activities measured were
essentially their respective V, . values. It is possible that the
phosphorylation affects V, .. and K, values differently in an
isozyme-specific manner. Further kinetic analyses are nec-
essary to clarify the impact of the phosphorylation of
CERS3-6 on these parameters.

Despite in vitro activity remaining for MT HA-CERS2-6
compared with controls (Fig. 7), MT HA-CERS2- 6 caused lit-
tle or no changes in ceramide composition when expressed in
cells, and behaved essentially as loss of activity mutants (Fig. 6).
This apparent discrepancy may be explained by the low cellular
concentration of long-chain bases, whose synthesis is rate-lim-
iting for sphingolipid synthesis. Increasing CERS affinity
toward long-chain bases by phosphorylation may be required
for effective ceramide synthesis in cells. Alternatively, the dis-
crepancy may be due to differences in accessibility to substrates
between the in vitro ceramide synthase assay and the intracel-
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lular environment. The in vitro ceramide synthase assay mix-
ture contains 0.1% digitonin as detergent, which may increase
the solubility of substrates, facilitate the accessibility of sub-
strates to membrane-embedded CERS, or modulate the confor-
mation of CERS in an open state. These effects may bypass the
necessity of CERS phosphorylation. In cells, CERS proteins may
have rather limited access to substrates, or unphosphorylated
CERS proteins may be in a closed state, and the phosphoryla-
tion could convert them into an open state to allow access to the
substrates. The kinetic data demonstrating that phosphoryla-
tion of HA-CERS?2 increases its affinity toward sphingosine as
well as its V. value may be in part consistent with this
hypothesis.

CERSI1 contains no potential phosphorylation sites in the
C-terminal region, and treatment of CERS1 with APPase did
not induce any appreciable shift in electrophoretic mobility.
Moreover, the treatment of mouse brain membrane fractions
with APPase did not affect activity toward C18:0-CoA, the pre-
ferred substrate of CERS1. However, it remains possible that
CERS1 is phosphorylated in other cells or tissues, or under par-
ticular conditions. Indeed, it has been reported that CERS1 is
phosphorylated under the activation of the protein kinase C
pathway in response to treatment with 12-O-tetradecanoyl-
phorbol-13 acetate (41).

Hyperactivation of CERS by phosphorylation may worsen
the condition of diseases in which the levels of global or partic-
ular sphingolipid species are elevated. For example, CERS6-de-
pendent elevation of C16-ceramide is associated with obesity
and insulin resistance (42), and mutations in the ASAH1 gene,
which encodes acid ceramidase, cause Farber disease due to
accumulation of ceramides in lysosomes (4, 43). Reducing cer-
amide synthesis by the inhibition of CERS phosphorylation may
be a potential option to treat such diseases. CX-4945, a selective
small-molecule CK2 inhibitor currently undergoing clinical tri-
als for cancer treatment (34), may limit the accumulation of
sphingolipids without the production of toxic metabolites such
as N-acyl-fumonisin B,, an undesirable byproduct of treatment
with the CERS inhibitor fumonisin B, (44).
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