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We previously reported that diacylglycerol (DG) kinase (DGK) d interacts

with DG-generating sphingomyelin synthase (SMS)-related protein (SMSr),

but not SMS1 or SMS2, via their sterile a motif domains (SAMDs). How-

ever, it remains unclear whether other DGK isozymes interact with SMSs.

Here, we found that DGKf, which does not contain SAMD, interacts with

SMSr and SMS1, but not SMS2. Deletion mutant analyses demonstrated

that SAMD in the N-terminal cytosolic region of SMSr binds to the N-

terminal half catalytic domain of DGKf. However, the C-terminal cyto-

solic region of SMS1 interacts with the catalytic domain of DGKf. Taken
together, these results indicate that DGKf associates with SMSr and SMS1

in different manners and suggest that they compose new DG signaling

pathways.

Diacylglycerol kinase (DGK) phosphorylates diacylgly-

cerol (DG) to convert it to phosphatidic acid (PA) [1–
5]. Mammalian DGK consists of 10 isoforms, which

can be divided into five groups: type I (a, b and c),
type II (d, g and j), type III (e), type IV (f and ι), and
type V (h) [1–5]. In addition, there are several splice

variants, such as DGKd1 and 2 [6] and DGKg1 and 2

[7]. DG binds to and regulates C1 domain-equipped

proteins, such as conventional protein kinase C (PKC)

and novel PKC and Ras guanine nucleotide releasing

protein (GRP) [8–11]. Moreover, various PA-binding

proteins (more than 70) have been reported, including

C-Raf, cAMP phosphodiesterase 4A1, atypical PKC

(PKCf), novel PKC (PKCd and e), sporulation-specific

Abbreviations

CPES, ceramide phosphoethanolamine synthase; DG, diacylglycerol; DGK, diacylglycerol kinase; FL, full length; HRP, horseradish

peroxidase; PA, phosphatidic acid; PAP, phosphatidic acid phosphatase; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI,

phosphatidylinositol; PLC, phospholipase C; PS, phosphatidylserine; SAMD, sterile a motif domain; SMS, sphingomyelin synthase; SMSr,

sphingomyelin synthase-related protein; TEV, tobacco etch virus; TMD, transmembrane domain; TS, Twin-Strep.

1333FEBS Open Bio 13 (2023) 1333–1345 � 2023 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.

https://orcid.org/0000-0003-3645-8382
https://orcid.org/0000-0003-3645-8382
https://orcid.org/0000-0003-3645-8382
https://orcid.org/0000-0003-0857-0377
https://orcid.org/0000-0003-0857-0377
https://orcid.org/0000-0003-0857-0377
mailto:cmurakami@chiba-u.jp
mailto:sakane@faculty.chiba-u.jp
http://creativecommons.org/licenses/by/4.0/


protein 20p, Opi1p, a-synuclein, Praja-1, synaptojanin-
1, L-lactate dehydrogenase A, and creatine kinase mus-

cle type [12–16].
Diacylglycerol kinase isozymes function in a wide

variety of physiological events, including immunity, cell

proliferation, and the central nervous system [17,18].

For example, DGKd (type II) [19] regulates the epider-

mal growth factor receptor pathway in epithelial cells

[20] and insulin receptor signaling in skeletal muscle

[21–23]. Moreover, brain-specific knockout (KO) of

DGKd, which enhances the serotonin nervous system

through attenuation of serotonin transporter in the

brain [24–26], leads to obsessive–compulsive disorder-

like behaviors [27]. DGKf (type IV) [28,29] reduces

nuclear DG levels by shuttling between the nucleus and

the cytoplasm and attenuates cell proliferation [30].

DGKf functions as an immunosuppressor in T cells

[31,32]. DGKf acts downstream of the leptin signaling

pathway in the hypothalamus [33]. DGKf promotes

neurite outgrowth in NIE-115 neuroblastoma cells [34].

DGKf induced neurite outgrowth in a retinoic acid-

dependent and serum starvation-dependent manner in

Neuro-2a neuroblastoma cells [35].

There are three isoforms of sphingomyelin synthase

(SMS) [36,37], SMS1 [38,39], SMS2 [38], and SMS-

related protein (SMSr) [38]. SMS1, SMS2, and SMSr

have six transmembrane domains (TMDs) and four

conserved motifs, two of which are similar to the

phosphatase domains in lipid phosphate phosphatase,

and localize to the Golgi apparatus, the Golgi appara-

tus/plasma membrane, and the endoplasmic reticulum,

respectively [36,37]. The SMS1 and SMS2 proteins

produce DG and sphingomyelin through the transfer

of phosphocholine from PC to ceramide [36,37]. SMSr

has no SMS activity but exhibits ceramide phos-

phoethanolamine synthase (CPES) activity via the

transfer of phosphoethanolamine from phosphatidyl-

ethanolamine (PE) to ceramide [40]. SMSs have vari-

ous important roles in biological functions, such as

cell proliferation, migration, apoptosis, and autophagy,

and play roles in several human diseases, including

cancer, cardiovascular disorders, and psychiatric disor-

ders [36,37,41].

We recently searched for an upstream enzyme (a

DG supply enzyme) of DGKd. Consequently, we

found that DGKd interacts with SMSr [42], which

showed PA phosphatase (PAP) and phosphatidylinosi-

tol (PI)-/phosphatidylcholine (PC)-phospholipase C

(PLC) activities, instead of CPES activity, to generate

DG [43] and that SMSr supplies DG to DGKd [42].

Therefore, we hypothesized that other DGK isozymes

(a, b, c, g, j, e, f, ι, h) also interact with the SMS iso-

zymes, SMSr, SMS1, and SMS2.

In the present study, we comprehensively searched

for interactions between DGK isozymes and SMS iso-

zymes. We found that DGKf binds to SMS1 and

SMSr but not SMS2. Moreover, DGKf interacts with

SMSr and SMS1 in different manners. These results

suggest that, beyond our expectations, DGK isozymes

and SMS isozymes form a complex network.

Materials and methods

Materials

Mouse monoclonal anti-V5 antibody (clone E10/V4RR,

MA5-15253) was obtained from Thermo Fisher Scientific

(Waltham, MA, USA). Rabbit polyclonal anti-GFP anti-

body (#598) was purchased from Medical and Biological

Laboratories (Tokyo, Japan). Mouse monoclonal anti-

FLAG–tag antibody (F1804) was obtained from Sigma–
Aldrich (St. Louis, MO, USA). Mouse monoclonal anti-

GFP antibody (sc-9996) was purchased from Santa Cruz

Biotechnology (Santa Cruz, CA, USA). Mouse monoclonal

anti-Strep II (M211-3) and rabbit polyclonal anti-GST

(PM013) were obtained from Medical and Biological Labo-

ratories (Nagoya, Japan). A horseradish peroxidase (HRP)-

conjugated goat anti-mouse IgG antibody was obtained

from Bethyl Laboratories (Montgomery, TX, USA). Goat

anti-rabbit IgG-HRP was purchased from Jackson Immu-

noResearch (West Grove, PA, USA).

Plasmids for expressing N-terminal 39FLAG-tagged

human or rat DGK isozymes [44] and for expressing C-

terminal V5-tagged human SMS isoforms [42] in mamma-

lian cells were used.

Plasmid constructs

We used the following nomenclature for epitope-tagged

proteins: TagX-(protein) and (protein)-TagY means that

TagX and TagY are located at the N and C termini of the

protein, respectively.

The N-terminal (NT) or C-terminal (CT) cytosolic

regions of SMS1 and SMSr were subcloned into the

pAcGFP-C1 vector (Clontech-Takara Bio, Kusatsu, Japan)

via In-Fusion cloning (Clontech-Takara Bio) at the EcoRI/

SalI sites. The amplicons were generated using the follow-

ing primers: SMS1-NT (aa 1–134) using 50-CTCAAGCTT

CGAATTATGAAGGAAGTGGTTTATTG-30 (forward)

and 50-CCGCGGTACCGTCGATCACTTGCCCCACTCC

ATG-30 (reverse); SMS1-CT (aa 348–413) using 50-CTCAA

GCTTCGAATTCACACTATGGCCAATCAGC-30 (for-

ward) and 50-CCGCGGTACCGTCGATTATGTGTCATT

CACCAGCC-30 (reverse); SMSr-NT (aa 1–151), 50-CT
CAAGCTTCGAATTATGGCAGGTCCTAATC-30 (for-

ward) and 50-CCGCGGTACCGTCGATCACTTCCAGT

ATTCTGGGTC-30 (reverse); SMSr-CT (aa 364–415), 50-CT
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CAAGCTTCGAATTCATACTCTGGCCAATACC-30 (for-

ward) and 50- CCGCGGTACCGTCGATCATCCAATT

AGTCTTTTC-30 (reverse).
Glutathione S-transferase (GST)-tagged SMS1-CT and

SMSr-NT were generated by in-fusion cloning. The pGEX-

6P-1 vector (GE Healthcare, Little Chalfont, UK) was line-

arized at the EcoRI and SalI sites, and amplified gene with

15 bp extensions homologous to vector ends. We generated

SMS1-CT using 50-GGGATCCCCGGAATTCCACACTA

TGGCCAATCAGC-30 (forward) and 50-GTCGACCC

GGGAATTCTATGTGTCATTCACCAGCC-30 (reverse)

and SMSr-NT using 50-GAATTCCCGGGTCGAATGGC

AGGTCCTAATCAAC-30 (forward) and 50-GGCCGCTC

GAGTCGATCACTTCCAGTATTCTGGGTCC-30 (reverse).
The cDNAs encoding DGK isozymes (a, b, c, d1, d2, g1,

g2, j, e, f, ι, and h) that were subcloned into the expression

plasmid, p39FLAG-CMV (Sigma–Aldrich), for expression

in mammalian cells were generated as described [44].

N-terminal 39FLAG-tagged human DGKf mutants

were generated by PCR and inserted into the EcoRI/SalI

sites of the 39FLAG CMV 7.1 vector. The following

DGKf mutants were generated using the following primers:

DGKf-NT (aa 1–283), 50-GGTGGTGAATTCAATGGAG

CCGCGGGACGG-30 (forward) and 50-ACGCGTCGACC

TAGAAGGGTCTCCAGCGGCC-30 (reverse); DGKf-CD
(aa 284–640), 50-CCGGAATTCAATCATCAGGCCCA

CCCCC-30 (forward) and 50-ACGCGTCGACCTACACC

GGCTGCTGGTCG-30 (reverse); DGKf-CD-a (aa 284–
641), 50-CCGGAATTCAATCATCAGGCCCACCCCC-30

(forward) and 50-ACGCGTCGACCTACTCAGGCCC

TGCCTCGG-30 (reverse); DGKf-CD-b (aa 433–640), 50-
CCGGAATTCAGACCGAGATGAAGGCGCC-30 (for-

ward) and 50-ACGCGTCGACCTACACCGGCTGCTGG

TCG-30 (reverse); DGKf-CT (aa 641–928) using the

primers 50-CCGGAATTCACCAGAGCAGTTGCGCATCC-

30 (forward) and 50-ACGCGTCGACCTACACAGCCG

TCTCCTGGTC-30 (reverse).
The plasmid expressing N-terminal Tobacco Etch Virus

(TEV) protease cleavable Twin-Strep-tag (ENLYFQGS-

WSHPQFEK-(GGGS)2-GGSA-WSHPQFEK) was cloned

into the XhoI/BglII site of the pCAGGS vector [45] to gener-

ate an N-terminal TEV protease cleavable Twin-Strep-

tagged protein expression vector. We designated the vector

“pCAGGS-C-TEV-Twin-Strep”. Full-length (FL) DGKf
was subcloned into the BglII site of pCAGGS-C-TEV-Twin-

Strep via In-Fusion cloning. The following primers were used

to amplify FL DGKf: forward, 50-TTTTCAAGGCAGA

TCTATGGAGCCGCGGGACG-30; reverse, 50-AGAGGG

AAAAAGATCTCTACACAGCCGTCTCCTGG-30. N-

terminal Twin-Strep-tagged DGKf was subcloned into

pOET3 vector (Oxford Expression Technologies, Oxford,

UK). The following primers were used, forward, 50-
TTTTCAAGGCAGATCTATGGAGCCGCGGGACG-30;
reverse, 50-TTATTAATTAAGATCTCTACACAGCCGT

CTCCTGG-30.

Cell culture and transfection

HEK293 cells (Japanese Collection of Research Biore-

sources, Tokyo, Japan) were maintained in Dulbecco’s modi-

fied Eagle’s medium (D-MEM; Wako Pure Chemicals,

Osaka, Japan) supplemented with 5% FBS (Thermo Fisher

Scientific) and 100 U�mL�1 penicillin/100 lg�mL�1 strepto-

mycin (Wako Pure Chemicals) at 37 °C in an atmosphere

containing 5% CO2. The plasmids were transiently trans-

fected using PolyFect (Qiagen, Hilden, Germany) according

to the manufacturer’s instructions or using polyethylenimine

Max (#24765-100; Polysciences, Warrington, PA, USA) [46].

The expression vectors with polyethylenimine Max

(1 mg�mL�1, pH 8.0) were preincubated for 10 min at a

1 : 3 ratio (20 lg DNA: 60 lL polyethylenimine Max) in

750 lL of Opti-MEM before transfection. The cells overex-

pressing recombinant proteins were harvested after 24 h and

the pellets were resuspended in 40% (v/v) glycerol diluted in

phosphate-buffered saline. The cell samples were flash-

frozen in liquid nitrogen and stored at �80 °C until use.

Sf9 cells were maintained in Sf-900 II serum-free medium

(Invitrogen, Waltham, MA, USA) in sterile Erlenmeyer

flask at 120 r.p.m. and 28 °C without CO2 in the dark.

Volume of the medium was kept at 20–30% of flask vol-

ume. To generate recombinant baculovirus was generated

using pOET3 vector and the flashBAC system (Oxford

Expression Technologies) as described previously [43].

Immunoprecipitation

HEK293 cell lysates expressing V5-tagged SMS1, SMS2,

SMSr, or their AcGFP-tagged mutants and 39FLAG-

tagged DGKs (a, b, c, d, g, j, e, f, ι, h) or their mutants

were subjected to immunoprecipitation with anti-V5 (MA5-

15253) or anti-GFP (#598) antibody and Protein A/G

PLUS-agarose beads (Santa Cruz Biotechnology) as

described previously [42].

GST pull-down assay

Glutathione S-transferase-fused SMS1-CT and SMSr-NT

were bacterially expressed and highly purified using

glutathione-Sepharose beads (GE Healthcare). Twin-Strep

(TS)-tagged DGKf (TS-DGKf) was expressed by mamma-

lian cells and highly purified using Strep-Tactin XT beads

(IBA Lifesciences, Goettingen, Germany).

Glutathione S-transferase pull-down assays were per-

formed as previously [42]. Purified GST-SMS1-CT or

SMSr-NT were incubated with glutathione-Sepharose beads

for 30 min at 4 °C with constant rocking. The beads were

washed five times with buffer containing 20 mM Tris–HCl,

pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1% (v/v) Triton X-

100, and 1 mM phenylmethylsulfonyl fluoride. Purified

Twin-strep tagged DGKf was incubated with the beads for

2 h at 4 °C with constant rocking. Then, the beads were
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washed five times with buffer. The washed beads washed

were then boiled in SDS sample buffer, and the extracts

were analyzed by western blotting.

Mammalian cell expression and purification of

Twin-Strep (TS)-tagged proteins

C-terminally TS-tagged human SMS1 and SMSr (SMS1-TS

and SMSr-TS), and N-terminally TS-tagged DGKf (TS-

DGKf) were expressed in HEK293 cells. SMS1-TS and

SMSr-TS were lysed via lysed via homogenization on ice

with ice-cold lysis buffer (20 mM Tris–HCl, pH 7.4, con-

taining 150 mM NaCl, 10% (v/v) glycerol, 1 mM PMSF,

0.1 mM DTT, 20 lg�mL�1 aprotinin, 20 lg�mL�1 leupeptin,

20 lg�mL�1 pepstatin, and 20 lg�mL�1 soybean trypsin

inhibitor) containing detergents (1% (w/v) n-dodecyl-b-D-
maltoside (DDM) and 0.2% (w/v) cholesteryl hemisucci-

nate (CHS)). The supernatant (1% DDM soluble fraction)

was isolated by ultracentrifugation at 100 000 g for 30 min

at 4 °C and then purified using Strep-Tactin XT beads.

The beads were washed with the lysis buffer containing

0.05% DDM and 0.01% CHS. Subsequently, the bound

proteins were eluted with the lysis buffer containing 0.05%

DDM, 0.01% CHS, and 2.5 mM D-desthiobiotin (Sigma–
Aldrich). TS-tagged DGKf was purified using Strep-Tactin

XT beads without detergents.

DGK activity assay

Diacylglycerol kinase activity was measured using liquid

chromatography–tandem mass spectrometry (LC–MS/MS)

as previously described [42].

Western blotting

Western blotting was carried out as previously described

[42]. Equal quantities of protein were loaded onto a poly-

acrylamide gel. Separated proteins were transferred onto a

polyvinylidene fluoride membrane (Millipore, Burlington,

MA, USA) and incubated overnight at 4 °C with the fol-

lowing primary antibodies: anti-FLAG (F-1804), V5 (MA5-

15253), GFP (sc-9996), Twin-Strep (M211-3), and GST

(PM013) antibodies. After washing, the membranes were

incubated with a secondary antibody solution (goat anti-

rabbit IgG-HRP or goat anti-mouse IgG-HRP) at room

temperature for 1 h, followed by detection using the

enhanced chemiluminescence method.

Statistical analysis

Data are represented as the means � SDs and were ana-

lyzed by the Student’s t test for the comparison of two

groups or one-way ANOVA followed by Tukey’s or Dun-

nett’s post hoc test for multiple comparisons using

GRAPHPAD PRISM 8 (GraphPad Software, Boston, MA,

USA) to determine any significant differences. P < 0.05

was considered significant.

Results

DGKf interacts with SMSr and SMS1

We first examined the interaction of all DGK isozymes

with SMSr (Fig. 1). We confirmed that 39FLAG-

tagged DGK isozymes in V5 vector alone-expressing

cells (without SMSr-V5, mock) failed to be precipi-

tated by an anti-V5 antibody (Fig. 1A,B). As previ-

ously demonstrated for DGKd2 [42], DGKd1 was

coimmunoprecipitated with SMSr (Fig. 1A,B). Nota-

bly, we found that, in addition to DGKd1 and d2,
DGKf was also strongly cosedimented with SMSr

(Fig. 1A,B). Other DGK isozymes (a, b, c, g1, g2, j,
e, ι, and h) failed to show such cosedimentation

(Fig. 1A,B).

Next, we determined the interaction between 10 DGK

isozymes and SMS1 (Fig. 1A,B). As previously reported

for DGKd2 [42], DGKd1 did not coimmunoprecipitate

with SMS1 (Fig. 1A,B). Intriguingly, we found that

DGKf strongly coimmunoprecipitated with SMS1

(Fig. 1A,B) in addition to SMSr. However, other DGK

isozymes (a, b, c, g1, g2, j, e, ι, and h) failed to exhibit

such coimmunoprecipitation (Fig. 1A,B).

We next examined the interaction between 10 DGK

isozymes and SMS2 (Fig. 1A,B). As previously reported

for DGKd2 [42], DGKd1 was not coimmunoprecipi-

tated with SMS2 (Fig. 1A,B). Moreover, no marked

coimmunoprecipitation of other DGK isozymes (a, b,
c, g1, g2, j, e, f, ι, h), including DGKf, was observed
(Fig. 1A,B). Taken together, these results indicate that

DGKf selectively interacts with SMSr and SMS1,

although DGKd interacts with only SMSr [42].

The N-terminal SAMD of SMSr and the C-

terminal region of SMS1 interact with DGKf

We next attempted to determine a DGKf-interaction
region in SMSr. AcGFP-tagged N-terminal (AcGFP-

SMSr-NT) and C-terminal (AcGFP-SMSr-CT) cytosolic

regions of SMSr were generated (Fig. 2A), and their asso-

ciation with 39FLAG-tagged DGKf was determined.

We found that the N-terminal cytosolic region of SMSr,

which contains SAMD, strongly interacted with DGKf
(Fig. 2B,C). Although the C-terminal cytosolic region of

SMSr moderately cosedimented DGKf, statistical signifi-
cance was not detected (Fig. 2B,C).

A DGKf-interaction region in SMS1 was also iden-

tified. For this purpose, AcGFP-tagged N-terminal
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Fig. 1. Identification of DGK isozymes interacting with SMSr, SMS1, and SMS2. (A) Immunoprecipitation (IP)-western blot (WB) analysis of

the interaction of vector alone (V5 vector), SMSr-V5, SMS1-V5, and SMS2-V5 with 39FLAG-DGK isozymes (a, b, c, d1, d2, g1, g2, j, e, f, ι,

and h). V5-tagged protein was immunoprecipitated with an anti-V5 antibody. SDS/PAGE (10% acrylamide) was performed, and separated

proteins were detected by western blotting with anti-FLAG and anti-V5 antibodies. A representative of three repeated experiments is

shown. Left panel, cell lysate (Input); right panel, IP. (B) Densitometric quantification of 39FLAG-tagged DGKs using IMAGEJ FIJI software (US

National Institutes of Health, Bethesda, MD, USA). Binding activity was calculated as the percentage of the band intensity in the IP sample

compared with the input band intensity. The values are presented as the means � SD of three independent experiments. *P < 0.05,

***P < 0.005 versus vector alone.
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(AcGFP-SMS1-NT) and C-terminal (AcGFP-SMS1-

CT) cytosolic regions of SMS1 were made (Fig. 2A).

Interestingly, unlike SMSr, the C-terminal cytosolic

region of SMS1, but not the N-terminal cytosolic

region, was strongly associated with DGKf (Fig.

2B,C).

To narrow the DGKf-interaction area in the N-

terminal cytosolic region of SMSr, the DGKf-

Fig. 2. DGKf-binding activities of SMSr-NT, SMS1r-CT, SMSr-SAMD, SMS1-NT, and SMS1-CT. (A) Schematic representation of the structures

of AcGFP-tagged SMSr-NT, SMS1r-CT, SMSr-SAMD, SMS1-NT, and SMS1-CT. (B, D) Immunoprecipitation (IP)-western blot (WB) analysis of

the interaction of 39FLAG-tagged DGKf-FL with AcGFP-tagged SMSr-NT, SMSr-CT, SMS1-NT and SMS1-CT (B) and SMSr-SAMD (D). AcGFP-

tagged proteins were immunoprecipitated with an anti-GFP antibody. SDS/PAGE (10% acrylamide) was performed, and separated proteins

were detected by Western blotting with anti-GFP and anti-FLAG antibodies. (C, E) Quantitative analysis of western blotting by densitometry

was performed using IMAGEJ FIJI software. The values are presented as the means � SD of three independent experiments. (C) **P<0.01,

among AcGFP, AcGFP-SMS1-NT and AcGFP-SMS1-CT, #P<0.05, among AcGFP, AcGFP-SMSr-NT and AcGFP-SMSr-CT; (E) **P < 0.01.
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interaction activity of SAMD alone of SMSr was

tested. Figure 2D,E, 3D,E show that the SAMD of

SMSr bound to DGKf.

The catalytic domain of DGKf interacts with

SMSr and SMS1

To determine an SMSr-interaction region in DGKf,
we divided the protein into three parts, DGKf-NT,

DGKf-CD, and DGKf-CT (Fig. 3A), and determined

their interaction with SMSr-SAMD. We confirmed

that they failed to bind to AcGFP alone (Fig. 3B).

As shown in Fig. 3C,D, 39FLAG-DGKf-CD, but

not 39FLAG-DGKf-NT or 39FLAG-DGKf-CT,
strongly interacted with AcGFP-SMSr-SAMD.

Next, the interaction of DGKf-NT, DGKf-CD, and

DGKf-CT with SMS1-CT was examined. Among

them, 39FLAG-DGKf-CD most strongly interacted

Fig. 3. Binding activities of various DGKf deletion mutants to SMSr-SAMD and SMS1-CT. (A) Schematic representation of the structures of

39FLAG-tagged DGKf deletion mutants. (B, C, E, G, J) Immunoprecipitation (IP)-western blot (WB) analysis of the interaction of AcGFP

alone with 39FLAG-tagged DGKf-NT, DGKf-CD, and DGKf-CT (B); the interaction of AcGFP-tagged SMSr-SAMD with 39FLAG-tagged

DGKf-NT, DGKf-CD and DGKf-CT (C); the interaction of AcGFP-tagged SMS1-CT with 39FLAG-tagged DGKf-NT, DGKf-CD and DGKf-CT

(E); the interaction of AcGFP-tagged SMSr-NT and SMS1-CT with 39FLAG-tagged DGKf-CD-a (G); and the interaction of AcGFP-tagged

SMSr-NT and SMS1-CT with 39FLAG-tagged DGKf-CD-b (I). AcGFP-tagged SMSr-SAMD, SMSr-NT or SMS1-CT was immunoprecipitated

with an anti-GFP antibody. SDS/PAGE (12% acrylamide) was performed, and separated proteins were detected by western blotting with

anti-GFP and anti-FLAG antibodies. (D, F, H, J) Quantitative analysis of western blotting by densitometry was performed using IMAGEJ FIJI

software [51]. Binding activity was calculated as the percentage of the band intensity in the IP sample compared with the input band inten-

sity. The values are presented as the means � SD of three independent experiments. **P < 0.01, ***P < 0.005 versus AcGFP alone.
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with AcGFP-SMS1-CT (Fig. 3E,F). Although

39FLAG-DGKf-NT was also cosedimented with

AcGFP-SMS1-CT (Fig. 3E,F), statistical significance

was not detected (Fig. 3F).

We further divided the catalytic domain of DGKf
into CD-a and CD-b (Fig. 3A) and determined their

interaction with SMSr-NT and SMS1-CT. 39FLAG-

DGKf-CD-a strongly interacted with only AcGFP-

SMS1-CT (Fig. 3G,H). Unlike 39FLAG-DGKf-CD-a,

39FLAG-DGKf-CD-b bound to both AcGFP-SMSr-

NT and AcGFP-SMS1-CT, indicating that SMSr-NT

interacts with DGKf-CD-a and that SMS1-CT binds to

both DGKf-CD-a and DGKf-CD-b (Fig. 3I, J).

DGKf directly interacts with SMSr and SMS1

We next examined whether DGKf directly binds to

SMSr and SMS1. GST-fused SMSr-NT and SMS1-CT

(Fig. 4A) were bacterially expressed and purified.

Smaller bands of GST-SMSr-NT and GST-SMS1-CT,

likely degradation products of GST-SMSr-NT and

GST-SMS1-CT, were detected (Fig. 4B). Twin-Strep

(TS)-tagged DGKf (TS-DGKf) was also expressed in

HEK293 cells and purified. As shown in Fig. 4B,C,

purified GST-SMSr-NT and GST-SMS1-CT strongly

pulled down purified TS-DGKf. These results indicate

that DGKf directly interacts with SMSr and SMS1.

Fig. 4. Binding activities of purified DGKf with SMS1-CT and SMSr-NT. (A) Schematic representation of the structures of Twin-Strep (TS)-

tagged DGKf (TS-DGKf), GST-tagged SMS1-CT, and GST-tagged SMSr-NT. (B) The interaction of TS-DGKf with GST-SMS1-CT and GST-

SMSr-NT. GST-SMS1-CT or GST-SMSr-NT was pulled down with glutathione-Sepharose beads. SDS/PAGE (12% acrylamide) was performed

and separated proteins were detected by western blotting with anti-GST and anti-TS antibodies. (C) Quantitative analysis of western blotting

by densitometry was performed using IMAGEJ FIJI software. Binding activity was calculated as the percentage of the band intensity (TS-DGKf)

in the pull-down sample compared with that of GST-SMSr-NT-pull down (set to 100). The values are presented as the means � SD of three

independent experiments. ***P < 0.005, ****P < 0.001 versus GST alone.
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SMSr inhibits DGKf activity

We previously reported that SMSr interacted with

DGKd2 via their SAMDs and activated DGKd2 (more

than 2-fold) in vitro [42]. Moreover, SMSr-NT and

SMS1-CT interacted with CD (catalytic domain)-b and

CD-a/b, respectively (Fig. 4). Therefore, we analyzed

the effects of purified SMSr-TS and SMS1-TS (Fig. 5A)

on the activity of purified TS-DGKf (Fig. 5A) in vitro

in the presence of 34:1 (16:0/18:1)-DG. Intriguingly,

SMSr, but not SMS1, moderately inhibited DGKf
activity (Fig. 5B). Moreover, purified GST-SMSr-NT

including SAMD (see Fig. 4B) also attenuated the activ-

ity of purified DGKf (Fig. 5C). These results indicate

that SMSr moderately suppresses the activity of DGKf
in contrast to DGKd2 [42].

Discussion

In the present study, we demonstrated for the first

time that DGKf interacts with SMS1 and SMSr but

not SMS2 (Figs 1 and 5). DGKd1 and d2 also bound

to only SMSr but not SMS1 or SMS2 (Figs 1 and 5),

as previously reported [42]. Moreover, DGKa, b, c,
g1, g2, j, e, ι, and h failed to show interactions with

SMSr and SMS1 (Fig. 1). Therefore, the interaction

between DGKf and SMSr and the association between

DGKf and SMS1 are highly selective.

We previously reported that DGKd associates with

SMSr via the interaction between DGKd-SAMD and

SMSr-SAMD [42]. Although DGKf does not have

SAMD [1–5], unlike DGKd, the protein interacted

with SMSr. Notably, the interaction occurred between

DGKf-CD-b and SMSr-SAMD (Figs 2 and 3). We

searched for a SAMD-like region in CD-b of DGKf.
However, such a region was not found. Because

SAMD has two interfaces to form oligomer struc-

tures [47], DGKf-CD-b may interact with another

interface of SMSr-SAMD, which is different from the

SMSr-SAMD–DGKd-SAMD interface. However, the

binding mechanisms between DGKf-CD-b and SMSr-

SAMD are still unclear.

SMSr, but not SMS1, inhibited DGKf activity

(Fig. 5). Therefore, it is likely that DGKf efficiently

phosphorylates DG supplied from SMS1, while DGKf
may not effectively utilize DG provided by SMSr. We

previously demonstrated that SMSr enhanced DGKd
activity (more than 2-fold) [42] (Fig. 6). Therefore, it is

possible that, as a biological function, SMSr regulates

the balance of DGKd- and DGKf-activities in addi-

tion to DG supply to these DGK isozymes.

Fig. 5. Effects of SMSr and SMS1 on DGKf activity in vitro. (A) Purification of TS-DGKf, SMS1-TS, and SMSr-TS. TS-DGKf, SMS1-TS, and

SMSr-TS were expressed in Sf9 insect cells and purified using Strep-Tactin XT beads. Purified TS-DGKf, SMS1-TS, and SMSr-TS were

detected by immunoblot with anti-TS antibody. (B) Effects of SMS1 and SMSr on DGKf activity in vitro in the presence of 34:1 (16:0/18:1)-

DG. The activities of DGKf (34:1 (16:0/18:1)-PA production) were measured using LC–MS/MS. The activity of TS-DGKf alone was set to

100. The values are presented as the means � SD of four independent experiments. *P < 0.05 versus TS-DGKf alone. (C) Effects of SMSr-

NT on DGKf activity in vitro in the presence of 34:1 (16:0/18:1)-DG. The activities of DGKf (34:1 (16:0/18:1)-PA production) were measured

using LC–MS/MS. The activity of TS-DGKf alone was set to 100. The values are presented as the means � SD of four independent experi-

ments. **P < 0.01 versus TS-DGKf/GST alone.
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In the case of the SMSr–DGKf interaction, SAMD

in the N-terminal cytosolic region of SMSr binds to

DGKf (Fig. 2). In contrast, SMS1 uses its C-terminal

cytosolic region, which does not contain SAMD, for

the SMS1–DGKf interaction (Fig. 2). Therefore,

SMSr and SMS1 utilize different regions for the same

target, DGKf. SMS1 also has SAMD at the N termi-

nus. The amino acid sequences of SMSr-SAMD and

SMS1-SAMD are considerably different from each

other (identity: 30.9%; similarity: 48.5%) (Fig. S1);

this moderate difference could confer the selectivity of

SMSr-SAMD–DGKf binding. When comparing the

amino acid sequences of the C-terminal cytosolic

regions of SMSr, SMS1 and SMS2, there are consider-

able differences among them (identity (SMS1 vs.

SMSr): 36.4%; similarity (SMS1 vs. SMSr): 48.5%;

identity (SMS1 vs. SMS2): 41.9%; similarity (SMS1

vs. SMS2): 58.1%) (Fig. S2). These differences could

explain the selectivity of the SMS1-CT–DGKf
association.

SMSr-SAMD interacted with DGKf-CD-a (Fig. 3).

However, SMS1-CT bound to DGKf-CD-a and CD-b

(Fig. 3). Therefore, SMSr-SAMD and SMS1-CT asso-

ciate with different regions of DGKf, although they

partly overlap. When the amino acid sequences of CD-

a and CD-b in DGKf were compared with those of

CD-a and CD-b in DGKι, which is most closely

related to DGKf [1–5], there were modest differences

(identity: 81.2%; similarity: 90.6%) (Fig. S3). These

differences likely generate the selectivity of the SMSr-

SAMD–DGKf and SMS1-CT–DGKf association.

DGKf is known to have alternative splicing products,

DGKf1 [28] and f2 [48], which contain different N-

terminal sequences. In the present study, DGKf1
(104 kDa) [28] was used. Because SMSr and SMS1

bound to DGKf-CD-a and CD-b in a DGKf N-

terminal sequence-independent manner (Fig. 3), both

DGKf1 and f2 likely interact with SMSr and SMS1.

Although SMSr is a DG-generating enzyme, its

CPES activity is very low [43]. We recently found that

SMSr has high PAP, PI-PLC, PE-PLC, and PC-PLC

activities, which produce DG, instead of CPES activ-

ity [43]. SMS1 generates DG and sphingomyelin

through the transfer of phosphocholine from PC to

ceramide [36,37]. DG is known to quickly diffuse

across the lipid bilayer by flip-flop [49]. Therefore, it is

considered that the DG generated by SMSr and SMS1

immediately transverses the Golgi and endoplasmic

reticulum membranes from the lumen side to the cyto-

sol leaflet and, consequently, is supplied to DGKf,
which exists in the cytoplasm, as illustrated in

Fig. 6. Moreover, DGKf (https://www.proteinatlas.

Fig. 6. Schematic representation of the interaction of DGKf with SMS1 and SMSr. SMSr-SAMD binds to DGKf-CD-b. SMS1-CT interacts

with DGKf-CD-a and DGKf-CD-b. We previously demonstrated that DGKd-SAMD associates with SMSr-SAMD and that SMSr activates

DGKd [42]. See Results and Discussion for the full description. MG-PLC, multiglycerophospholipid PLC hydrolase [43].
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org/ENSG00000149091-DGKZ/tissue), SMSr (https://

www.proteinatlas.org/ENSG00000156671-SAMD8/tissue),

and SMS1 (https://www.proteinatlas.org/ENSG0000019

8964-SGMS1/tissue) are ubiquitously expressed in a vari-

ety of tissues [50]. These results indicate that DGKf and

SMSr/SMS1 can functionally link to each other.

In summary, in the present study, we demonstrated

for the first time that DGKf interacts with SMS1 and

SMSr but not SMS2 (Fig. 6). DGKd also associates

with SMSr via their SAMDs [42] (Fig. 6). Therefore, it

is likely that DGK isozymes and SMS isozymes form

a complex network. Intriguingly, DGKf interacts with

SMS1 and SMSr in different manners. These data sug-

gest that SMSr and SMS1 are promising candidates

for DG supply enzymes upstream of DGKf and that

they compose novel and distinct DG-signaling path-

ways. However, further studies will be required to ana-

lyze whether SMS1 and SMSr are functionally linked

to DGKf. Moreover, we need to find candidates for

DG supply enzymes upstream of other isozymes (eight

isozymes: a, b, c, g, j, e, ι, and h).
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Fig. S1. Sequence alignment of SMSr-SAMD and

SMS1-SAMD. (A) Sequence alignment of SMSr-

SAMD (aa 12–78) and SMS1-SAMD (aa 7–70).
Sequence alignment was created using Clustal Omega

provided by EMBL’s European Bioinformatics Insti-

tute (EMBL-EBI). Compared with SMSr-SAMD,

white letters on a black background indicate fully con-

served residues, and black letters on a gray back-

ground indicate strongly similar residues. (B) Amino

acid identities between the SAMDs of SMSr and

SMS1. Amino acid identity and similarity were deter-

mined using Pairwise Sequence Alignment provided by

the European Molecular Biology Open Software Suite

(EMBOSS).

Fig. S2. Multiple sequence alignment of the C-terminal

regions of SMS1, SMS2, and SMSr. (A) Multiple

sequence alignment of the C-terminal regions of

SMS1-CT (aa 348–413), SMS2-CT (aa 292–365), and
SMSr-CT (aa 364–415). Multiple sequence alignment

was created using Clustal Omega provided by EMBL’s

European Bioinformatics Institute (EMBLEBI). Com-

pared with SMS1-CT, white letters on a black back-

ground indicate fully conserved residues, and black

letters on a gray background indicate strongly similar

residues. (B) Amino acid identities between the C-ter-

minal regions of SMS1, SMS2, and SMSr. Amino acid

identity and similarity were determined using Pairwise

Sequence Alignment provided by the European Molec-

ular Biology Open Software Suite (EMBOSS).

Fig. S3. Sequence alignment of DGKf-CD and DGKι-
CD. (A) Sequence alignment of DGKf-CD (aa 293–
622) and DGKι-CD (aa 374–702). Sequence alignment

was created using Clustal Omega provided by EMBL’s

European Bioinformatics Institute (EMBL-EBI). Com-

pared with DGKf-CD, white letters on a black back-

ground indicate fully conserved residues, and black

letters on a gray background indicate strongly similar

residues. (B) Amino acid identities between DGKf-CD
and DGKι-CD. Amino acid identity and similarity

were determined using Pairwise Sequence Alignment

provided by the European Molecular Biology Open

Software Suite (EMBOSS).
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