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The � isozyme of diacylglycerol kinase (DGK�) plays critical
roles in lipid signaling by converting diacylglycerol (DG) to
phosphatidic acid (PA). We previously demonstrated that
DGK� preferably phosphorylates palmitic acid (16:0)- and/or
palmitoleic acid (16:1)-containing DG molecular species, but
not arachidonic acid (20:4)-containing DG species, which are
recognized as DGK substrates derived from phosphatidylinosi-
tol turnover, in high glucose-stimulated myoblasts. However,
little is known about the origin of these DG molecular species.
DGK� and two DG-generating enzymes, sphingomyelin syn-
thase (SMS) 1 and SMS-related protein (SMSr), contain a sterile
� motif domain (SAMD). In this study, we found that SMSr–
SAMD, but not SMS1–SAMD, co-immunoprecipitates with
DGK�–SAMD. Full-length DGK� co-precipitated with full-
length SMSr more strongly than with SMS1. However, SAMD-
deleted variants of SMSr and DGK� interacted only weakly with
full-length DGK� and SMSr, respectively. These results strongly
suggested that DGK� interacts with SMSr through their respec-
tive SAMDs. To determine the functional outcomes of the rela-
tionship between DGK� and SMSr, we used LC-MS/MS to
investigate whether overexpression of DGK� and/or SMSr in
COS-7 cells alters the levels of PA species. We found that SMSr
overexpression significantly enhances the production of 16:0-
or 16:1-containing PA species such as 14:0/16:0-, 16:0/16:0-,
16:0/18:1-, and/or 16:1/18:1-PA in DGK�-overexpressing COS-
7 cells. Moreover, SMSr enhanced DGK� activity via their
SAMDs in vitro. Taken together, these results strongly suggest
that SMSr is a candidate DG-providing enzyme upstream of

DGK� and that the two enzymes represent a new pathway inde-
pendent of phosphatidylinositol turnover.

Diacylglycerol kinase (DGK)2 utilizes diacylglycerol (DG) as
a substrate to generate phosphatidic acid (PA) (1–5). Ten mam-
malian DGK isozymes (�, �, �, �, �, �, �, 	, 
, and �) have been
identified to date and are categorized into five groups (types
I–V) based on their structural features. Because DG and PA act
as lipid second messengers, DGK plays important roles in signal
transductions of a wide variety of physiological and pathologi-
cal events by controlling the balance between DG and PA. For
example, DG is a well-established bioactive lipid that activates
protein kinase C (PKC) (6) and Ras guanyl nucleotide–releasing
protein (7). It is known that accumulation of DG induces insu-
lin resistance by activation of PKC isoforms (8 –12), which phos-
phorylate and inactivate insulin receptor substrate-1 and,
consequently, attenuate insulin-stimulated tyrosine phospho-
rylation of insulin receptor substrate-1 (13). Chibalin et al. (14)
reported that the expression levels of DGK� (type II isozyme)
(Fig. 1A) and its activities are decreased in skeletal muscles from
type 2 diabetic patients, indicating that the decrease of DGK�
protein is closely related to the pathogenesis of type 2 diabetes.
Moreover, we determined that DGK� primarily utilizes pal-
mitic acid (16:0)- and/or palmitoleic acid (16:1)-containing DG
molecular species, such as 14:0/16:0-, 14:0/16:1-, 16:0/16:0-,
16:0/16:1-, 16:0/18:0-, and 16:0/18:1-DG species (X:Y � the
total number of carbon atoms:the total number of double bonds
in the fatty acyl moiety of glycerol backbone), but not arachi-
donic acid (20:4)-containing DG species generally recognized
as DGK substrates and derived from phosphatidylinositol (PI)
turnover, in high-glucose–stimulated C2C12 myoblasts (1, 15).
However, the upstream pathway of DGK� remains unclear.

Type II DGKs consist of the �1, �2, �1, �2, and � isoforms
(Fig. 1A). DGKs �1, �2, and �2 have a sterile � motif domain
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(SAMD) at their C termini. A SAMD is one of the most com-
mon protein modules found in eukaryotic genomes and forms a
homodimer. SAMDs are remarkably versatile in their binding
partners, including other cognate SAMDs, RNA (16), and lipids
(17). We reported that DGK�1, DGK�2, and DGK�2 can form
homo- and heterodimeric structures, as well as dimeric–
tetrameric complexes, through their SAMDs in vitro and in
cells (18 –21).

Cabukusta et al. (22, 23) recently pointed out that the SAMD
of sphingomyelin synthase (SMS)-related protein (SMSr/
SAMD8) (Fig. 1C), a family member of SMS, is primarily struc-
turally similar to the DGK�–SAMD and demonstrated that
SMSr–SAMD formed a homodimer, which is a crucial deter-
minant of the subcellular localization of SMSr. SMSr is a six-
transmembrane protein in the endoplasmic reticulum (ER),
which generates DG by utilizing phosphatidylethanolamine
(PE) and ceramide (24).

In this study, we investigated the interaction and functional
relationship between DGK� and SMSr because both proteins
possess SAMDs, which are structurally similar to each other.
Intriguingly, we found that DGK�2 interacted and was func-
tionally linked with SMSr via their SAMDs. Therefore, it is pos-
sible that SMSr is a DG-providing enzyme upstream of DGK�
and that these enzymes comprise a new pathway independent
of PI turnover.

Results

DGK�–SAMD interacted with SMSr–SAMD

We first compared the amino acid sequences of human
DGK�–SAMD, DGK�2–SAMD, SMS1–SAMD, and SMSr–
SAMD using the ClustalW alignment tool (Fig. 2A). The resi-
dues marked with asterisks (Fig. 2A, E31, D39, V48, G49, and

K52) are critical for DGK�–SAMD homo-oligomerization as
we reported previously (Fig. 2A) (25). The five residues were
fully conserved in both the DGK�–SAMD and DGK�2–SAMD
(Fig. 2A). Interestingly, four of the five residues were conserved
in the SMSr–SAMD (22). However, only one of the residues
was conserved in the SMS1–SAMD. Moreover, we compared
the SAMDs using pairwise sequence alignment (Fig. 2B). The
results of pairwise comparisons showed that the SMSr–SAMD
was more similar to the DGK�–SAMD than the SMS1–SAMD
(32.8% identity versus 27.5% identity). Interestingly, the identity
between the SMSr–SAMD and the DGK�–SAMD was higher
than that between the SMSr–SAMD and the SMS1–SAMD
(32.8% versus 30.9%) (Fig. 2). These results raised the possibility
that SMSr and DGK� formed heterodimeric complexes.

To investigate that possibility, we performed co-immu-
noprecipitation analysis using COS-7 cells co-expressing
3�FLAG-tagged DGK�–SAMD and either AcGFP-tagged
DGK�–SAMD, DGK�2–SAMD, SMSr–SAMD, or SMS1–
SAMD (Fig. 1, B and D). When the 3�FLAG-tagged DGK�–
SAMD was immunoprecipitated using an anti-FLAG antibody,
AcGFP-tagged DGK�–SAMD, DGK�2–SAMD, and SMSr–
SAMD were co-immunoprecipitated with the 3�FLAG–
DGK�–SAMD (Fig. 3, A and B). However, AcGFP alone and
AcGFP–SMS1–SAMD failed to be co-sedimented (Fig. 3, A
and B). These results indicated that DGK�–SAMD selectively
associated with the SMSr–SAMD. The band intensity of the
AcGFP–SMSr–SAMD precipitated with the 3�FLAG–
DGK�–SAMD was almost the same as that of the AcGFP–
DGK�–SAMD (Fig. 3, A and B), suggesting that the interaction
affinity between SMSr–SAMD and DGK�–SAMD was the
same as that between the two DGK�–SAMD proteins.

Figure 1. Protein structures of type II DGK and SMS isozymes and their mutants. A, structures of SAMD-containing type II DGK isozymes (�2, �2, and �).
C4-a, N-terminal catalytic domain; C4-b, C-terminal catalytic domain; PH, pleckstrin homology domain. B, schematic representation of the DGK�2 and DGK�2
constructs used in this study. C, structures of SMS1, SMS2, and SMSr. D, schematic representation of the SMSr and SMS1 constructs used in this study.

Figure 2. Multiple sequence alignment of the SAMDs of DGK�2, DGK�2, SMSr, and SMS1. A, multiple sequence alignment of the human SAMDs of DGK�2,
DGK�2, SMSr, and SMS1. Multiple sequence alignment was created using ClustalW (version 2.1) (51, 52) provided from the DNA Data Bank of Japan (DDBJ). The
following were used: human DGK�–SAMD (Uniprot, Q16760-1; amino acid residues, 1145–1208); human DGK�2–SAMD (Uniprot, Q86XP1-1, amino acid
residues, 1151–1214); human SMSr–SAMD (Uniprot, Q96LT4; amino acid residues, 12–78); and human SMS1–SAMD (Uniprot, Q86VZ5; amino acid residues,
7–70). Note that all residues of SMSr–SAMD and DGK�–SAMD are fully conserved in mouse and human. Hyphens show gaps inserted to achieve maximum
alignment. Compared with DGK�–SAMD, white letters on black background indicate fully-conserved residues, and black letters on gray background indicate
strongly similar residues (scoring �0.5 in the Gonnet PAM 250 matrix). The residues marked with an asterisk are critical for homo-oligomerization of DGK�–
SAMD (25). B, amino acid identities between human SAMDs of DGK�2, DGK�2, SMSr, and SMS1. Amino acid identity was determined using Pairwise Sequence
Alignment provided by the European Molecular Biology Open Software Suite (EMBOSS).
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To verify whether SMSr–SAMD interacted with DGK�–
SAMD directly or indirectly, we performed a GSH S-transfer-
ase (GST)-pulldown assay using purified GST-fused SMSr–
SAMD or SMS1–SAMD and hexahistidine (6�His)-tagged
trigger factor (TF)-fused DGK�–SAMD (Fig. 1, B and D). When
GST-tagged SMSr–SAMD was precipitated using GSH beads,
6�His–TF-tagged DGK�–SAMD was co-sedimented (Fig. 3, C
and D). However, 6�His–TF-DGK�–SAMD was not co-sedi-
mented with GST–SMS1–SAMD or GST alone. These results

indicated that the DGK�–SAMD directly interacted with the
SMSr–SAMD.

SMSr interacted with DGK� via SMSr–SAMD

Unfortunately, the appropriate antibodies to detect endoge-
nous SMSr and to conduct its immunoprecipitation were
unavailable. Thus, to verify whether full-length DGK�2 and
SMSr interacted with each other, 3�FLAG-tagged DGK�2 and
either V5-tagged SMS1, SMS2, or SMSr (Fig. 1) were co-ex-

Figure 3. SMSr–SAMD directly interacts with DGK�–SAMD. A and B, co-immunoprecipitation analysis of 3�FLAG–DGK�–SAMD with AcGFP–DGK�–SAMD,
AcGFP–DGK�2–SAMD, AcGFP–SMS1–SAMD, or AcGFP–SMSr–SAMD. A, COS-7 cells were co-transfected with the following combinations of plasmids:
3�FLAG-tagged DGK�–SAMD and either AcGFP alone, AcGFP–DGK�–SAMD, AcGFP–DGK�2–SAMD, AcGFP–SMS1–SAMD, or AcGFP–SMSr–SAMD. At 24 h
post-transfection, 5 �l of rabbit anti-DDDDK (FLAG)-tag antibody (PM020) was used for IP. Mouse monoclonal anti-FLAG antibody (F1804, 1:1000 dilution) and
anti-GFP antibody (sc-9996, 1:1000 dilution) were used for immunoblotting (IB). A representative of three repeated experiments is shown. Left panel, cell lysate
(Input); right panel, IP. B, densitometric quantification of AcGFP-fused proteins co-precipitated with 3�FLAG-tagged DGK�–SAMD is represented as the ratio of
the band intensities (% of AcGFP–DGK�–SAMD). Band intensities were measured with densitometry using the Fiji software. The values are presented as the
mean � S.D. of three independent experiments. *, p � 0.05 versus DGK�–SAMD; #, p � 0.05 versus SMSr–SAMD; and NS, not significant. C and D, pulldown assay
of GST–SMS1–SAMD and GST–SMSr–SAMD with TF–DGK�–SAMD. C, recombinant 6�His–TF-fused DGK�–SAMD (20 �g) and either GST-fused SMS1–SAMD or
SMSr–SAMD (20 �g) were used for the GST pulldown assays. GSH-Sepharose 4B beads were bound to either purified GST alone, GST–SMS1–SAMD, or
GST–SMSr–SAMD. The proteins bound to beads were mixed and incubated for 1 h with either purified 6�His–TF alone or 6�His–TF–DGK�–SAMD. The beads
were washed four times, and proteins were eluted in 50 �l of 2 � SDS sample buffer. Anti-GST antibody (sc-138, 1:1000 dilution) and anti-6�His antibody
(PM032, 1:1000 dilution) were used for immunoblotting (IB). A representative of three repeated experiments is shown. Left panel, 6�His–TF (vector alone); right
panel, 6�His–TF–DGK�–SAMD. D, band intensities were measured with densitometry using the Fiji software. The quantities of 6�His–TF–DGK�–SAMD
co-precipitated with GST–fusion proteins are represented as the ratio of the band intensities. GST–SMSr–SAMD was set to 100%. The values are presented as
the mean � S.D. of three independent experiments. ***, p � 0.005 versus GST–SMSr–SAMD, and NS, not significant.
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pressed in COS-7 cells, and the cell lysates were used for a
co-immunoprecipitation analysis using anti-V5 antibody. We
found that 3�FLAG–DGK�2 was co-immunoprecipitated
with SMSr–V5, but not with SMS1–V5, SMS2–V5, or V5 alone
(Fig. 4, A and B), indicating that DGK�2 associated with SMSr
in cells.

We next examined the effect of the deletion of the SMSr–
SAMD on the interaction between SMSr and DGK�2 by co-

immunoprecipitation analysis. We found that 3�FLAG–
DGK�2 and either V5-tagged full-length SMSr (SMSr–V5) or
SAMD-deleted SMSr (SMSr–�SAMD–V5) (Fig. 1) were co-ex-
pressed in COS-7 cells. The V5-tagged proteins in cell lysates
were immunoprecipitated with the anti-V5 antibody. Com-
pared with full-length SMSr, the amount of DGK�2 co-precip-
itated with the SMSr–�SAMD was significantly reduced (by
about 75%) (Fig. 4, C and D). We also examined the effect of the

Figure 4. Hetero-oligomerization between DGK�2 and SMSr through their SAMDs. A and B, hetero-oligomerization between DGK�2 and SMSr. A, COS-7
cells were co-transfected with p3�FLAG-CMV-DGK�2 and either pcDNA4/TO-SMS1–V5, pcDNA4/TO-SMS2–V5, or pcDNA4/TO-SMSr–V5. Anti-V5-tag antibody
(1.5 �g, clone E10/V4RR) was used for IP. Anti-FLAG antibody (F1804, 1:1000 dilution) and anti-V5 antibody (clone E10/V4RR, 1:1000 dilution) were used for
immunoblotting (IB). A representative of three repeated experiments is shown. Left panel, cell lysate (Input); right panel, IP. B, band intensities were measured
with densitometry using the Fiji software. The densitometric quantification of 3�FLAG–DGK�2 precipitated with V5-tagged proteins is represented as the ratio
of the band intensities (% of 3�FLAG–DGK�2 co-immunoprecipitated with SMSr–V5). The values are presented as the mean � S.D. of three independent
experiments. ***, p � 0.005 versus SMSr–V5. C and D, hetero-oligomerization between DGK�2 and SMSr–�SAMD. C, COS-7 cells were co-transfected with
p3�FLAG-CMV-DGK�2 and either pcDNA4/TO-SMSr–V5 or pcDNA4/TO-SMSr–�SAMD. Anti-V5-tag antibody (1.5 �g) was used for IP. Anti-FLAG antibody and
anti-V5 antibody were used for immunoblotting (IB). A representative of three repeated experiments is shown. Left panel, cell lysate (Input); right panel, IP. D,
band intensities were measured with densitometry using the Fiji software. The densitometric quantification of 3�FLAG–DGK�2 precipitated with V5-tagged
proteins is represented as the ratio of the band intensities (% of DGK� co-immunoprecipitated with SMSr–V5). The values are presented as the mean � S.D. of
three independent experiments. **, p � 0.01 versus SMSr–V5. E and F, hetero-oligomerization between DGK�2–�SAMD and SMSr. E, COS-7 cells were
co-transfected with pcDNA4/TO-SMSr–V5 and either p3�FLAG-CMV-DGK�2 or p3�FLAG-CMV-DGK�2-�SAMD. Anti-V5-tag antibody (1.5 �g) was used for IP.
Anti-FLAG antibody and anti-V5 antibody were used for immunoblotting. A representative of three repeated experiments is shown. Left panel, cell lysate
(Input); right panel, IP. F, band intensities were measured with densitometry using the Fiji software. The densitometric quantification of 3�FLAG–DGK�2
precipitated with V5-tagged proteins is represented as the ratio of the band intensities (% of 3�FLAG–DGK� co-immunoprecipitated with SMSr–V5). The
values are presented as the mean � S.D. of three independent experiments. **, p � 0.01 versus 3�FLAG–DGK�2.
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deletion of the SAMD in DGK�2 on the SMSr–DGK�2 inter-
action using COS-7 cells overexpressing SMSr and either
DGK�2–�SAMD or DGK�2 (Fig. 1, B and D). Similar to the
SAMD deletion mutant of SMSr, DGK�2–�SAMD showed a
markedly weaker interaction than the interaction with DGK�2
(Fig. 4, E and F). Taken together, these results indicated that
DGK�2 interacted with SMSr via their SAMDs.

SMSr enhanced 16:0- and/or 16:1-containing PA species’
production of DGK�2 in COS-7 cells

To address the functional relationship between SMSr and
DGK�2, we analyzed changes in the amounts of PA in COS-7

cells overexpressing 3�FLAG–DGK�2 and/or SMSr–V5 (Fig.
5). Compared with COS-7 cells transfected with vector alone,
total PA levels were not substantially changed in the cells over-
expressing DGK�2 or SMSr alone. However, total PA levels in
COS-7 cells overexpressing both DGK�2 and SMSr were signif-
icantly increased by �20% (Fig. 5B). In particular, the levels of
32:2-PA (a 40% increase compared with control cells), 32:1-PA
(a 28% increase), 32:0-PA (a 25% increase), 34:2-PA (a 23%
increase), and 34:1-PA (a 21% increase) in COS-7 cells express-
ing both SMSr and DGK�2 were significantly increased more
than 20% compared with those in control cells (Fig. 5C).

Figure 5. Changes in the amounts of total PA and PA molecular species in COS-7 cells by overexpressing SMSr and/or DGK�2. A–C, COS-7 cells were
co-transfected with the following four combinations of plasmids: either p3�FLAG–CMV vector alone or p3�FLAG-CMV-DGK�2 and either pcDNAC4/TO vector
alone or pcDNAC4/TO-SMSr–V5. After 24 h of transfection, cells were lysed in 900 �l of ice-cold PBS. Lysates (700 �l) were used for the quantitation of PA
molecular species; 20 �l of lysates were used for immunoblotting (IB) to confirm the expression of 3�FLAG–DGK�2; 150 �l of lysates were immunoprecipitated
with anti-V5 antibody, followed by immunoblotting to confirm the expression of SMSr–V5, and 10 �l of lysates were used for the measurement of protein
concentration. A, immunoblot analysis. Anti-FLAG antibody and anti-V5 antibody were used for immunoblotting. B, total PA levels in the COS-7 cells overex-
pressing 3�FLAG–DGK�2 and/or SMSr–V5 were quantified using the LC-tandem MS (LC-MS/MS) method described under “Experimental procedures.” The
values are presented as the mean � S.D. (n � 7). *, p � 0.05 versus the PA levels in cells overexpressing both 3�FLAG–DGK�2 and SMSr–V5 (SMSr–V5/3�FLAG–
DGK�2), and NS is not significant. C, major PA molecular species were quantified using the LC-MS/MS method. The MS peaks are presented in the form of X:Y,
where X is the total number of carbon atoms, and Y is the total number of double bonds in both acyl chains of the PA. The values are presented as the mean �
S.D. (n � 4). *, p � 0.05; ***, p � 0.005 (Vector alone versus SMSr–V5/3�FLAG–DGK�2). †, p � 0.05; †††, p � 0.005 (SMSr–V5 versus SMSr–V5/3�FLAG–DGK�2),
and ‡‡‡, p � 0.005 (3�FLAG–DGK�2 versus SMSr–V5/3�FLAG–DGK�2).
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LC-MS/MS analysis showed that the primary fatty acids bound
to these PA species were as follows: 32:2 consisted of 16:1/16:1
(80.8%); 32:1 consisted of 16:0/16:1 (83.5%); 32:0 consisted of
16:0/16:0 (98.6%); 34:2 consisted of 16:1/18:1 (56.6%) and 16:0/
18:2 (33.1%); and 34:1 consisted of 16:0/18:1 (89.4%) (Table 1).
These results strongly suggested that SMSr augmented PA gen-
eration from DGK�2, which primarily produces 16:0- and/or
16:1-containing PA molecular species (15), in cells. It is also
possible that DGK�2 and SMSr are functionally linked and that
SMSr acts in an upstream pathway of DGK�2.

SMSr produced 16:0- and/or 16:1-containing DG species in
COS-7 cells

To support the possibility that SMSr provided DG to DGK�2,
we next tested whether SMSr produced 16:0- or 16:1-contain-
ing DG molecular species, which are preferably phosphorylated
by DGK�2 (Fig. 5 and Table 1) (15), by measuring DG levels in
SMSr-overexpressing cells (Fig. 6A). Compared with control
cells, total DG levels in SMSr-overexpressing cells were signif-
icantly increased by �14% (Fig. 6B). In particular, 16:0- and/or
16:1-containing DG species, such as 14:0/16:1 (30:1)-DG (a 42%
increase), 14:0/16:0 (30:0)-DG (a 34% increase), 16:1/16:1 (32:
2)-DG (a 45% increase), 16:0/16:1 (32:1)-DG (a 24% increase),
16:1/18:2 (34:3)-DG (a 28% increase), and 16:0/18:2-DG (a 20%
increase), were significantly increased more than 20% (Fig. 6C
and Table 2). Therefore, it was possible that SMSr provided
16:0- and/or 16:1-containing DG species to DGK�2 and that,
subsequently, DGK�2 phosphorylated the DG species gener-
ated by SMSr.

DGK�2 enzyme activity was increased by SMSr through their
SAMDs in vitro

We next examined whether DGK�2 activity was enhanced by
complex formation with SMSr via their SAMDs. First, 6�His-
tagged SMSr, SMSr–�SAMD, and DGK�2 (Fig. 1, B and D)
were expressed using COS-7 cells and purified by Ni-affinity
chromatography (Fig. 7A). We tested whether the activity of
6�His-tagged DGK�2 was enhanced by SMSr in vitro in the
presence of DG (in the absence of PE and ceramide). Interest-

ingly, when adding purified SMSr to purified DGK�2 (stoichi-
ometry, �3:1), DGK activity was significantly increased (Fig.
7B). However, when adding SMSr–�SAMD to DGK�2, DGK
activity was not significantly increased (Fig. 7C), suggesting that
SMSr activated DGK�2 in a SAMD-dependent manner. To test
whether SMSr–SAMD alone enhanced DGK�2 activity, we
added GST–SMSr–SAMD (Fig. 1D), which was expressed in
Escherichia coli and purified by GSH-affinity chromatography,
to purified DGK�2. The activity of DGK�2 was significantly
increased by the addition of the GST–SMSr–SAMD (Fig. 7D).
These results strongly suggested that, in addition to DG supply,
SMSr directly enhanced DGK�2 activity via the SMSr–SAMD.

The results of Fig. 7D implied that the disturbance of
homodimerization of DGK�2 by SMSr–SAMD enhanced its
activity. To verify this, DGK�1, DGK�2, and their SAMD dele-
tion mutants were expressed in COS-7 cells, and DGK activities
in cell lysates were measured using a luminescence-based
(ADP-glo) kinase assay (Fig. 8) (26). The DGK activities of
SAMD deletion mutants of DGK� (both isoform 1 and 2) were
significantly increased compared with their WT enzymes (Fig.
8B). These results suggested that the SAMD suppressed the
activity of DGK� and that the SMSr–SAMD increased DGK�2
activity by disrupting its homo-oligomers.

Discussion

A DG-providing pathway for DGK�, which would play an
important role in type 2 diabetes pathogenesis, has been
unclear. In this study, we, for the first time, demonstrate that
DGK�2 was associated with SMSr, a DG-generating enzyme,
via their SAMDs (Figs. 3 and 4). Moreover, the overexpression
of SMSr significantly enhanced the production of PA in COS-7
cells overexpressing DGK� (Fig. 5). Thus, these data suggested
the possibility that SMSr acts as a DG-providing enzyme
upstream of DGK�2 (Fig. 9). Therefore, it is likely that these
enzymes compose a new pathway independent of phosphatidy-
linositol turnover.

We demonstrated that DGK�–SAMD directly interacted
with SMSr–SAMD (Figs. 3 and 9A). Moreover, we showed that
full-length DGK�2 and SMSr associated with each other and

Table 1
Identification of the acyl species in each PA molecular species in COS-7 cells

PA molecular
species Identified acyl chainsa

30:1 12:0/18:1 (6.0%) 14:0/16:1 (55.8%) 14:1/16:0 (38.1%)
30:0 14:0/16:0 (100.0%)
32:3 14:0/18:3 (23.8%) 14:1/18:2 (49.2%) 16:1/16:2 (26.9%)
32:2 14:0/18:2 (6.1%) 14:1/18:1 (10.8%) 16:0/16:2 (2.3%) 16:1/16:1 (80.8%)
32:1 10:0/22:1 (0.8%) 14:0/18:1 (14.9%) 14:1/18:0 (0.8%) 16:0/16:1 (83.5%)
32:0 10:0/22:0 (0.4%) 14:0/18:0 (1.0%) 16:0/16:0 (98.6%)
34:3 16:0/18:3 (21.5%) 16:1/18:2 (73.8%) 16:2/18:1 (4.7%)
34:2 14:0/20:2 (10.3%) 16:0/18:2 (33.1%) 16:1/18:1 (56.6%)
34:1 10:0/24:1 (0.7%) 14:0/20:1 (5.8%) 16:0/18:1 (89.4%) 16:1/18:0 (4.1%)
34:0 14:0/20:0 (2.1%) 16:0/18:0 (97.9%)
36:4 16:0/20:4 (49.9%) 16:1/20:3 (7.0%) 18:1/18:3 (16.2%) 18:2/18:2 (27.0%)
36:3 16:0/20:3 (9.4%) 18:0/18:3 (2.8%) 18:1/18:2 (87.7%)
36:2 14:0/22:2 (1.0%) 16:0/20:2 (1.9%) 18:0/18:2 (13.2%) 18:1/18:1 (83.9%)
36:1 14:0/22:1 (9.0%) 16:0/20:1 (8.1%) 18:0/18:1 (82.9%)
38:6 16:0/22:6 (83.4%) 16:1/22:5 (8.2%) 18:1/20:5 (8.4%)
38:5 16:0/22:5 (38.4%) 18:0/20:5 (9.0%) 18:1/20:4 (52.6%)
38:4 16:1/22:3 (8.7%) 18:0/20:4 (70.7%) 18:1/20:3 (20.6%)
38:3 16:0/22:3 (23.8%) 16:1/22:2 (34.6%) 18:0/20:3 (41.6%)
40:6 16:0/24:6 (20.7%) 16:1/24:5 (12.4%) 18:0/22:6 (40.2%) 18:1/22:5 (26.6%)
40:5 16:0/24:5 (52.2%) 16:1/24:4 (14.8%) 18:0/22:5 (32.9%)

a The relative abundance (%) was based on the peak areas of the fragment ions (ESI-MS/MS) for each molecular ion.
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Figure 6. Changes in the amounts of total DG and DG molecular species in COS-7 cells by overexpressing SMSr. A and B, COS-7 cells were transfected with
pcDNAC4/TO vector alone or pcDNAC4/TO-SMSr–V5. After 24 h of transfection, cells were lysed in 900 �l of ice-cold PBS. A, lysates (150 �l) were immunopre-
cipitated with an anti-V5 antibody, followed by immunoblotting to confirm the expression of SMSr–V5 using the anti-V5 antibody. B, total DG levels in COS-7
cells transfected with vector alone or pcDNAC4/TO-SMSr–V5 were measured using the LC-MS/MS. The values are presented as the mean � S.D. (n � 4). *, p �
0.05. C, major DG molecular species were quantified using LC-MS/MS method. The MS peaks are presented in the form of X:Y, where X is the total number of
carbon atoms, and Y is the total number of double bonds in both acyl chains of the DG. The DG molecular species in the sample were quantified using internal
standard (I.S.). The values are presented as the mean � S.D. (n � 4). *, p � 0.05; **, p � 0.01; and ***, p � 0.005.

Table 2
Identification of the acyl species in each DG molecular species in COS-7 cells

DG molecular
species Identified acyl chainsa

30:1 10:0/20:1 (1.1%) 12:0/18:1 (6.5%) 14:0/16:1 (68.3%) 14:1/16:0 (24.1%)
30:0 10:0/20:0 (1.4%) 12:0/18:0 (1.7%) 14:0/16:0 (96.9%)
32:2 14:0/18:2 (11.5%) 14:1/18:1 (4.2%) 16:0/16:2 (2.9%) 16:1/16:1 (81.3%)
32:1 14:0/18:1 (24.0%) 16:0/16:1 (76.0%)
32:0 12:0/20:0 (1.1%) 14:0/18:0 (1.7%) 16:0/16:0 (97.2%)
34:3 16:0/18:3 (6.3%) 16:1/18:2 (91.5%) 16:2/18:1 (2.2%)
34:2 16:0/18:2 (31.1%) 16:1/18:1 (68.9%)
34:1 16:0/18:1 (93.1%) 16:1/18:0 (6.9%)
34:0 14:0/20:0 (1.3%) 16:0/18:0 (98.7%)
36:4 16:0/20:4 (22.5%) 16:1/20:3 (3.1%) 18:1/18:3 (14.4%) 18:2/18:2 (60.0%)
36:3 16:0/20:3 (4.7%) 16:1/20:2 (1.4%) 18:0/18:3 (1.8%) 18:1/18:2 (92.2%)
36:2 16:0/20:2 (2.6%) 16:1/20:1 (1.0%) 18:0/18:2 (19.6%) 18:1/18:1 (76.8%)
36:1 14:0/22:1 (0.9%) 16:0/20:1 (17.1%) 16:1/20:0 (0.9%) 18:0/18:1 (81.1%)
38:6 14:0/24:6 (3.3%) 16:0/22:6 (27.3%) 16:1/22:5 (8.1%) 18:1/20:5 (19.6%) 18:2/20:4 (40.1%) 18:3/20:3 (1.6%)
38:5 14:0/24:5 (1.7%) 16:0/22:5 (11.2%) 18:0/20:5 (6.7%) 18:1/20:4 (74.0%) 18:2/20:3 (6.5%)
38:4 14:0/24:4 (1.1%) 16:0/22:4 (2.6%) 18:0/20:4 (93.1%) 18:2/20:2 (3.2%)
38:3 16:0/22:3 (1.8%) 18:0/20:3 (72.2%) 18:1/20:2 (20.6%) 18:2/20:1 (5.4%)
40:6 16:0/24:6 (7.4%) 16:1/24:5 (6.2%) 18:0/22:6 (59.6%) 18:1/22:5 (22.5%) 18:2/22:4 (1.8%) 20:2/20:4 (2.5%)
40:5 16:0/24:5 (33.1%) 16:1/24:4 (2.1%) 18:0/22:5 (40.3%) 18:1/22:4 (14.9%) 18:2/22:3 (1.3%) 20:1/20:4 (8.3%)

a The relative abundance (%) was based on the peak areas of the fragment ions (ESI-MS/MS) for each molecular ion.
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that their SAMDs mainly contributed to the association (Fig. 4).
SAMD, which is an evolutionally conserved protein–protein
interaction domain, is known to occur in a wide range of pro-
teins (more than 200) (27). SAMDs generally form homodimers
between the same proteins and between closely-related family
proteins. However, in some cases, a heterodimer between com-
pletely different proteins, such as between Connector enhancer
of KSR (kinase suppressor of Ras)–SAMD and Hyphen–SAMD
(28) and between Src homology 2 domain-containing phos-
phoinositide-5-phosphatase 2–SAMD and Ephrin A2 receptor–
SAMD are formed (29). In this study, we identified a new
combination of heterodimers between completely different
proteins, DGK� and SMSr, through their SAMDs.

Five and four (Asp-1183, Val-1192, Gly-1193, and Lys-1196)
of five key residues (Glu-1175, Asp-1183, Val-1192, Gly-1193,
and Lys-1196 in DGK�2) involved in DGK�–SAMD
homodimerization are conserved in DGK�2–SAMD and
SMSr–SAMD, respectively, but are not in the SMS1–SAMD
(Fig. 2) (22). Moreover, immunoprecipitation and pulldown
analyses showed that DGK�–SAMD could form a heterodimer
with the DGK�2–SAMD and SMSr–SAMD, whereas DGK�–
SAMD was not able to interact with the SMS1–SAMD (Fig. 3).
These results implied that the four (Asp-1183, Val-1192, Gly-
1193, and Lys-1196) key residues involved in the formation of
the DGK�–SAMD homodimer were important for hetero-
meric dimerization. To verify whether these four residues in the

Figure 7. SMSr enhances DGK�2 activity in vitro via their SAMDs. A, purification of 6�His–SMSr, 6�His–SMSr–�SAMD, and 6�His–DGK�2 expressed in
COS-7 cells using affinity chromatography on a Ni-Sepharose 6 Fast Flow column. Purified 6�His–SMSr, 6�His–SMSr–�SAMD, and 6�His–DGK�2 were
detected by immunoblot using anti-6�His antibody. B, effects of SMSr on DGK�2 activity in vitro in the presence of DG. The activities of DGK�2 were measured
using LC-MS/MS. The values are presented as the mean � S.D. (n � 3). ***, p � 0.05 (DGK�2 versus SMSr/DGK�2); †††, p � 0.005 (SMSr versus SMSr/DGK�2); ‡‡‡,
p � 0.005 (DGK�2 versus SMSr). C, effects of SMSr, SMSr–�SAMD, and SMSr–SAMD on the activity of DGK�2 in vitro in the presence of DG. The activities of DGK�2
were measured using LC-MS/MS. The values are presented as the mean � S.D. (n � 3). ***, p � 0.005 (SMSr/DGK�2 versus other DGK�2-containing samples
(6�His–DGK�2 alone or 6�His–DGK�2/6�His–SMSr–�SAMD)); †††, p � 0.005 (6�His–SMSr versus 6�His–DGK�2-containing samples); ‡‡‡, p � 0.005
(6�His–SMSr–�SAMD versus 6�His–DGK�2-containing samples). D, effect of SMSr–SAMD alone on DGK�2 activity in vitro in the presence of DG. GST–SMSr–
SAMD and GST alone were expressed in E. coli and purified. The values are presented as the mean � S.D. (n � 3). *, p � 0.05 (GST–SMSr–SAMD/6�His–DGK�2
versus GST/6�His–DGK�2); †††, p � 0.005 (GST versus 6�His–DGK�2-containing samples), and ‡‡‡, p � 0.005 (GST–SMSr–SAMD versus 6�His–DGK�2-
containing samples).

Interaction and functional linkage between DGK� and SMSr

2940 J. Biol. Chem. (2020) 295(10) 2932–2947



DGK�–SAMD were critical for forming a heteromeric complex
with the SMSr–SAMD, we prepared single-point mutants of
the DGK�–SAMD/D1183G, V1192E, G1193D, and K1196E.
Co-immunoprecipitation analysis showed that the co-sedi-
mented level of only the DGK�–SAMD-G1193D mutant
tended to be decreased, but there was no significant difference.3
This result suggested that Gly-1193 was one of the key residues
for the DGK�–SAMD/SMSr–SAMD heteromeric complex.
However, it was possible that other residues were also impor-
tant for the heterodimerization.

To determine the functional relationship between DGK� and
SMSr, we investigated changes in the amounts of PA molecular
species in COS-7 cells overexpressing DGK� and/or SMSr
using LC-MS/MS (Fig. 5). We found that the overexpression of
SMSr significantly (more than 20%) enhanced the production
of palmitic acid (16:0)- and/or palmitoleic acid (16:1)-contain-
ing PA species, such as 30:0 (14:0/16:0)-PA, 32:1 (16:0/16:1)-
PA, 32:0 (16:0/16:0)-PA, 34:1 (16:0/18:1)-PA, and 34:2 (16:1/
18:1 and 16:0/18:2)-PA in COS-7 cells overexpressing DGK�

(Fig. 5 and Table 1). Therefore, it was possible that SMSr acted
upstream of DGK� and supplied DG to the enzyme (Fig. 9B).
Moreover, several lines of evidence supported this hypothesis.3 C. Murakami and F. Sakane, unpublished work.

Figure 8. Effect of SAMD deletion on DGK� activity. A, COS-7 cells were transfected with plasmids encoding either 3�FLAG–DGK�1, 3�FLAG–DGK�2,
3�FLAG–DGK�1–�SAMD, or 3�FLAG–DGK�2–�SAMD. B, cell lysates (15 �g of protein/sample) were assayed for DGK activity using the ADP-Glo kinase assay
kit. To facilitate the comparison, background activities (the control cells transfected with the vector alone) were subtracted and then the values were
normalized for protein expression levels assessed by immunoblot (IB). The activity of 3�FLAG–DGK�1 was set to 100%. The values are presented as the mean �
S.D. (n � 3). ***, p � 0.005 (3�FLAG–DGK�2 versus 3�FLAG–DGK�2–�SAMD); †††, p � 0.005 (3�FLAG–DGK�1 versus 3�FLAG–DGK�1–�SAMD), and ‡‡‡, p �
0.005 (Vector versus other samples).

Figure 9. Model for a new DG metabolism pathway involving SMSr and DGK�. In this study, we demonstrated that DGK�–SAMD directly interacts with
SMSr–SAMD (A). It is possible that SMSr acts upstream of DGK� and supplies DG to the enzyme. There is the possibility that SMSr possesses not only ceramide
phosphoethanolamine (CPE) synthase activity but also PE-specific phospholipase C activity.3 B, SMSr–SAMD may disrupt the homodimerization of DGK�2,
which attenuates its DGK activity and, consequently, enhances DGK�2 activity (C). Alternatively, SMSr, which is a transmembrane protein, may recruit DGK�2
to the DG-containing membrane via their SAMDs (C). Cer, ceramide; PE; phosphatidylethanolamine; SMSr, sphingomyelin synthase-related protein.
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First, the fatty acid compositions of PA species produced by
DGK� (Fig. 5 and Table 1) were similar to those produced
under physiological conditions. We previously revealed that
the suppression of DGK�2 expression decreased high-glucose–
induced production of 16:0- and/or 16:1-containing PA species,
such as 30:0 (14:0/16:0)-PA, 30:1 (14:0/16:1)-PA, 32:1 (16:0/16:
1)-PA, 32:0 (16:0/16:0)-PA, 34:1 (16:0/18:1)-PA, and 34:0 (16:0/
18:0)-PA, in C2C12 myoblast cells (15).

Second, the fatty acid compositions of DG species produced
by SMSr were similar to those of PA species produced by
DGK�. Overexpression of SMSr in COS-7 cells increased the
amount of DG, especially 16:0- and/or 16:1-containing DG
molecular species, such as 30:1 (14:0/16:1)-DG, 30:0 (14:0/16:
0)-DG, 32:2 (16:1/16:1)-DG, 32:1 (16:0/16:1)-DG, 34:3 (16:1/18:
2)-DG, and 34:2 (16:0/18:2)-DG (Fig. 6 and Table 2).

Third, both SMSr–SAMD and DGK�2 (DGK�2–SAMD)
exist in the cytoplasm and are able to associate with each other
as shown in Fig. 9. Topological analysis using the N-glycosyla-
tion gel-shift assay showed that the N-terminal SAMD is cyto-
solic (30). DGK�2 is also cytosolic (21, 31). Therefore, it was
possible that the DGK�2–SAMD interacted with SMSr via the
SMSr–SAMD in the cytoplasm. In addition, DG is known to
quickly diffuse across the lipid bilayer by the flip-flop mecha-
nism (32, 33). Therefore, it is likely that the DG produced by
SMSr immediately transverses the ER membrane from the
lumen side to the cytosol leaflet and, consequently, is provided
to DGK�, as illustrated in Fig. 9B.

Fourth, SMSr and DGK�2 were distributed in the same cells
and tissues. DGK� is highly expressed in skeletal muscle (31),
and SMSr is also reported to be abundantly expressed in skele-
tal muscle (34). It was revealed that the mRNA level of SMSr
was markedly higher than DGK� in skeletal muscle– derived
C2C12 myoblast cells.3 Taken together, it is possible that
endogenous DGK�2 is able to interact with SMSr in skeletal
muscles and myoblast cells. In addition to skeletal muscle,
DGK� was reported to be broadly expressed in multiple mouse
tissues, in particular, and to be highly expressed in the brain and
testis (35). Moreover, it was reported that SMSr is also widely
expressed, with the highest expression in testis, brain, kidney,
and pancreas (34). Thus, the expression pattern of DGK�2 is
similar to that of SMSr, suggesting that DGK�2 and SMSr act in
the same cells and tissues. Overall, these results allow us to
speculate that DGK�2 functionally links with SMSr, which acts
upstream of DGK�2 as a DG-supply enzyme. However, further
studies are needed to clarify the linkage in more detail.

SMSr is known to show only weak ceramide phosphoetha-
nolamine synthase activity (24). Interestingly, we unexpectedly
found that purified SMSr generated DG even in the absence of
ceramide when glycerophospholipid, such as PE or phosphati-
dylcholine (PC) alone, was added as a substrate.3 Therefore, it is
possible that, in addition to ceramide phosphoethanolamine
synthase, SMSr is able to act as a PE- and PC-phospholipase C
(PLC) to produce DG. It is interesting to further verify this
possibility. We previously reported the possibility that D609 –
sensitive enzymes, SMS and PC-PLC, are candidates for the
DG-supply enzyme to DGK� (15). Thus, it is noteworthy that
D609 partly (�50%) inhibited the PLC activity of SMSr.3

The results of Fig. 7 suggested that SMSr activated DGK�2 in
a SAMD-dependent manner. We previously reported that
DGK�2–SAMDs formed homodimers and suppressed the cat-
alytic activity of DGK�2 (19). We confirmed that the DGK�–
SAMD also inhibited the catalytic activity of DGK�2 by
homodimerization (Fig. 8). Therefore, it was possible that
SMSr–SAMD disrupted the homodimerization of DGK�2,
which attenuated its DGK activity and, consequently, enhanced
the DGK�2 activity (Fig. 9C). Alternatively, SMSr, which is a
transmembrane protein, may recruit DGK�2 to DG-containing
micelles via their SAMDs (Fig. 9C).

In summary, this study, for the first time, showed that
DGK�2 and SMSr formed a heteromeric complex via their
SAMDs. Moreover, the SAMD of SMSr activated DGK�2.
These results allow us to propose the alternative DG metabolic
pathway “PE3 SMSr3 DG3 DGK�23 PA” (Fig. 9). This
pathway metabolized palmitic acid (16:0) and/or palmitoleic
acid (16:1)-containing glycerolipids, but it did not utilize
arachidonic acid (20:4)-containing glycerolipids derived from
PI turnover. Therefore, it is likely that this new pathway is inde-
pendent of PI turnover, although the substrate of DGK is gen-
erally thought to be derived from the PI-dependent pathway.
The decrease of DGK� protein and DG accumulation is known
to regulate the pathogenesis of type 2 diabetes (14). Future
studies exploring the mechanism by which SMSr-dependent
DG supply and the linkage between SMSr and DGK� are regu-
lated will provide further insights into how type 2 diabetes is
exacerbated.

Experimental procedures

Materials

Lipids—1,2-Dimyristoyl-sn-glycero-3-phosphate (14:0/14:0-
PA) (catalog no. 830845) and 1-palmitoyl-2-oleoyl-sn-glycerol
(16:0/18:1-DG) (catalog no. 800815) were obtained from Avanti
Polar Lipids (Alabaster, AL). 1,2-Dimyristoyl-sn-glycerol (14:0/
14:0-DG) (item no. 15077) and N-stearoyl-D-erythro-sphingo-
sine (d18:1/18:0-Cer) (item no. 19556) were obtained from Cay-
man Chemical Co. (Ann Arbor, MI).

Antibodies—Rabbit polyclonal anti-His-tag antibody (PM032)
and anti-DDDDK (FLAG)-tag antibody (PM020) were
obtained from Medical and Biological Laboratories (Nagoya,
Japan). Mouse monoclonal anti-V5 antibody (clone E10/
V4RR, catalog no. MA5-15253) and Alexa Fluor 594 –
conjugated goat anti-mouse IgG (A-11005) were obtained
from Thermo Fisher Scientific (Waltham, MA). Mouse
monoclonal anti-FLAG–tag antibody (F1804) was pur-
chased from Sigma. Mouse monoclonal anti-GFP antibody
(sc-9996) and anti-GST antibody (sc-138) were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). A perox-
idase-conjugated goat anti-mouse IgG antibody was pur-
chased from Bethyl Laboratories (Montgomery, TX). A per-
oxidase-conjugated goat anti-rabbit IgG antibody (11-036-
045) was obtained from Jackson ImmunoResearch (West
Grove, PA). We also used rabbit polyclonal anti-DGK� anti-
body (WB-1), which was prepared previously (31).

Interaction and functional linkage between DGK� and SMSr

2942 J. Biol. Chem. (2020) 295(10) 2932–2947



Mice

C57BL/6N mice were obtained from SLC Japan, Inc. (Shi-
zuoka, Japan). Tissues were removed immediately after decap-
itation. All procedures using C57BL/6N mice were conducted
in compliance with the National Institutes of Health: Guide for
the Care and Use of Laboratory Animals and the Institutional
Animal Care and Use Committee of the University of Chiba
approved the protocol (permission number: 29-195).

Reverse transcriptase-PCR

Total RNA was isolated from mouse testis using QIAzol Lysis
Reagent (Qiagen, Venlo, Netherlands) and Direct-zolTM RNA
Miniprep (Zymo Research, Irvine, CA) according to the proto-
col from the manufacturer. The cDNA was generated using
transcriptor reverse transcriptase (Roche Diagnostics, Mann-
heim, Germany), as described previously (36).

Plasmids

We used the following nomenclature for epitope-tagged pro-
teins: TagX-(protein) and (protein)-TagY means that TagX and
TagY are located in the N and C termini of the protein, respec-
tively. The expression vectors for human full-length SMS1,
SMS2, and SMSr (SMS1–V5, SMS2–V5, and SMSr–V5),
SAMD-deletion mutants of SMS1 (amino acid residues
69 – 413, henceforth referred to as SMS1–�SAMD–V5), and
SMSr (amino acid residues 69 – 415, SMSr–�SAMD–V5) were
generated by PCR using specific primers containing sequences
corresponding to the V5 tag in front of the stop codon as
described (Fig. 1C) (37–39). The resulting DNA sequences were
verified to be correct by DNA sequencing. PCR products were
subcloned into the pcDNA4TO plasmid (Invitrogen).

The cDNAs encoding human DGK�2 and human DGK�2–
�SAMD that were subcloned into the expression plasmids,
p3�FLAG-CMV (Sigma, Tokyo, Japan) and pAcGFP-C1
(Clontech-Takara Bio, Kusatsu, Japan), for expression in mam-
malian cells were generated as described (Fig. 1B) (21, 40–42).
To express 6�His-tagged protein, human DGK�, human
SMSr, and SMSr–�SAMD (amino acid residues 79 – 413) were
subcloned into the pSF-CMV-NH2-His-EKT3 vector (OG332,
Oxford Genetics, Begbroke, UK).

For bacterial expression, cDNAs encoding mouse SMS1–
SAMD (amino acid residues 10 –74), mouse SMSr–SAMD
(amino acid residues 75–140), human DGK�2–SAMD (amino
acid residues 1145–1208), and human DGK�2–SAMD (amino
acid residues 1151–1214) were amplified by PCR using KOD-
plus DNA polymerase (Toyobo, Osaka, Japan) from the mouse
testis cDNA or the plasmids we prepared as described above.
The products were subcloned into the plasmids pGEX-6P-1
(GE Healthcare), p3�FLAG-CMV, pAcGFP-C1, or pCold-TF
(Clontech-Takara Bio) at the EcoRI/SalI or BamHI/SalI site.
pCold-TF is a fusion cold-shock expression vector, which
expresses a hexahistidine (6�His)-tagged trigger factor (TF).

Expression and purification of GST-fusion proteins

To express GST-fused SMS1–SAMD (GST–SMS1–SAMD),
SMSr–SAMD (GST–SMSr–SAMD), and GST alone, pGEX-
6P-1-SMS1–SAMD, pGEX-6P-1-SMSr–SAMD, and pGEX-

6P-1 alone were introduced into E. coli BL21 cells. GST–
SMS1–SAMD and GST alone were expressed with 0.1 mM

isopropyl 1-thio-�-D-galactopyranoside (IPTG) at 37 °C for 3 h
in BL21 cells. GST–SMSr–SAMD was expressed with 0.1 mM

IPTG at 18 °C for 16 h. The cells were harvested by centrifuga-
tion (15,000 � g, 20 min at 4 °C). The cell pellets were lysed in
sonication buffer (PBS without potassium, pH 7.4, containing 1
mM dithiothreitol (DTT) and 1 mM phenylmethylsulfonyl fluo-
ride (PMSF)). After sonication, the insoluble material was
removed by centrifugation (15,000 � g, 20 min at 4 °C). The
resultant supernatants were filtered through a 0.45-�m filter
(Millipore. Tokyo, Japan). The GST-tagged proteins were
purified by affinity chromatography on a GSH-Sepharose 4B
column (GE Healthcare). The beads were washed once with
sonication buffer, followed by washing with wash buffer (20
mM Tris-HCl, pH 7.5, 2 M NaCl). The GST-fused proteins
were eluted with elution buffer A (PBS without potassium,
pH 7.4, containing 5 mM GSH), followed by elution with
elution buffer B (50 mM Tris-HCl, pH 9.6, containing 15 mM

GSH). The purified proteins were dialyzed in PBS without
potassium.

Expression and purification of 6�His–TF-fusion proteins

BL21 cells that harbored expression plasmids encoding
6�His–TF alone or 6�His–TF–DGK�2–SAMD were grown
at 37 °C in LB medium supplemented with 100 �g/ml ampicil-
lin until the cell density reached an OD600 of 0.45. The cells
were incubated at 16 °C for 24 h in the presence of 0.1 mM IPTG
and then were harvested by centrifugation. The pellets were
lysed by sonication on ice with a lysis buffer (50 mM sodium
phosphate, pH 8.0, containing 500 mM NaCl, 1 mM PMSF, 1 mM

DTT, 20 mg/ml aprotinin, 20 mg/ml leupeptin, 20 mg/ml pep-
statin, and 1 mM soybean trypsin inhibitor) followed by centrif-
ugation (15,000 � g for 40 min at 4 °C). Ammonium sulfate was
added gradually to the supernatant to 40% saturation and incu-
bated at 4 °C for 1 h with shaking. After centrifugation
(15,000 � g for 45 min at 4 °C), the precipitates were removed,
and the ammonium sulfate concentration in the remaining
supernatants was further increased to 80% saturation. After 2 h
of incubation at 4 °C with continuous shaking, precipitated pro-
teins were collected by centrifugation (15,000 � g for 45 min at
4 °C), resuspended in 1 ml of 50 mM sodium phosphate, pH 8.0,
and dialyzed in buffer (25 mM Tris-HCl, pH 8.0, 500 mM NaCl).
The dialyzed proteins were purified by affinity chromatography
on a Ni-Sepharose 6 Fast Flow column (GE Healthcare). The
beads were washed with 30 ml of wash buffer (50 mM imidazole,
50 mM sodium phosphate, pH 8.0, 300 mM NaCl). Subse-
quently, the bound proteins were eluted with elution buffer
(500 mM imidazole, 50 mM sodium phosphate, pH 8.0, 300 mM

NaCl). The purified proteins were dialyzed in a buffer (20 mM

sodium phosphate, pH 8.0, 150 mM NaCl).

GST-pulldown assay

GSH-Sepharose 4B (20 �l) was washed with lysis buffer (20
mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% Triton
X-100, and 1 mM PMSF). Purified GST-fused protein (20 �g)
was incubated with beads in 300 �l of PBS at 4 °C for 30 min.
Subsequently, beads were washed with lysis buffer four times,
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and then 300 �l of PBS and 20 �g of 6�His–TF-fused protein
was added. Beads and proteins were incubated at 4 °C for 2 h.
Then the beads were washed with lysis buffer four times, and
the proteins were eluted in 50 �l of 2� SDS sample buffer by
incubation at 95 °C for 10 min.

Cell culture and transfection

COS-7 cells were maintained on 150-mm dishes (Thermo
Fisher Scientific) in Dulbecco’s modified Eagle’s medium
(DMEM) (Wako Pure Chemicals, Tokyo, Japan) containing
10% fetal bovine serum (FBS) (Thermo Fisher Scientific), 100
units/ml penicillin G (Wako Pure Chemicals), and 100 �g/ml
streptomycin (Wako Pure Chemicals) at 37 °C in an atmo-
sphere containing 5% CO2. Cells (5 � 105) were plated on poly-
L-lysine– coated 60-mm dishes for immunoprecipitation anal-
ysis. For quantitation of PA and DG levels, 1 � 106 cells were
plated on 100-mm dishes. For confocal microscopy, 1.5 � 104

cells were plated on poly-L-lysine (Sigma)-coated glass cover-
slips (15 mm diameter). After 24 h, plasmid cDNAs were trans-
fected using PolyFect (Qiagen) according to the manufacturer’s
instruction manual. After transfection, the cells were cultured
for an additional 24 h and were used for the experiments
described below.

Co-immunoprecipitation analysis

COS-7 cells co-expressing FLAG-tagged and V5-tagged pro-
teins were washed two times with PBS and lysed in a buffer
containing 50 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA,
1% Nonidet P-40, 1 mM PMSF, and Complete EDTA-free pro-
tease inhibitor mixture (Roche Diagnostics, Mannheim, Ger-
many). After sonication, insoluble materials were removed by
centrifugation (10,000 � g for 5 min at 4 °C). Anti-V5 (1.5 �g)
or anti-FLAG (5 �l) antibody was added to the cell lysates (400
�l). After a 2-h incubation at 4 °C, 20 �l of protein A/G PLUS-
agarose beads (Santa Cruz Biotechnology, catalog no. sc-2003)
was added and further incubated at 4 °C for 2 h. The beads were
then washed five times with a wash buffer (50 mM HEPES, pH
7.4, 100 mM NaCl, 5 mM MgCl2, 0.1% Triton X-100, 1 mM

PMSF, 1 mM EDTA, and Complete EDTA-free protease inhib-
itor mixture). Co-immunoprecipitated proteins were eluted in
50 �l of 2� SDS sample buffer by incubation at 95 °C for 10
min.

Lipid extraction

Total lipids were extracted from the samples according to the
method of Bligh and Dyer (43) as described previously (36, 44).
Briefly, 2 ml of methanol and 1 ml of chloroform were added to
700 �l of sample. Internal standards (100 ng of the 14:0/14:0-PA
(Avanti Polar Lipids) and 50 ng of the 14:0/14:0-DG (Cayman
Chemical)) were added. To improve recovery ratio of acidic
phospholipids, 100 �l of 3 M HCl was added to the sample. After
addition of HCl, the sample was vortexed for 30 s. After incu-
bation for 30 min at room temperature, 1 ml of chloroform was
added and vortexed for 30 s, followed by the addition of 1 ml of
water and vortexing for 30 s. The sample was centrifuged at
1000 � g for 10 min to separate the phases. The lower phase,
containing the extracted lipids, was transferred to a new vial.
The solvent-containing lipids was dried under N2 gas, and the

extracted lipids were reconstituted in 100 �l of chloroform/
methanol (2:1, v/v).

Liquid chromatography

The extracted lipids (10 �l) were separated on a liquid chro-
matography (LC) system (EXION LC, AB SCIEX, Framingham,
MA). This LC system was controlled by the Analys� software
(AB SCIEX).

For detection of PA molecular species, PA molecular species
were separated using UK-Silica column (3 �m, 150 � 2.0-mm
inner diameter, Imtakt, Kyoto, Japan) as described previously
(36, 45, 46). A binary gradient consisting of two solvents: sol-
vent A (chloroform/methanol (89:10) containing 0.28% ammo-
nia) and solvent B (chloroform/methanol/water (55:39:5) con-
taining 0.28% ammonia) were used. The gradient elution
program was 20% B for 5 min, 20 –30% B for 10 min, 30 – 60% B
for 25 min, 60% B for 5 min, 60 –20% B for 1 min, followed by
20% B for 14 min. The flow rate was 0.3 ml/min, and chroma-
tography was performed at 25 °C.

For detection of DG molecular species, DG molecular species
were separated using UK-C18 column (3 �m, 150 � 3.0-mm
inner diameter, Imtakt) as described (47) with a modification. A
binary gradient consisting of two solvents: solvent A (chloro-
form/methanol/water (50:220:70) containing 1 mM ammonium
acetate) and solvent B (hexane/chloroform/methanol (70:130:
100) containing 1 mM ammonium acetate) were used. The gra-
dient elution program was 25% B for 15 min, 25– 60% B for 25
min, 60 –75% B for 3 min, 75–100% B for 5 min, 100% B for 10
min, 100 –25% B for 1 min followed by 25% B for 5 min. The
flow rate was 0.2 ml/min, and chromatography was performed
at 25 °C.

Mass spectrometry

The LC system was coupled on line to Triple QuadTM 4500
(AB SCIEX), a triple-quadrupole tandem mass spectrometer
equipped with a turbo spray ionization source. The experi-
mental conditions for detection of PA molecular species
were as follows: ion spray voltage 	4500 V, curtain gas
30 p.s.i., collision gas 6 p.s.i., temperature 300 °C, decluster-
ing potential 	160 V, entrance potential 	10 V, collision
energy 	42 V, collision cell exit potential 	11 V, ion source
gas I 70 p.s.i., and ion source gas II 30 p.s.i.. The experimental
conditions for detection of DG molecular species were as
follows: ion spray voltage 5500 V, curtain gas 30 p.s.i., colli-
sion gas 7 p.s.i., temperature 300 °C, declustering potential
60 V, entrance potential 10 V, collision energy 30 V, collision
cell exit potential 6.0 V, ion source gas I 70 p.s.i., and ion
source gas II 50 p.s.i.

PA and DG molecular species were detected in a multiple
reaction monitoring mode. Ionized PA species ([M 	 H]	) or
DG species ([M 
 NH4]
) were isolated at the first quadrupole
(Q1). Thereafter, a product ion of PA species (m/z 153 in neg-
ative ion mode) (48, 49) or DG species (see Tables S1 and S2)
was reselected at Q3 after fragmentation at Q2 by collision-
induced dissociation.
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Expression and purification of 6�His-tagged human DGK�2
and SMSr

pSF-CMV-NH2-His-EKT3-DGK�2, -SMSr, or -SMSr–
�SAMD were transfected into COS-7 cells by electroporation
using the Gene Pulser XcellTM electroporation system (Bio-
Rad, Tokyo, Japan), as described previously (50). The trans-
fected cells were then allowed to grow for 48 h in Dulbecco’s
modified Eagle’s medium containing 10% FBS.

The cells (10 dishes 150 mm in diameter) were harvested and
lysed by sonication on ice with lysis buffer (50 mM sodium phos-
phate, pH 8.0, 1% Triton X-100, 300 mM NaCl, 10 mM imidaz-
ole, 1 mM PMSF, 20 mg/ml aprotinin, 20 mg/ml leupeptin, 20
mg/ml pepstatin, and 1 mM soybean trypsin inhibitor) followed
by centrifugation at 15,000 � g at 4 °C for 40 min. The lysate was
filtered through a 0.45-�m filter (Millipore). The proteins were
purified by affinity chromatography on a Ni-Sepharose 6 Fast
Flow column (GE Healthcare). The beads were washed once
with lysis buffer, followed by washing with wash buffer (50 mM

sodium phosphate, pH 8.0, 50 mM imidazole, 300 mM NaCl).
6�His-tagged proteins were eluted with elution buffer (50 mM

sodium phosphate, pH 8.0, 300 mM imidazole, 300 mM NaCl).
The purified proteins were used for in vitro DGK assays
described below.

In vitro DGK assay

DGK�2 activity was measured using an octyl-�-D-glucoside–
mixed micellar assay (26), followed by quantitation of PA levels
using LC-MS/MS as described above. In brief, 100 �l of purified
proteins, prepared as described above, were used for the assay.
The enzyme reaction was started by adding 150 �l of reaction
solution containing the final concentration of 50 mM MOPS,
pH 7.4, 20 mM NaF, 10 mM MgCl2, 50 mmol/liter n-octyl-�-D-
glucoside, 1 mM DTT, 1 mM (1.96 mol %) 16:0/18:1-DG (Avanti
Polar Lipids), and 0.2 mM ATP. The solution was incubated at
37 °C for 2 h. After the reaction, lipids were extracted as
described above. The 34:1-PA in the extracted lipids was
detected by LC-MS/MS as described above. The DGK assay was
also performed using the ADP-Glo kinase assay kit as described
previously (26).

Immunoblot analysis

Proteins eluted in an SDS sample buffer were separated by
SDS-PAGE. The separated proteins were transferred to a poly-
vinylidene difluoride membrane (Wako) and blocked with 5%
skim milk in TBS-T (10 mM Tris-HCl, pH 7.4, 150 mM NaCl,
0.05% (v/v) Tween 20) for 1 h at room temperature. After wash-
ing with TBS-T, the membrane was incubated with an antibody
in 5% BSA in TBS-T for 16 h at 4 °C. The immunoreactive bands
were then visualized using a peroxidase-conjugated IgG anti-
body and the enhanced chemiluminescence Western blotting
detection system (GE Healthcare).

Statistical analysis

Data are represented as the means � S.D. and were analyzed
using the Student’s t test for the comparison of two groups or
one-way analysis of variance followed by Tukey’s post hoc test
for multiple comparisons using GraphPad Prism 8 (GraphPad)

to determine any significant differences. p � 0.05 was consid-
ered significant.
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