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The lipid second messenger sphingosine 1-phosphate (S1P) is a critical mediator of cellular proliferation
and survival signals, and is essential for vasculogenesis and neurogenesis. S1P formation is catalysed by
sphingosine kinases 1 and 2 (Sphk1 and Sphk2). We have found that the endogenous glycolipid sulfatide
(3-O-sulfogalactosylceramide) binds to and inhibits the activity of Sphk2 and the closely related ceramide
kinase (Cerk), but not Sphk1. Using sulfatide as a probe, we mapped the lipid binding domain to the N-
terminus of Sphk2 (residues 1–175), a region of sequence that is absent in Sphk1, but aligns with a pleck-
strin homology domain in Cerk. Accordingly, Sphk2 bound to phosphatidylinositol monophosphates but
not to abundant cellular phospholipids. Deleting the N-terminal domain reduced Sphk2 membrane local-
isation in cells. We have therefore identified a lipid binding domain in Sphk2 that is important for the
enzyme’s sub-cellular localisation.

� 2009 Elsevier Inc. All rights reserved.
The sphingolipids are a family of lipids that play important roles
in cell membrane structure and function, and as second messen-
gers in signal transduction processes. The common constituent of
all sphingolipids is the long chain base, which in mammals takes
the form of 18-carbon sphingosine or dihydrosphingosine. Cera-
mides are sphingosine with an N-acyl chain of varying length (usu-
ally 16–24 carbons). Ceramide and sphingosine may be
phosphorylated on their 1-OH, by ceramide kinase (Cerk) and
sphingosine kinases 1 and 2 (Sphk1 and Sphk2), respectively.
Whilst there is now a considerable body of information concerning
the cellular and physiological roles for sphingosine kinases and
their product, sphingosine 1-phosphate (S1P), Cerk and ceramide
1-phosphate (Cer1P) have been the subject of research in recent
years only [1,2].

S1P is important for maturation of the vasculature, control of
vascular tone, lymphocyte entry into the circulation, inflammatory
cell activation, and cellular transformation [2,3]. Mice carrying a
null allele for either Sphk1 or Sphk2 appear to be phenotypically
normal, but knockout of both alleles results in a complete loss of
S1P synthesis, and embryonic lethality due to vascular and neural
defects [4]. At the cellular level, S1P enhances cell survival and pro-
liferation, modulates adhesion molecule expression, and acts as a
chemotactic migration signal. The effects of S1P are mediated pri-
marily through its binding to a family of five G-protein coupled
receptors (GPCRs), termed S1P1–S1P5, although some of the effects
of S1P appear to be mediated through unidentified intracellular
targets [2,3].
ll rights reserved.
Sphk1 is a cytosolic enzyme that is recruited to the plasma
membrane following its phosphorylation in response to growth
stimuli [5]. Sphk1 is activated by multiple stimuli, including
growth factors, PMA, and inflammatory mediators such as TNFa
and IgE [2], and is itself oncogenic [5,6]. Sphk2 localises broadly
throughout the cytosol, intracellular membranes, and the nucleus,
and is anti-proliferative and pro-apoptotic when overexpressed
[7–10]. Forced expression of Sphk1 in the endoplasmic reticulum
or nucleus also inhibits proliferation and promotes apoptosis
[7,10]. Sphk2 is activated in response to EGF [11], stem cell factor,
interleukin-3 and IgE [12], and is required for mast cell activation
and degranulation in response to IgE [13]. Sphk2 has also been
implicated in the induction of p21 in response to chemotherapeu-
tic agents [14]. Phosphorylation of the immunosuppressive pro-
drug FTY720 by Sphk2 is essential for its induction of peripheral
lymphopenia, which is in turn required for successful treatment
of autoimmune diseases and acceptance of transplants [3].

Little is known of the factors governing the sub-cellular locali-
sation of Sphk2 and its constitutive association with intracellular
membranes. In this report we show that the N-terminal domain
of Sphk2 binds to sulfatide and phosphoinositides. This domain ap-
pears to be important for correct sub-cellular localisation and may
exert allosteric control over enzyme activity.

Materials and methods

Materials. Avanti Polar Lipids: brain sulfatide, C6-NBD ceramide,
C18:0 ceramide, phosphatidic acid, phosphatidylinositol-4-phos-
phate, and phosphatidylinositol-4,5-bisphosphate; Matreya LLC:
brain cerebroside, C16 sulfatide, C2 sulfatide; Sigma Aldrich: ATP,
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cholesterol, phosphatidylserine, phosphatidylinositol, and cardio-
lipin; Perkin Elmer: [32P]-ATP, Europium labelled anti-rabbit IgG
and DELFIA reagent; SAFC Biosciences: fatty acid free BSA; Echelon
Biosciences: SphingoStrips and PIP Strips; Cell culture reagents
were purchased from Invitrogen. Other suppliers are indicated in
parentheses below.

Molecular biology and production of recombinant proteins. Clon-
ing of human Sphk1, Sphk2, and Cerk cDNAs have been described
[15,16]. The following primers were used to generate truncations
of Sphk2, in combination with forward or reverse full length Sphk2
primers: D1–77, gaattccggctgcgccccaaacctgaag; D1–99, gaattctgca
ccctgcgaagccgca; D1–172, gaattcacccctgacctgctacctcggc; D240–
654, ggatcctcaatcccactcactcaggctcagc; D176–654, ggatcctcagtcagg
ggtgatctccccatcc; D100–654, ggatcctcagcctgagacctcggccaacgg. PCR
products were ligated into pCR-TOPO 2.1 vector (Invitrogen) and
sequenced, then cloned as EcoRI fragments into pMAL-c2e (NEB)
or pAcGFP-C2 (Clontech). MBP fusion proteins were purified on
amylose resin as described in the product manual for pMAL-c2e.
After purification, proteins were concentrated to 1–2 mg/mL, dia-
lysed into 20 mM Tris/10 mM KCl, pH 7.4, and stored at �20 �C
in 50% (v/v) glycerol. Protein concentration was assayed with
BCA reagent (Pierce).

Lipid overlay blots. SphingoStrips were blocked for 1–2 h with
Tris Buffered Saline/0.05% Tween-20 (TBST), containing 3% (w/
v) fatty acid free BSA. All subsequent incubations and washes
were with TBST/3% BSA. Membranes were incubated overnight
with 2.5 lg/mL test protein, then washed four times over
45 min, and incubated for 2 h with rabbit anti-MBP serum
(NEB) at 1:4000 dilution. Membranes were then washed, incu-
bated with anti-rabbit IgG-HRP at 1:10,000 dilution (BioRad),
and washed again before developing with ECL Plus (Perkin El-
mer). For the PIP Strips, TBS/1% skim milk was used for blocking
and incubation steps.

HEK293 cells were transfected in 6-well plates with 6 lL Fu-
Gene-6 (Roche) and 2 lg plasmid DNA per well, in OptiMem I ser-
um free medium. Medium was replaced with DMEM/10% FBS
growth medium 6 h after transfection. Cells were lysed 24 h after
transfection, in 200 lL 20 mM Hepes, pH 7.4, 150 mM NaCl, 0.1%
TritonX-100, 1 mM EDTA, 1 mM DTT, and Complete Protease Inhib-
itor Cocktail (Roche). Lysates were cleared at 14,000 rpm for
10 min, and diluted 1:100 in TBS/1% skim milk for PIP Strip binding
assay. Rabbit anti-GFP (ABCAM) was used at 1:5000 dilution.

Immobilised sulfatide binding assays. Lipids were pipetted, in
20 lL methanol/well, into a white 96-well plate and dried onto
the wells. The wells were blocked overnight at 4 �C with 200 lL/
well TBST/3% fatty acid free BSA, then emptied and incubated with
recombinant proteins (100 lL/well in TBST/3% BSA) for 90 min at
37 �C. The wells were washed four times with TBST/BSA, incubated
for 90 min at 37 �C with rabbit anti-MBP (1:2000), washed four
times more, incubated for 45 min at room temperature with Euro-
pium labelled anti-rabbit IgG, and again washed four times. Signal
was developed with 100 lL/well DELFIA reagent and read in a fluo-
rescent plate reader.

Immunofluorescence. HeLa cells were transfected as described
for HEK293 cells, and seeded onto glass coverslips 8 h after trans-
fection. At 24 h after transfection, cells were washed twice with
PBS, fixed in PBS containing 4% paraformaldehyde for 10 min,
washed three times with PBS, and mounted in Biomeda mounting
medium. Images were captured with an Olympus FV500 confocal
microscope.

Ceramide kinase assay. C6-NBD ceramide was used to measure
Cerk activity, as described previously [16]. The 100 lL reactions
were started with the addition of 0.5 lg MBP-Cerk or 1 lg
HEK293 cell lysate overexpressing Cerk, and incubated at 35 �C
for 20 min in the dark. Sulfatides were delivered in 2 lL methanol
per reaction.
For the mixed micelle assay [17], micelles containing 1.25 mM
(0.125%) TritonX-100, 0.2 mM cardiolipin, and 50 lM C18:0 cera-
mide (solubilised in ethanol) were prepared by sonicating in reac-
tion buffer (20 mM Hepes pH 7.4, 10 mM KCl, 15 mM MgCl2, 1 mM
DTT). The micelles were diluted 5-fold with reaction buffer, and
1 mM ATP was added, together with 5 lCi per reaction of [32P]-
ATP. The 100 lL reactions were started with the addition of 1 lg
MBP-Cerk, and run for 20 min at 35 �C. Reactions were stopped
with addition of 400 lL chloroform/methanol (1:1), then extracted
four times with 180 lL 1 M KCl/20 mM Hepes pH 7.4, discarding
the upper aqueous phase each time. Silica Gel 60 TLC plates (Fish-
er) were spotted with 2 lL of the final organic phase, and resolved
in butanol/acetic acid/water (3:1:1). Radioactivity was detected
with a Typhoon scanner (GE Healthcare).

Sphingosine kinase assay. MBP-Sphk1 (0.5 lg/reaction) or MBP-
Sphk2 (1 lg/reaction) was pre-incubated for 5 min with test lipid
in reaction buffer (50 mM Hepes, pH 7.4, 10 mM KCl, 15 mM
MgCl2, 10% glycerol), and reactions were started with the addition
of 1 mM ATP and 10 lM NBD-sphingosine. Reactions (50 lL) were
run for 20 min at 35 �C, in the dark, and product was detected as
described previously [15].

Results and discussion

Sulfatide binds the N-terminus of Sphk2 and Cerk

Using Sphingostrip membranes, we identified a specific inter-
action between 3-O-galactosylceramide (sulfatide) and recombi-
nant Sphk2, purified as a C-terminal fusion to maltose binding
protein (MBP). This interaction was also seen with MBP-Cerk,
but not with MBP-Sphk1 (Fig. 1A). To further explore this inter-
action, we developed a 96-well plate assay for binding of recom-
binant proteins to immobilised sulfatide. MBP-Sphk2 bound
efficiently to immobilised sulfatide, but not to galactosylcera-
mide (cerebroside) (Fig. 1Bi). MBP-Sphk1 (Fig. 1Bii) and MBP
alone (data not shown) did not bind either sulfatide or
cerebroside.

To define the sulfatide binding region of Sphk2, we prepared a
series of truncations from both the N- and C-termini of Sphk2.
Deleting the first 99 residues eliminated binding to sulfatide
(Fig. 1C). The first 175 residues of Sphk2 [MBP-Sphk2(1–175)]
bound strongly to sulfatide, but displayed non-specific binding to
BSA-coated wells. Increasing the Sphk2 fragment to the first 239
residues restored specificity for sulfatide, indicating that the sulfa-
tide binding domain localises to the N-terminus of Sphk2, up-
stream of the conserved diacylglycerol kinase active site (Fig. 1C
and D).

Sphk2 N-terminus binds phosphatidylinositol phosphates

The N-terminal region of Cerk has been identified as a pleckstrin
homology (PH) domain [18,19] (Fig. 1D). The PH domain is essen-
tial for Cerk activity, binding to phosphatidylinositol phosphates
in vitro, and localisation to the golgi and plasma membranes. To
determine whether the sulfatide binding region of Cerk and Sphk2
overlaps with a phosphatidylinositol phosphate binding site, we
tested the capacity for soluble lipids to compete with immobilised
sulfatide for binding to recombinant Sphk2 and Cerk. Soluble phos-
phatidylinositol 4,5-bisphosphate, phosphatidylinositol 4-phos-
phate, and phosphatidic acid were able to compete with sulfatide
for binding to MBP-Sphk2 (Fig. 2A) and MBP-Cerk (Fig. 2B), as well
as MBP-Sphk2(1–175) (Fig. 2C), indicating that these lipids are
competing for a common binding site within Cerk and the Sphk2
N-terminus. Abundant anionic cellular phospholipids – phosphati-
dylinositol, phosphatidylserine, and phosphatidylethanolamine –
did not compete effectively with sulfatide for binding to Sphk2



Fig. 1. Sphk2 and Cerk bind sulfatide. (A) Interaction of MBP-Cerk, MBP-Sphk1, and MBP-Sphk2 with lipids immobilised on Sphingostrip membranes. Identity of the lipid in
each 100 nmol spot is indicated alongside the blots: S1P, sphingosine 1-phosphate; SPC, sphingosylphosphorylcholine; LPA, lysophosphatidic acid; GM1, monosialogan-
glioside type GM1; GD3, disialoganglioside type GD3; PC, phosphatidylcholine. No signal was observed with MBP control protein. (B) Binding of MBP-Sphk2 (i) or MBP-Sphk1
(ii), at 0.25 (s and .) or 1 mg/mL (X and j), to immobilised sulfatide (s and X) or cerebroside (. and j). (C) Binding of MBP fusion proteins (0.5 lg/mL) to wells coated with
BSA only (open bars), 2 nmol sulfatide (closed bars), or 2 nmol cerebroside (hatched bars). Sphk2(1–99), Sphk2(1–175), and Sphk2(1–239) refer to the first 99, 175, and 239
residues of Sphk2, respectively, whilst D1–77, D1–99, and D1–172 indicate deletion of those residues. Results shown are mean and standard error of triplicate wells. (D)
Domain structures of human Sphk1, Sphk2 and Cerk; numbers indicate primary amino acid sequence. C1–C5: sphingolipid kinase conserved domains; DAGK: diacylglycerol
kinase active site.
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(Fig. 2D), nor did the anionic lipids cholesterol sulfate and gangli-
oside GM3 (Fig. 2E).

The specificity of the Sphk2 binding interaction with phosphat-
idylinositols was further investigated using PIP Strip membranes
(Fig. 3A). Cerk has been shown to bind multiple different phosphat-
idylinositols on PIP Strips [18,19]. As MBP bound to several lipids
on these membranes, we used lysates of HEK293 cells expressing
GFP-tagged Sphk2. GFP alone did not bind to any lipids on the
membrane, whilst GFP-Sphk2 bound specifically to the three phos-
phatidylinositol monophosphates. In agreement with our immobi-
lised sulfatide binding assay, deleting the first 99 residues of Sphk2
greatly reduced binding to phosphatidylinositol phosphates. GFP-
Sphk2(D1–172) was poorly expressed in HEK293 cells, and there-
fore unsuitable for this assay.

Sphk2 N-terminus is required for membrane localisation

The lipid binding properties of the Sphk2 N-terminus suggest
that this region may be important for the enzyme’s constitutive
membrane localisation. In HeLa cells, GFP-Sphk2 was expressed
in a punctate, reticular pattern, primarily on intracellular mem-
branes, but also present in the nucleus (Fig. 3B). Untagged Sphk2,
detected with a polyclonal antibody to Sphk2, showed an identical
localisation (not shown). GFP-Sphk2(D1–172) was distributed
throughout the cytosol, with a much less punctate and less reticu-
lar pattern (Fig. 3C), indicating that deletion of the N-terminal lipid
binding domain adversely affects the association of Sphk2 with
intracellular membranes.

Sulfatide inhibits Sphk2 and Cerk

The strong interaction between sulfatide and Sphk2/Cerk sug-
gested that sulfatide might inhibit these enzymes. Sulfatide inhib-
ited Sphk2 with an IC50 of 10–13 lM (Fig. 4A) and Cerk with an IC50
of 2.5–3.5 lM (based on 2 independent titrations for each enzyme;
graph not shown for Cerk). Sulfatide did not inhibit Sphk1 at con-
centrations up to and including 100 lM. The MBP group on the re-
combinant proteins did not influence the interaction, since
untagged Cerk and Sphk2 expressed in HEK293 cells were both
inhibited by sulfatide. The sulfate group and long N-acyl chain of
sulfatide were both required for inhibition, as galactosylceramide
and C2-sulfatide did not inhibit either enzyme (Table 1). The inhi-
bition was non-competitive with substrate (Fig. 4B; data not
shown for Cerk), providing further evidence that sulfatide binds
these enzymes at a site that is remote from the active site. For
these experiments Cerk activity was measured using the substrate
C6-NBD ceramide [16]. We also tested for inhibition of Cerk using
the natural substrate C18:0 ceramide, in a mixed micelle assay
(Fig. 4C). Phosphorylation of C18:0 ceramide was inhibited by sul-
fatide with an IC50 of approximately 5 lM (1.6% molar fraction of
the micelles).

Given their distribution throughout intracellular membranes,
phosphoinositides are likely to be physiologically relevant binding
partners for Sphk2. Accordingly, they did not inhibit Sphk2 or Cerk
(Table 1). Nor were Sphk2 and Cerk inhibited by the common cel-
lular phospholipids phosphatidylserine, phosphatidylinositol, cho-
lesterol and phosphatidic acid. The inhibitory nature of sulfatide
probably results from the greater electronegativity of the sulfate
group, compared to the phosphate group of phosphatidylinositol
phosphates. Binding of sulfatide to the N-terminus of Sphk2 or
Cerk presumably locks these enzymes into a conformation that
does not permit catalysis.

The inhibitory binding interaction between sulfatide and Sphk2
served as a useful tool for defining a lipid binding domain. At this
stage we can not assign any physiological significance to the inter-
action between Sphk2 or Cerk and sulfatide. Sulfatide is formed by
sulfation of galactosylceramide in the lumen of the golgi, then ex-
ported to the outer leaflet of the plasma membrane, where it plays



Fig. 2. Phosphoinositides and sulfatide compete for a common binding site in Sphk2 and Cerk. Binding of (A) MBP-Sphk2, (B) MBP-Cerk, and (C) MBP-Sphk2(1–175), to
immobilised sulfatide (1 nmol/well), with sulfatide (j), cerebroside (N), phosphatidylinositol 4,5-bisphosphate (s), phosphatidylinositol 4-phosphate (.), or phosphatidic
acid (X) present during the enzyme binding step. Recombinant proteins were at 0.5 lg/mL. (D) Binding of MBP-Sphk2 to immobilised sulfatide, with competing sulfatide (j),
phosphatidylserine (s), phosphatidylethanolamine (N), or phosphatidylinositol (X) present during the enzyme binding step. (E) Binding of MBP-Sphk2 to immobilised
sulfatide, with competing sulfatide (j), cholesterol sulphate (s), cholesterol (N), or ganglioside GM3 (X) present during the enzyme binding step. Results are mean and error
of triplicate assays, and represent two independent experiments.

Fig. 3. Sphk2 N-terminus binds to phosphoinositides. (A) PIP Strip membranes were incubated overnight with lysates of HEK293 cells expressing GFP alone, GFP-Sphk2(WT),
or GFP-Sphk2(D1–99), then blotted with rabbit anti-GFP. Lipid abbreviations not defined under Fig. 1 are as follows: LPC, lysophosphatidylcholine; PI, phosphatidylinositol;
PI(3)P, phosphatidylinositol 3-phosphate; PI(3,4)P, phosphatidylinositol 3,4-bisphosphate; PE, phosphatidylethanolamine; PA, phosphatidic acid; PS, phosphatidylserine. (B
and C) Fluorescent confocal images, at 600X magnification, of HeLa cells transfected with (B) GFP-Sphk2(WT) or (C) GFP-Sphk2(D1–172).
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an important role in cell adhesion and migration [20,21]. It may
also be secreted, and is a major lipid component of myelin [22].
The spatial separation of sulfatides from Cerk and Sphk2 would
probably limit any inhibitory effects under normal circumstances.
It would, however, be of great interest to the cell biology commu-
nity to determine whether sulfatide also binds the PH domain of
other enzymes, and whether this interaction disrupts enzyme
activity, as sulfatide is found in the golgi and plasma membrane
of many cell types. Defective lysosomal catabolism of sulfatide,
resulting from a deficiency in arylsulfatase A, gives rise to the lyso-
somal storage disease, Metachromatic Leukodystrophy [23]. In this
and other situations involving the excessive accumulation of sulfa-
tide, there may be inhibition and altered sub-cellular localisation
of Sphk2, Cerk, and related enzymes.

In summary, this is the first study to identify a lipid binding do-
main in Sphk2 (independent of the active site), and to describe the
lipid binding properties of this enzyme that influence its mem-
brane association in cells. Specific interactions with membrane lip-
ids are likely to be critical for Sphk2 localisation, as the enzyme is
not thought to contain any transmembrane helices, and localises to



Fig. 4. Sulfatide inhibits Sphk2 and Cerk. (A) Recombinant Sphk2 activity as a function of brain sulfatide concentration. Activity was measured as described in experimental
procedures. (B) Reaction rate as a function of substrate concentration for MBP-Sphk2, in the presence of 0 (j), 4 (s), 10 (X), or 25 (.) lM sulfatide. Data points are the mean
of two assays. Accompanying table shows Km and Vmax values calculated from the curves, using GraphPad PRISM software. Sulfatide produced a decrease in the enzyme
turnover rate (Vmax), without a significant increase in substrate affinity (Km), indicative of non-competitive enzyme inhibition. (C) Inhibition of Cerk activity on C18:0
ceramide, by brain sulfatide incorporated into TritonX-100/cardiolipin/ceramide micelles at 5 or 50 lM (1.6% or 14.3% of micelle lipids). Results are the mean of two assays,
and representative of two independent experiments.

Table 1
Activity of sphingosine and ceramide kinases in the presence of lipids. Values are
percentage activity, relative to vehicle control, for sphingosine or ceramide kinases in
the presence of 10 lM test lipid. Vehicle was methanol for all compounds except
cerebroside (DMSO vehicle). ND, not determined. Results are the mean of triplicate
assays.

Lipid Sphk2 Sphk1 Cerk

Galactosylceramide 3-sulphate (sulfatide) 37 156 36
Galactosylceramide (cerebroside) 84 109 101
C16 sulfatide 47 ND 22
C2-sulfatide 160 ND 99
Cholesterol 107 ND 109
Phosphatidylserine 203 ND 65
Phosphatidic acid 102 265 102
Phosphatidylinositol 187 ND 62
Phosphatidylinositol 4-phosphate 89 175 102
Phosphatidylinositol 4,5-bisphosphate 60 99 94
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both membranes and cytosol. Studies are ongoing to define ele-
ments of predicted secondary structure and specific amino acids
that create the N-terminal lipid binding domain in Sphk2, and to
determine the role for this domain in the control of S1P synthesis.
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