The EMBO Journal Vol. 22 No. 20 pp.5491-5500, 2003

Activation of sphingosine kinase 1 by
ERK1/2-mediated phosphorylation

Stuart M.Pitson’?, Paul A.B.Moretti’,
Julia R.Zebol’, Helen E.Lynn’, Pu Xia'?3,
Mathew A.Vadas'?® and

Binks W.Wattenberg'*

"Hanson Institute, Division of Human Immunology, Institute of
Medical and Veterinary Science, Frome Road, Adelaide, SA 5000 and
3Department of Medicine, Adelaide University, Frome Road, Adelaide,
Australia

“Present address: James Graham Brown Cancer Center, Dehlia Baxter
Research Building, 580 S. Preston Avenue, Louisville, KY 40202,
USA

2Corresponding author
e-mail: stuart.pitson@imvs.sa.gov.au

Sphingosine Kkinase 1 is an agonist-activated signalling
enzyme that catalyses the formation of sphingosine
1-phosphate, a lipid second messenger that has been
implicated in a number of agonist-driven cellular
responses, including stimulation of cell proliferation,
inhibition of apoptosis and expression of inflammatory
molecules. Although agonist-induced stimulation of
sphingosine kinase activity is critical in a number of
signalling pathways, nothing has been known of the
molecular mechanism of this activation. Here we show
that this activation results directly from phosphoryl-
ation of sphingosine kinase 1 at Ser225, and present
several lines of evidence to show compellingly that the
activating kinase is ERK1/2 or a close relative.
Furthermore, we show that phosphorylation of sphin-
gosine kinase 1 at Ser225 results not only in an
increase in enzyme activity, but is also necessary for
translocation of the enzyme from the cytosol to the
plasma membrane. Thus, these studies have elucidated
the mechanism of agonist-mediated sphingosine kinase
activation, and represent a key finding in understand-
ing the regulation of sphingosine kinase/sphingosine
1-phosphate-controlled signalling pathways.
Keywords: ERK/phosphorylation/sphingosine kinase/
sphingosine 1-phosphate/translocation

Introduction

Sphingosine kinase has emerged as an important signalling
enzyme through its role in the formation of the bioactive
lipid sphingosine 1-phosphate (S1P). Among the remark-
ably wide spectrum of biological processes regulated by
SIP are calcium mobilization, cell growth, survival,
differentiation, motility and cytoskeletal organization
(Pyne and Pyne, 2000; Spiegel and Milstien, 2002). In
recent years the reasons for these diverse actions of S1P
have begun to be elucidated, with the discovery that this
lipid mediator appears to function as both an intracellular
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second messenger and a ligand for cell-surface receptors
(Hla et al., 2001; Spiegel and Milstien, 2002).

The cellular levels of S1P are controlled by its
formation from sphingosine through the activity of
sphingosine kinase, and by its degradation by S1P lyase
(Van Veldhoven et al., 2000) and SIP phosphatases
(Mandala, 2001). In the basal state, this balance between
S1P generation and degradation results in low cellular
levels of S1P (Pyne and Pyne, 2000). However, when cells
are exposed to specific growth factors and other agonists
like tumour necrosis factor-o. (TNFa) or phorbol esters the
cellular levels of SIP can increase rapidly and transiently
(Pitson et al., 2000b). This results in the triggering of
various signalling pathways through as yet unidentified
intracellular S1P targets, as well as through the engage-
ment of cell surface SIP receptors following its release
from cells (Hobson et al., 2001). This agonist-induced
increase in cellular S1P is a direct consequence of a rapid
increase in sphingosine kinase activity in the cell. Use of a
dominant-negative form of this enzyme, developed in this
laboratory, has demonstrated that this activation of
sphingosine kinase, above a basal catalytic level, is
required for its function in signal transduction cascades
(Pitson et al., 2000b). This places sphingosine kinase, and
in particular its activation, in a central and obligatory role
in controlling many of the observed cellular effects
attributed to S1P.

The activation pathway leading from agonist binding to
sphingosine kinase activation has yet to be elucidated. We
have recently described the essential involvement of
TNFo receptor-associated factor 2 (TRAF2) in TNFo-
induced human sphingosine kinase 1 (hSK1) activation
(Xia et al., 2002), but the details of this involvement
remain unclear. In this study, we reveal that the activation
of sphingosine kinase is directly elicited by its phos-
phorylation, and that this phosphorylation is mediated by a
mitogen-activated serine/threonine protein (MAP) kinase.
Furthermore we find that phosphorylation not only results
in an increase in enzyme activity, but is also necessary for
translocation of the enzyme from the cytosol to the plasma
membrane.

Results

Phosphorylation of hSK1

To elucidate the mechanism of hSK1 activation we
examined the phosphorylation of this enzyme in
HEK?293T cells in response to TNFo or PMA (phorbol
12-myristate 13-acetate), both known activators of hSK1
(Pitson et al., 2000b). Consistent with an earlier study
(Johnson et al., 2002), metabolic labelling with 32P; of
cultured cells overexpressing human sphingosine kinase 1
(hSK1) revealed a low level of phosphorylation of this
protein, even in the absence of stimulatory agonists
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Fig. 1. Agonist-induced phosphorylation of hSKI. Time course of
in vivo hSK1 phosphorylation and activity following TNFa (1 ng/ml)
and PMA (10 ng/ml) stimulation of cells. HEK293T cells over-
expressing hSK1 were metabolically labelled with 32P prior to treat-
ment with TNFo and PMA for the indicated times (min).
Immunoprecipitated hSK1 from these cells was then subjected to
SDS-PAGE and the incorporation of 32P into hSK1 determined.
Loading controls for hSK1 in the immunoprecipitates were visualized
by western blot via their FLAG epitope. Quantitation of 3?P incorpor-
ation into hSKI following 5, 10 and 30 min of TNFo treatments
showed fold increases of 1.7 = 0.3, 2.3 = 0.3 and 3.4 = 0.4, respect-
ively, over that seen in the untreated cell extracts. Similarly, PMA
treatment for 30 min resulted in a 2.9 * 0.3-fold increase in 3?P incorp-
oration into hSK1 compared with the untreated cell extracts.
Sphingosine kinase activities in the extracts were determined prior to
immunoprecipitation. All data are represented as means (£ SD) from
more than three experiments.

(Figure 1). However, the presence of TNFo or PMA
induced marked increases in the phosphorylation of hSK1
that closely paralleled the increases in sphingosine kinase
activity in the cells in response to these agonists (Figure 1).
Thus, we speculated that phosphorylation of hSK1 may
lead to the activation of this enzyme, and consequently
initiated a search for activating phosphorylation sites.

The observations that the protein kinase C (PKC)
activator, PMA, activates hSK1, and that the hSKI1
polypeptide has four putative PKC phosphorylation sites
(Pitson et al., 2000a) has lead to suggestions that PKC may
have a direct role in the phosphorylation of sphingosine
kinase (Hannun et al., 2001; Shu et al., 2002). However, a
direct effect of PKC in activating sphingosine kinase
in vivo is unlikely since we have been unable to show
significant phosphorylation of hSK1 by PKC in vitro (data
not shown). Previous studies have also failed to establish a
substantial direct effect of PKC on sphingosine kinase
activity (Buehrer et al., 1996; Shu et al., 2002).

Analysis of the hSK1 polypeptide sequence using the
NetPhos phosphorylation site prediction algorithm (Blom
et al., 1999) revealed five possible phosphorylation sites in
hSK1 that were conserved in the mouse, rat and macaque
hSK1 homologues. To examine the possible phosphoryl-
ation of hSK1 at these sites, we performed alanine
mutagenesis at each of these residues, followed by
transfection of the mutants into HEK293T cells for
metabolic labelling studies. Four of the mutations had no
effect on hSK1 phosphorylation (Figure 2A). In contrast,
however, the Ser225—Ala mutation completely ablated
both basal and agonist-induced phosphorylation of hSK1
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(Figure 2A). This, combined with the lack of effect on
hSK1 phosphorylation of alanine mutations at serine or
threonine residues close to Ser225 (Ser220 and Thr222;
Figure 2A) indicated that Ser225 was the sole site of hSK1
phosphorylation. Mutation of the analogous residue in
mouse sphingosine kinase 1 (Ser224; Figure 2B) similarly
eliminated basal and PMA-stimulated phosphorylation of
this enzyme (Figure 2C), supporting the notion that this is
a conserved phosphorylation site.

Activation of hSK1 by phosphorylation
To demonstrate that phosphorylation of Ser225 is required
for agonist-dependent activation, we examined the effect
of ablating this phosphorylation on the catalytic activity
and activation of hSK1. Sphingosine kinase activity in
HEK?293T cells expressing hSK152254 (the hSK1 mutant
with the Ser225— Ala mutation) was measured after TNFo
or PMA treatment. Remarkably, this non-phosphorylat-
able hSK1 mutant could not be activated by these agonists
(Figure 2D). In contrast, however, this mutation had only a
minor effect on the basal catalytic activity of the enzyme
when expressed in HEK293T cells (Figure 2D). Similarly,
wild-type hSK1 and hSK15?»4 possessed identical
catalytic activity when expressed as recombinant proteins
in Escherichia coli (69 = 5 U/ng and 73 = 6 U/ng,
respectively). This is consistent with our earlier findings
that hSK1 has considerable intrinsic catalytic activity that
is not dependent on post-translational modifications
(Pitson et al., 2000a), and supports our previous model
that hSK1 has both a basal ‘housekeeping’ function and an
activated signalling function. These data provide compel-
ling evidence that phosphorylation of hSK1 is an obliga-
tory step in the mechanism of activation of this enzyme.
Examination of the amino acid sequence surrounding
Ser225 (SKTPAS?’PVVVQ) suggested that it is a likely
phosphorylation site for proline-directed protein kinases
(e.g. the MAP and cyclin-dependent kinases) considering
the presence of a proline immediately C-terminal to
Ser225 (Lu et al., 2002). In particular, the PASP sequence
of this region is reminiscent of the extracellular signal-
regulated kinase (ERK) 1 and 2 substrate recognition
motif, PXS/TP (where X represents a neutral or basic
amino acid) (Clark-Lewis et al., 1991; Songyang et al.,
1996), suggesting a direct role for ERK1/2 in hSKI
phosphorylation. Furthermore, the hSKI1 amino acid
sequence contains a region (M*RRLLSPMNLLSL!%)
that has similarity to a known ERK1/2 docking site
motif, which has been shown to confer specificity and
efficiency of phosphorylation in other ERK1/2 substrates
(Sharrocks et al., 2000). Therefore, we examined the
ability of ERKI1 and ERK2 to phosphorylate purified
recombinant hSK1 in vitro. Indeed, we found that both
enzymes phosphorylated hSKI1, although surprisingly,
considering the similarity of these two enzymes (Pearson
et al., 2001), ERK2 showed much higher efficiency for this
substrate than ERKI1 (Figure 3A). Cyclin-dependent
kinase 2 (CDK2) was found to phosphorylate hSK1 also,
but with much lower efficiency than either ERK2 or -1
(Figure 3A). Importantly, in vitro phosphorylation of
hSK1 by ERK2 occurred specifically at Ser225 since no
phosphorylation was seen with the recombinant hSK 152254
mutant. This result was mirrored in the equivalent mouse
SKS224A mutant (Figure 3A). Furthermore, alanine muta-
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Fig. 2. Site-directed mutagenesis reveals that hSK1 is phosphorylated Ser225. (A) In vivo phosphorylation of hSK1 mutants, determined by 32P incorp-
oration, prior to and following treatment of transiently transfected HEK293T cells with PMA (10 ng/ml) for 30 min. Loading controls for hSK1 in the
immunoprecipitates were visualized by western blot via their FLAG epitope. (B) Sequence alignment of sphingosine kinases from higher organisms in
the region of Ser225 of hSKI. (C) In vivo phosphorylation of wild-type mouse sphingosine kinase 1 (mSK1) and mSK1522*A determined by 32P
incorporation, prior to and following treatment of transiently transfected HEK293T cells with PMA (10 ng/ml) for 30 min. Loading controls for mSK1
in the immunoprecipitates were visualized by western blot via their FLAG epitope. Quantitation of 32P incorporation into wild-type mSK1 following
PMA treatment showed a 4.7 % 0.6-fold increase compared with that seen in untreated cell extracts. (D) Mutation of Ser225 ablates activation of
hSK1. Sphingosine kinase activities shown are from HEK293T cells transiently transfected with wild-type hSK1 (hSK1%T) and hSK152%54, prior to
and following treatment with TNFo (1 ng/ml) and PMA (10 ng/ml). All data are represented as means (= SD) from more than three experiments.

tions at the two other possible ERK1/2 phosphorylation
sites in hSK1 had no effect on in vitro phosphorylation of
the recombinant hSK1 mutants by ERK2 (Figure 3A). In
contrast, in vitro phosphorylation of hSK1 by ERKI1 or
CDK2 was only partially ablated by the Ser225—Ala
mutation, indicating some phosphorylation by these
enzymes at other sites.

While establishing that phosphorylation of hSK1 at
Ser225 is necessary for activation of this enzyme, the
studies described above in intact cells did not establish
whether phosphorylation activates hSK1 by a direct or an
indirect mechanism. The ability to specifically phosphor-
ylate recombinant hSK1 at Ser225 in vitro with purified
ERK2, however, afforded us the opportunity to examine
the direct effect of this phosphorylation on the catalytic
activity of hSKI1. We found that phosphorylation of
purified hSK1 in vitro with ERK2 resulted in a dramatic
increase in its sphingosine kinase activity. Utilizing the
known specific activity of the [?P]JATP added to this
reaction, and knowing that only a single phosphorylation
site is used, we determined that 42% of the hSK1 protein
became phosphorylated. Given the 5.8-fold increase in
activity in this substoichiometric phosphorylation reac-
tion, we calculated that phosphorylation of hSK1 at Ser225
results in an ~14-fold increase in its catalytic activity
(Figure 3B). Substrate kinetic analysis demonstrated that
the phosphorylation-dependent activation is primarily due
to an increased turnover number of the enzyme, with
phosphorylation raising the k., of hSK1 13.6-fold from 93
s7! to 1265 s7!. In contrast, phosphorylation of hSK1 only
resulted in a slightly lower Ky, value for ATP (56 = 8 uM

compared with 81 = 12 uM for non-phosphorylated
hSKT1), and an unaltered Ky, value for sphingosine (15 * 4
UM and 13 = 3 uM for non-phosphorylated and
phosphorylated hSK1, respectively).

This increase in catalytic activity of in vitro-activated
hSK1 parallels that seen with sphingosine kinase acti-
vation in intact cells, which is also the result of an increase
in Vi,.x, With no change in Ky, for either substrate (Rius
et al., 1997; Xia et al., 1999). Thus, although we have
previously shown that hSKI1 possesses considerable
intrinsic catalytic activity in the absence of post-transla-
tional modifications (Pitson et al., 2000a), phosphorylation
of this enzyme at Ser225 directly results in a marked,
14-fold increase in its catalytic efficiency.

Acidic residues are known to occasionally mimic
phosphorylated amino acids in inducing conformational
changes in protein structure to generate constitutively
activated enzyme mutants. Thus, we attempted to generate
a constitutively activated hSK1 mutant by substitution of
Ser225 in hSK1 with glutamate and aspartate, however
these mutants were without increased activity (data not
shown).

Phospho-hSK1-specific antibodies

To follow phosphorylation of both endogenous and
overexpressed hSK1 in HEK293T cells in a more facile
manner, we generated and verified phospho-hSK1-specific
polyclonal antibodies raised in rabbits against a phospho-
peptide centred around phospho-Ser225 of hSKI1. In cells
overexpressing hSK1 this antibody recognized in vivo
phosphorylated wild-type hSK1, but not the hSK152254
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mutant (Figure 4). Consistent with our metabolic labelling
studies, the phospho-hSK1 antibody showed basal hSK1
phosphorylation that was increased following exposure of
the cells to stimulatory agonists (Figure 4). To confirm that
there was an agonist-stimulated phosphorylation of Ser225
in the endogenous sphingosine kinase we immunopreci-
pitated this enzyme from cell cultures using an anti-hSK1
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Fig. 3. In vitro phosphorylation and activation of hSKI1 by ERK2.
(A) In vitro phosphorylation of recombinant wild-type and mutant
hSK1 and mSKlproteins with ERK2, ERKI and CDK2.
Phosphorylation was measured by 32P incorporation from [y-3?P]ATP,
while protein levels of hSKI1 were determined using Coomassie
Brilliant Blue staining. Quantitation of 32P incorporation, corrected for
hSKI1 protein levels, showed that ERK2 incorporated similar levels of
32P into the hSK15!48A and hSK17222A mutants (94 * 5% and 108 =+
9%, respectively), compared with wild-type hSK1. In contrast, ERK2
was unable to mediate any detectable 32P incorporation into hSK15225A,
but did show a small level of 32P incorporation into the corresponding
mSK15224A mutant (8 * 4% compared with wild-type mSK1). ERK1
incorporated 3P into hSK15225A, hSK15!48A and hSK17T222A, at 26 +
7%, 87 = 11% and 112 *= 15%, respectively, of that seen with wild-
type hSK1. Similarly, CDK2 incorporated 3?P into hSK152254,
hSKI151484 and hSK1T222A at 19 + 6%, 101 * 8% and 120 *= 14%,
respectively, compared with wild-type hSK1. (B) Sphingosine kinase
activity of hSK1 prior to and following in vitro phosphorylation of
hSKI1 at Ser225 by ERK2. Values are corrected for the proportion of
hSK1 phosphorylated in the assay mix. All data are represented as
means (= SD) from three experiments.
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antibody that recognizes the protein regardless of phos-
phorylation status and probed the immunoprecipitates with
the anti-phospho-hSK1 antibody (Figure 4). In these
untransfected cells, basal phosphorylation of the endo-
genous enzyme could not be detected. However, following
treatment with either TNFa. or PMA, strong phosphoryl-
ation of endogenous hSK1 at Ser225 was observed.
Therefore, it is clear that phosphorylation of Ser225 is a
relevant modification in the activation of hSK1 and not an
artefact of overexpression. Notably, basal phosphorylation
of hSK1 in the absence of stimulatory agonists was only
clear in cells overexpressing hSK1. The mechanism of this
low-level activation in unstimulated hSK1-overexpressing
cells is not currently understood. However, it does not
depend on a feed-forward loop of hSKI1 activity in
overexpressing cells since we see a similar basal phos-
phorylation of the catalytically inactive hSK182P form of
the enzyme (Figure 4).

ERK1/2 phosphorylates hSK1 in vivo

Our findings that ERK?2 efficiently phosphorylates hSK1
in vitro, and does so at the correct site, suggested that this
enzyme may be the physiologically relevant protein kinase
that phosphorylates hSK1 in vivo. To test the involvement
of ERK1/2 in intact cells, we examined the effect of the
well characterized ERK1/2 pathway inhibitors, PD98059
and UO0126, on hSKI1 phosphorylation and activation.
These both act specifically on MEK1/2 to block ERK1/2
activation (Davies et al., 2000). Both chemical inhibitors
potently blocked TNFo and PMA-induced increases in
hSK1 phosphorylation and catalytic activity (Figure 5A) in
cells overexpressing hSK1. Consistent with this, the
UO0126 inhibitor also blocked increases in phosphorylation
and catalytic activity of the endogenous enzyme in non-
overexpressing cells (Figure 5B). This is strong evidence
for an in vivo role for ERK1/2 in the activation of hSKI.
To establish that there is a direct interaction between
ERK1/2 and hSK1 in vivo, as suggested by the in vitro
experiments, we examined co-immunoprecipitation of the
two proteins from cell extracts (Figure 5C). We detected
an interaction between hSK1 and ERK1/2 using antibodies
against either component for immunoprecipitation.
Importantly, we could detect an interaction between
endogenous ERK1/2 and endogenous hSKI1, confirming
that this was not an interaction that was forced by
overexpression. If ERK1/2 is the directly activating kinase
for hSK1, the time-course of activation of these kinases
should parallel the phosphorylation status of hSK1 and the
resultant changes in sphingosine kinase activity. We found
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Fig. 4. Phospho-hSK1-specific polyclonal antibodies detect phosphorylation of hSK1. The phospho-hSK1 specific polyclonal antibodies show high
specificity in western blots for the phosphorylated hSK1 in cell extracts, with no reactivity to non-phosphorylated hSK15?25A. The endogenous hSK1
cannot be directly detected in cell lysates with either the anti-phospho-hSK1 or rabbit anti-hSK1 antibodies (left lanes). However, following immuno-
precipitation of cell lysates with a chicken anti-hSK1 antibody, phosphorylation of endogenous hSK1 can be seen following stimulation of cells with
TNFo (1 ng/ml for 10 min) or PMA (10 ng/ml for 30 min).
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this to be the case for both TNFo or PMA activation
(Figure 5D). Notably, compared with empty vector
transfected cells, the phosphorylation and activation of
hSK1 by TNFa is considerably more sustained in cells
overexpressing hSK1. This is only partially explained by
the more sustained activation of ERK1/2 in the cells,
which is consistent with previous studies (Lacana et al.,
2002), and may also indicate that overexpression of hSK1
saturates the hSK1 dephosphorylation mechanism. The
combined results of the in vitro and in vivo experiments
demonstrate activation and association of hSKI1 with
ERK1/2, and are a strong indication that hSK1 is a bona
fide direct effector of ERK1/2.

Interestingly, we have previously established, through
the use of a dominant-negative sphingosine kinase
(hSK1982D) that ERK1/2 activation by TNFa. is dependent
on sphingosine kinase activation (Pitson et al., 2000b).
Similar results have also been reported for vascular
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endothelial growth factor (VEGF)-mediated ERKI1/2
activation (Shu et al., 2002). These studies, combined
with our current work, indicate that sphingosine kinase
resides both upstream and downstream of ERK1/2 in the
signalling pathways leading from TNFo and VEGF
receptor engagement. Consistent with this, we observed
that TNFo, treatment of cells expressing hSK1982P did not
enhance the phosphorylation of this protein as it does with
wild-type hSK1 (Figure 4). In contrast, hSK168D was
phosphorylated in response to cell exposure to PMA
(Figure 4) where ERK1/2 activation occurs in a sphingo-
sine kinase-independent manner (Pitson et al., 2000b).
Interaction of hSK1 with TRAF2 is essential for TNFo-
induced hSK1 activation (Xia et al., 2002). Consistent
with this, we have found that TNFo-induced hSK1
phosphorylation is also dependent on the interaction of
hSK1 with TRAF2 since a previously described hSK1
mutant (hSK1782) deficient in its ability to bind TRAF2
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Fig. 5. ERKI and -2 phosphorylate and activate hSK1 in vivo. (A and B) Agonist-induced phosphorylation and activation of hSK1 in HEK293T cells
is blocked by ERK1/2 pathway inhibitors. Phosphorylation and activation of hSK1 in transiently transfected HEK293T cells (A) was followed by west-
ern blot using the phospho-hSK1 specific polyclonal antibodies (phospho-hSK1) and sphingosine kinase enzyme assays. HEK293T cells overexpres-
sing wild-type hSK1 were treated with TNFa (1 ng/ml) or PMA (10 ng/ml) for 30 min in the presence or absence of the ERK1/2 pathway inhibitors
PD98059 (10 uM) and U0126 (2 pM), added 30 min prior to TNFo. or PMA. Total hSK1 levels were determined via the FLAG epitope, while ERK1/
2 activation was followed by phospho-ERK1/2 and ERK1/2 antibodies. Phosphorylation of endogenous hSK1 in untransfected HEK293T cells showed
similar results following treatment with TNFo (1 ng/ml for 10 min) and PMA (10 ng/ml for 30 min) in the presence or absence of U0126 (B).
(C) Immunoprecipitation of ERK1/2 and hSK1. HEK293T cells overexpressing either wild-type hSK1 or hSK1TB2 were treated with TNFa. or PMA
for 30 min. hSK1 (via the FLAG epitope) or ERK1/2 from clarified cell lysates were immunoprecipitated, subjected to SDS-PAGE, and the protein
complexes probed by western blot for ERK1/2, FLAG or directly for hSK1. (D) The time course of sphingosine kinase and ERK1/2 activation by
TNFa (closed circles) and PMA (open circles) correlate in both empty vector and hSK1-transfected cells.
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Fig. 6. Phosphorylation of hSK1 leads to its translocation to the plasma
membrane. (A) Lysates from HEK293T cells transfected with wild-type
hSK1 or hSK152%54 were fractionated into cytosol to membranes fol-
lowing treatment for 30 min with TNFo (1 ng/ml) and PMA (10 ng/
ml). Cell fractions were then probed via western blot for total hSK1
(with anti-FLAG) and phospho-hSK1 to show phosphorylation-depend-
ent translocation to the membrane fraction. Immunoblots for E-cadher-
in, an integral plasma membrane protein, were used to show equal
membrane loading. Data are representative of three independent experi-
ments. (B) Confocal microscopy of HEK293T cells transfected with
either wild-type hSK1-GFP or hSK1522°A-GFP, with or without PMA
(10 ng/ml), for 30 min showed phosphorylation-dependent translocation
of hSK1 from the cytosol to the plasma membrane. This PMA-induced
translocation of wild-type hSK1 was blocked by 30 min preincubation
of the cells with U0126 (2 uM). Confocal images are representative of
>50% of cells observed in three independent experiments.

(Xia et al., 2002) was not phosphorylated in response to
cell treatment with TNFo (Figure 4). One possibility is
that TRAF2 may mediate the interaction between hSK1
and ERK1/2 to facilitate hSK1 phosphorylation. This
appears unlikely, however, since hSK1T82 also formed a
complex with ERK1/2 (Figure 5C). Instead, our data
indicates TRAF2 interacts with the pre-formed hSKI1-
ERK1/2 complex. This may facilitate the recruitment of
upstream components of the MAP kinase pathway to this
complex following engagement of TNFa, allowing for
localized activation of ERK1/2 and subsequent phos-
phorylation of the associated hSKI1. Indeed, TRAF2 is
known to be involved in the recruitment and subsequent
activation of MEKKI1 at the TNF receptor (see Kyriakis
and Avruch, 2001). Such an adaptor molecule role for
TRAF2 would allow for enhanced hSK1 activation and
explain how TNFaq, a relatively weak ERK1/2 activator,
results in similar hSK1 activation as PMA.
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Translocation of hSK1 to the plasma membrane
depends on hSK1 phosphorylation

Recent reports suggest that activation of hSK1 by PMA,
platelet-derived growth factor (PDGF) or IgE-antigen is
accompanied by translocation of the enzyme from the
cytosol to the plasma membrane (Rosenfeldt et al., 2001;
Johnson et al., 2002; Melendez and Khaw, 2002). To test
whether this translocation depends on agonist-dependent
phosphorylation of hSK1 we measured the levels of both
total and phosphorylated hSK1 in cytosolic and membrane
fractions with and without stimulation by TNFo. or PMA
of HEK293T cells overexpressing either wild-type hSK1
or the phosphorylation-deficient hSK15225A  mutant
(Figure 6A). Stimulation with PMA, as previously
reported (Johnson er al., 2002), or TNFa consistently
induced an increase in membrane-associated wild-type
hSK1. In contrast the Ser225—Ala mutation completely
blocked any increase in membrane-associated hSKI,
confirming that phosphorylation at that site is required
for the translocation event. Further confocal microscopy of
HEK293T cells expressing hSKl-green fluorescent
protein (GFP) fusion proteins also confirmed phosphoryl-
ation-dependent translocation of hSK1 since PMA induced
cytosol to plasma membrane translocation of wild-type
hSK1, but not the phosphorylation-deficient hSK152254A
mutant (Figure 6B). This PMA-induced effect on wild-
type hSK1 was blocked by the U0126 inhibitor, further
demonstrating the requirement of ERK1/2-mediated phos-
phorylation in the translocation of hSK1 to the plasma
membrane. These findings suggest that phosphorylation of
hSK1 at Ser225 not only results in an increase in enzyme
activity, but may also facilitate interaction of hSK1 with
another protein that results in translocation of the enzyme
from the cytosol to the plasma membrane.

Agonist-induced increases in intracellular and
extracellular sphingosine 1-phosphate levels
depend on hSK1 phosphorylation

Phosphorylation is not only required for agonist-stimu-
lated increases in enzyme activity, as demonstrated above,
but is also essential for the activation-dependent elevation
in SIP, the second messenger produced by hSKI
(Figure 7). Overexpression of wild-type hSK1 resulted in
large increases in both intracellular and extracellular S1P
over that of vector-transfected cells, even in the absence of
stimulus. Stimulation of these cells with either TNFao or
PMA, however, resulted in further increases in both
intracellular and extracellular S1P. This mirrored well the
changes in S1P, at lower overall levels, in empty vector-
transfected cells. In contrast, mutation of the Ser??S
phosphorylation site completely eliminated any agonist-
dependent changes in either intracellular or extracellular
S1P. In addition, compared with wild-type hSK1 trans-
fected cells, reduced basal S1P levels were observed in
cells overexpressing the hSK 15224 mutant. This was most
marked for extracellular S1P, and was despite the wild-
type hSK1 and hSK1522%A_gverexpressing cells possessing
similar basal sphingosine kinase activities. Consistent with
ERK1/2 being the activator(s) of endogenous as well as
overexpressed hSK1, inhibition with the ERK1/2 pathway
inhibitor U0126 blocked TNFo- and PMA-induced
increases in intracellular and extracellular SIP in both
vector-transfected and wild-type hSK1-transfected cells.
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Fig. 7. Phosphorylation of hSK1 leads to increased intracellular and
extracellular sphingosine 1-phosphate levels. Intracellular and extracel-
lular S1P levels were determined in HEK293T cells transiently trans-
fected with empty vector, or plasmids encoding for wild-type hSK1 and
hSK152254A following 30 min treatment with TNFo. (1 ng/ml) and PMA
(10 ng/ml), and in the presence or absence of the ERK1/2 pathway
inhibitor U0126 (2 pM, added 30 min prior to TNFa or PMA). Data
are represented as means (* SD) from three independent experiments.

The inability of this inhibitor to reduce S1P levels in wild-
type hSKI-transfected cells to that of the hSK15225A
mutant is explained by an incomplete block of basal
hSK1 phosphorylation (Figure 5A).

Discussion

Here we have shown that activation of sphingosine kinase
by at least two agonists is directly mediated by phos-
phorylation of the enzyme at Ser225 and, furthermore, that
this phosphorylation is required for translocation of hSK1
from the cytosol to the plasma membrane. Thus, remark-
ably, phosphorylation of hSK1 at a single site results in
two distinct effects on the enzyme.

In comparison with other signalling enzymes, it is likely
that phosphorylation of hSKI1 at Ser225 induces a
conformational change in the enzyme to facilitate the
observed increase in its catalytic efficiency. Unfortunately,
sequence analysis has failed to identify in hSKI1 any
recognizable features of many other signalling kinases,
such as an ‘activation loop’ (Adams, 2003), which may be
altered by phosphorylation at Ser225. Thus, in the current
absence of a crystal structure for hSK1, or any related
protein, the details of these phosphorylation-induced
structural changes that lead to increased catalytic activity
are unknown.

Interestingly, the 14-fold increase in catalytic activity
that results from phosphorylation of hSK1 is considerably
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greater than the 2- to 3-fold increase in sphingosine kinase
activity observed in cells following treatment with various
agonists. This indicates only partial phosphorylation of
hSKI1 in cells, even with maximal agonist stimulation.
This may suggest that hSK1 exists in discrete pools in the
cell, differing in the association with specific protein
complexes and/or subcellular location, and that these pools
are differentially activatable. Such a signalling-specific
compartmentalization is consistent with the observations
that strong activators of ERK1/2, such as phorbol esters,
result in similar fold activation of sphingosine kinase in
cells as comparatively weak ERK1/2-activating agonists
like TNFo and PDGF.

In addition to the quantitative change in the catalytic
activity of hSKI1, phosphorylation at Ser225 is also
necessary for its translocation to the plasma membrane.
It is tempting to speculate that this is most likely achieved
via a protein interaction that is dependent on the
phosphorylation status of hSKI1. Although this most
commonly occurs with phosphotyrosine residues, several
protein domains are now known to interact specifically
with phosphoserine and phosphothreonine residues
(Pawson and Scott, 1997; Yaffe and Cantley, 1999;
Sudol and Hunter, 2000). Studies are currently being
undertaken to identify such phosphorylation-dependent
hSK1-interacting proteins. Interestingly, Young et al.
(2003) have recently reported that translocation of hSK1
to the plasma membrane in response to calcium-mobiliz-
ing stimuli occurs in a calmodulin-dependent manner
since it is blocked by the calmodulin inhibitor W-7. Since
hSK1 interacts with calmodulin in vitro (Pitson et al.,
2000a), Young et al. (2003) have suggested a direct role
for calmodulin in hSKI1 translocation to the plasma
membrane. Notably, however, calmodulin predominantly
translocates from the cytosol to the nucleus, rather than the
plasma membrane, upon increases in free calcium (Chin
and Means, 2000). Furthermore, it is also noteworthy that
the hSK1-calmodulin interaction is not phosphorylation
dependent, since the non-phosphorylated recombinant
hSK1 generated in bacteria still binds to calmodulin
in vitro (Pitson et al., 2000a).

Using a combination of approaches, including chemical
inhibitors, co-immunoprecipitation and in vitro phos-
phorylation, we have generated compelling evidence that
ERKI1 and -2 are the relevant kinases responsible for
phosphorylating and activating hSK1. We cannot rule out
the possibility, however, that other closely related
kinase(s) might also play this role in certain cell types,
or in response to some other agonists. Notably, a recent
study has suggested a direct role for PKC in phosphorylat-
ing and activating hSK1 based on a very small increase in
catalytic activity of recombinant murine sphingosine
kinase 1 following its incubation in vitro with PKC and
ATP (Shu et al., 2002). However, in light of our current
findings and other previous work (Buehrer et al., 1996), a
direct role for PKC in hSKI1 activation appears unlikely,
with its reported minor effect on sphingosine kinase
activity in vitro (Shu et al., 2002) probably due to forced,
non-specific phosphorylation at Ser225.

Given the widespread involvement of ERK1/2-medi-
ated pathways in cellular proliferation, it is perhaps not
surprising that sphingosine kinase, which has proliferative
effects (Olivera et al., 1999; Xia et al., 2000), is an ERK1/
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2 effector. Importantly, since many of the agonist-medi-
ated signalling cascades that result in ERK1/2 activation
have been elucidated, this information allows, for the first
time, some clarity to be revealed in the signal transduction
pathways leading from receptor engagement to sphingo-
sine kinase activation. The identification of hSK1 as an
ERK1/2 effector is also interesting since hSK1 activation
is an essential element in ERK1/2 activation by TNFo
(Pitson et al., 2000b) and VEGF (Shu et al., 2002). Clearly
some level of hSKl-independent, agonist-mediated
ERK1/2 activation must be possible in order to initiate
these pathways. Our data indicate that this would lead to
activation of hSKI, resulting in further activation of
ERK1/2, possibly via an autocrine mechanism involving
S1P receptor engagement following S1P release (Hobson
et al., 2001; Pyne and Pyne, 2002). Thus, in such a system
hSK1 would form an important part of a positive feedback
loop for ERK1/2, similar to other such ERK1/2 amplifi-
cation mechanisms (Xu et al., 1999; Ma et al., 2001;
Garcia et al., 2002). Since we (Figure 5) and others
(Lacand et al., 2002) have observed prolonged ERK1/2
activation in the presence of high sphingosine kinase
activity, it is tempting to speculate that such a positive
feedback loop involving hSK1 may modulate the ampli-
tude and duration of ERKI1/2 activation, which now
appears vital in regulating the diverse signalling pathways
ERK1/2 control (Bhalla et al., 2002; Murphy et al., 2002;
Werlen et al., 2003).

Taken together, our findings suggest that phosphoryl-
ation of hSKI1 leads to a quantitative change in the
catalytic activity of the enzyme, but of equal or greater
importance, a translocation of hSK1 to plasma membrane
sites. This translocation may have the dual function of
localizing hSK1 to available pools of substrate and the
generation of localized ‘signalling’ pools of SIP, or its
secretion to engage cell-surface S1P receptors (Rosenfeldt
et al., 2001; Johnson et al., 2002). We found that in the
absence of agonist, the non-phosphorylatable (hSK152234)
mutant produced less S1P in overexpressing cells than the
wild-type enzyme, despite similar overall levels of
sphingosine kinase activity in cell extracts. This is
especially notable in measurements of extracellular S1P.
This indicates that the small amount of wild-type enzyme
that is phosphorylated under basal conditions is dispro-
portionately responsible for the production and secretion
of SIP. This may be explained by a phosphorylation-
dependent targeting mechanism to sites specialized for
substrate utilization and product secretion. Such a mech-
anism would amplify the relatively modest agonist-
stimulated increase in hSKI1 activity. Furthermore, this
compartmentalization would separate the signalling and
‘housekeeping’ functions that have been proposed for
hSK1 in controlling the levels of sphingolipid metabolites
in the cell (Pitson et al., 2000a,b).

Material and methods

Cell culture, transfection and cell fractionation

Human embryonic kidney cells (HEK293T, ATCC CRL-1573) were
cultured, transiently transfected and harvested as described previously
(Pitson et al., 2000b). For cell fractionation, HEK293T cells were scraped
into lysis buffer lacking Triton X-100, sonicated, and centrifuged at 1000
g for 10 min. The supernatants were then centrifuged at 100 000 g for
60 min at 4°C to yield membrane and cytosolic fractions. The membrane
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fraction was then resuspended in lysis buffer containing 0.8% Triton
X-100, sonicated, left on ice for 30 min, and centrifuged at 10 000 g for
10 min at 4°C to remove Triton-insoluble material. Protein concentrations
in cell homogenates were determined with Coomassie Brilliant Blue
(Sigma) reagent using bovine serum albumin (BSA) as standard.
Immunoblots of membrane fractions with anti-E-cadherin monoclonal
antibodies (Transduction Laboratories) were used as a membrane loading
control.

Sphingosine kinase assays

Sphingosine kinase activity was routinely determined using D-erythro-
sphingosine (Biomol) and [y-2P]JATP (Geneworks) as substrates, as
described previously (Pitson et al., 2000a). A unit of sphingosine kinase
activity is defined as the amount of enzyme required to produce 1 pmol
S1P/min. Substrate kinetics were analysed using Michaelis—Menten
kinetics with the non-linear regression program, Hyper 1.1s.

Site-directed mutagenesis

Wild-type hSK1 c¢DNA (DDBJ/EMBL/GenBank accession No.
AF200328) was FLAG epitope tagged at the 3’ end and subcloned into
the pALTER site-directed mutagenesis vector (Promega Corp.), as
described previously (Pitson et al., 2000b). Single-stranded DNA was
prepared and used as template for oligonucleotide-directed mutagenesis,
as detailed in the manufacturer’s protocol. The mutagenic oligonucleo-
tides used to generate the point mutant constructs were as follows: for
hSK151484 5. CGGCTGCTGGCGCCCATGAAC-3’; hSK151814 5°-TG-
TGGACCTCGAGGCTGAGAAGTA-3"; hSK1Y!#4A 5 AGTGAGAA-
GGCTCGGCGCCTGGGGGAG-3"; hSK152%4, 5-AAGACACCTGC-
GGCGCCCGTTGTG-3"; hSK1™0A 5"-TCTCACTGGGCAGTGGT-
GC-3’; hSK15220A, 5"-AAGAGTGGGCGCCAAGACAC-3"; hSK1T2224,
5’-AAGAGTGGGATCCAAGGCGCCTGCCTCC-3’; hSK1522E, 5-AC-
ACCTGCCGAACCGGTTGTGGTC-3"; and hSK18?»P 5-GACACC-
TGCGGATCCCGTTGTG-3". The mutants were sequenced to verify
incorporation of the desired modification and the cDNA subsequently
subcloned into pcDNA3 (Invitrogen) for transient transfection into
HEK293T cells.

In vivo labelling of hSK1

HEK293T cells overexpressing hSK1 were incubated for 4 h in
phosphate-free DMEM, then labelled with fresh phosphate-free DMEM
containing [3?PJorthophosphate (0.2 mCi/ml) and incubated for 4 h at
37°C. The cells were treated with 1 ng/ml TNFo or 100 ng/ml PMA,
harvested into cold PBS and then lysed in 50 mM Tris—HCI buffer (pH
7.4) containing 1% Triton X-100, 1% deoxycholate, 0.1% SDS, 150 mM
NaCl, 10 mM NaF, 10 mM Na3zVO, and protease inhibitors. Immuno-
precipitated hSK1 from the soluble fraction, achieved via its FLAG
epitope with M2 anti-FLAG antibody (Sigma), was then subjected to
SDS-PAGE and the incorporation of 2P into hSK1 in the dried gel
determined by phosphorimager analysis.

In vitro phosphorylation of hSK1

Recombinant hSK1 proteins were generated in either E.coli as glutathione
S-transferase fusion proteins and purified using glutathione—Sepharose as
detailed previously (Pitson et al., 2000a), or insect cells as His-tagged
proteins, purified with Ni-NTA beads as detailed previously (Pitson et al.,
2002). In vitro phosphorylation of 1 pg of these proteins was performed
using 0.1 U of purified recombinant protein kinases (Upstate biotechnol-
ogy) and 2 mM [y-*?P]JATP (0.2 mCi/ml). The activities of the
recombinant protein kinases were quantitated using myelin basic protein
according to the manufacturer’s protocol. Incorporation of 32P into hSK1
was then determined by phosphorimaging following SDS-PAGE.

Generation of phospho-hSK1 antibodies

Phospho-hSK1 specific polyclonal antibodies were raised in rabbits
against a phosphopeptide (CGSKTPApSPVVVQQ) centred around
phospho-Ser225 of hSK1. Prior to injection into rabbits, the phosphopep-
tide was conjugated to maleimide-activated keyhole limpet hemocyanin
(Pierce) via its N-terminal cysteine. Antibodies active against the
corresponding non-phosphorylated peptide were removed from the
antiserum using SulfoLink beads (Pierce) to which the peptide was
conjugated according to the manufacturer’s instructions.

Immunoprecipitations and western blotting

Cell lysates were clarified by centrifugation at 13 000 g for 15 min at 4°C,
equalized for protein concentration, and complexed with M2 anti-FLAG
(Sigma) or anti-ERK1/2 (Promega) antibodies at 4°C for 2 h with constant
agitation. The anti-FLAG and anti-ERK1/2 immune complexes were



precipitated by incubation with protein A/G PLUS-agarose beads (Santa
Cruz) for 1 h at 4°C, and washed three times in lysis buffer. Endogenous
hSK1 was immunoprecipitated with chicken anti-hSK1 antibodies raised
against recombinant hSK1 generated in E. coli (Pitson et al., 2000a), with
the immune complexes collected by incubation with biotinylated sheep
anti-chicken IgG and streptavidin sepharose (Amersham) for 1 h at 4°C,
followed by three washes in lysis buffer. The samples were then subjected
to SDS-PAGE and western blotting. hSK1 expression levels in cell
lysates were quantitated with either the monoclonal M2 anti-FLAG
antibody, or a polyclonal anti-hSK1 antibody raised against recombinant
hSKI1 generated in E.coli (Pitson et al., 2000a). Expression of H-Ras was
determined using anti-H-Ras polyclonal antibodies (Santa Cruz Biotech-
nology). ERK1/2 activation was followed by phospho-ERK1/2 and
ERK1/2 polyclonal antibodies (Promega). The immunocomplexes were
detected with HRP anti-mouse or anti-rabbit IgG (Pierce) using an
enhanced chemiluminescence kit (ECL; Amersham Pharmacia Biotech).

Confocal microscopy

For fluorescence microscopy, wild-type hSK1 and hSK 152254 were tagged
at the N-terminus with GFP. Briefly, EGFP was PCR amplified from
pEGFP-1 (Clontech) with the following primers: 5-TAAAGCTTG-
CCACCATGGTGAGCAAG-3" and 5-ATGGATCCATCTTGTACAG-
CTCGTCCATG-3’, and the resultant product was digested with HindIII
and BamHI and cloned into pcDNA3-hSK1-FLAG (Pitson et al., 2000a)
and pcDNA3-hSK1522A-FLAG. HEK293T cells were transfected with
these plasmids, as described above, cultured for 24 h, and then plated onto
eight-well glass chamber slides at 1 X 10* cells/well. After 24 h, cells
were treated for 30 min with 1 pg/ml PMA or DMSO control, fixed with
4% paraformaldehyde, and viewed using a 60X oil-immersion objective
on an Olympus IX70 inverted microscope linked to a BioRad Radiance
2100 confocal microscope after excitation at 488 nm.

S1P levels

To determine both intracellular and extracellular S1P levels, HEK293T
cells were metabolically labelled with [3?PJorthophosphate as described
above. Cells were then transferred to fresh phosphate-free DMEM and
treated with 1 ng/ml TNFo or 100 ng/ml PMA for 30 min. To determine
extracellular SI1P release following stimulation, the media was then
removed, centrifuged at 1000 g, and 2.5 ml of the supernatant added to 2.5
ml chloroform, 2.5 ml methanol and 20 pl concentrated HCI. The organic
phase was then dried under vacuum, resuspended in chloroform, and S1P
resolved by thin-layer chromatography (TLC) on silica gel 60 with 1-
butanol/ethanol/acetic acid/water (8:2:1:2 v/v). Intracellular S1P levels
were determined by harvesting the cells into 400 pl methanol containing
25 ul concentrated HCI. Lipids were then extracted under alkaline
conditions by the addition of 400 pl chloroform, 400 pl KCI and 40 pl 3
M NaCl. The aqueous phase, containing S1P under these conditions, was
then acidified through the addition of 50 pul concentrated HCI and re-
extracted with 400 pul chloroform. The organic phase was then dried under
vacuum and resuspended in chloroform, and was S1P resolved by TLC as
described above.
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