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ABSTRACT

Sphingosine-1-phosphate (S1P) acts as high affinity agonist at specific G-protein-coupled
receptors, S1P;_s, that play important roles e.g. in the cardiovascular and immune systems. A
S1P receptor modulating drug, FTY720 (fingolimod), has been effective in phase III clinical
trials for multiple sclerosis. FTY720 is a sphingosine analogue and prodrug of FTY720-
phosphate, which activates all S1P receptors except S1P, and disrupts lymphocyte trafficking
by internalizing the S1P; receptor. Cis-4-methylsphingosine (cis-4M-Sph) is another synthetic
sphingosine analogue that is readily taken up by cells and phosphorylated to cis-4-
methylsphingosine-1-phosphate (cis-4M-S1P). Therefore, we analysed whether cis-4M-Sph
interacted with S1P receptors through its metabolite cis-4M-S1P in a manner similar to

FTY720. Indeed, cis-4M-Sph caused an internalization of S1P receptors, but differed from

FTY720 as it acted on S1P, and S1P; and only weakly on S1P;, while FTY720 internalized

S1P; and S1P; but not SI1P,. Consequently, pre-incubation with cis-4M-Sph specifically
desensitized S1P-induced [Ca*"]; increases, which are mediated by S1P, and S1Ps, in a time-
and concentration-dependent manner. This effect was not shared by sphingosine or FTY 720,
indicating that metabolic stability and targeting of S1P, receptors were important. The
desensitization of S1P-induced [Ca®"]; increases was dependent on the expression of SphKs,
predominantly of SphK2, and thus mediated by cis-4M-S1P. In agreement, cis-4M-S1P was
detected in the supernatants of cells exposed to cis-4M-Sph. It is concluded that cis-4M-Sph,
through its metabolite cis-4M-S1P, acts as a SIP receptor modulator and causes S1P receptor
internalization and desensitization. The data furthermore help to define requirements for

sphingosine kinase substrates as S1P receptor modulating prodrugs.

Keywords: Sphingosine-1-phosphate; lysophospholipid receptors; GPCR; sphingosine kinase;

FTY720
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1. Introduction

The sphingosine analogue, FTY720 (fingolimod), has recently caused interest as a
potent and efficient modulator of the immune system [1]. Its efficacy in relapsing-remitting
multiple sclerosis has been demonstrated in phase III clinical trials with more than 1500
treated patients [2,3]. Compared to other immunosuppressive drugs, FTY720 has a unique
mechanism of action as its phosphate interacts with G-protein-coupled sphingosine-1-
phosphate (S1P) receptors [4,5]. S1P is a ubiquitous lipid mediator that on the cellular level
regulates growth and survival, migration, adhesion and Ca®" homeostasis. SIP is generated
from sphingosine by sphingosine kinases (SphKs), of which two isoforms have been
identified (for review, see [6]). Degradation of S1P occurs via dephosphorylation by specific
S1P phosphatases or lipid phosphate phosphatases, or via irreversible cleavage catalysed by
S1P lyase (reviewed in [7,8]). G-protein coupled S1P receptors are nearly ubiquitously
expressed and regulate for example lymphocyte trafficking, vasculogenesis, vascular
contractility and permeability, heart beat, neural tube formation or inner ear function [9,10].
There are five S1P receptor subtypes, S1P,_s, that can have overlapping or opposing functions
[7]. S1P furthermore has intracellular target sites as it directly inhibits histone deacetylases
[11] or mobilizes stored Ca*" independently of G-protein-coupled S1P receptors [12].

FTY720 is used by the S1P signalling toolkit as a surrogate for sphingosine. It is
phosphorylated by SphK2, and FTY720-phosphate acts as an agonist at all S1P receptors
except S1P, [4,5]. The immunosuppressive effect of FTY720 is caused by internalization of
the S1P; receptor, which renders lymphocytes insensitive to the gradient of SIP between
blood and lymphoid tissue and thereby inhibits the emigration of lymphocytes from lymphatic
tissues [13-16]. Side effects of FTY720 such as bradycardia, increase in mean forced
expiratory volume in 1 s and mild increase in blood pressure, are most likely caused by
agonistic activity of FTY720-phosphate at S1P3 receptors. The pharmaceutical development

aims at specific S1P; receptor agonists for mimicking the immunosuppressive activity of
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FTY720 with less side effects caused by interaction with S1P receptors other than SI1P;.
Another approach tries to identify other SphK substrates as S1P receptor prodrugs [17]. Cis-4-
methylsphingosine (cis-4M-Sph) is such a sphingosine analogue that is readily taken up by
cells and phosphorylated to cis-4-methylsphingosine-1-phosphate (cis-4M-S1P) [18,19]. A
systematic analysis of sphingosine analogues revealed that after incubation with cis-4M-Sph,
but not trans-4-methylsphingosine, cis-5-methylsphingosine or trans-5-methylsphingosine, the
phosphate accumulated within mouse cerebellar neurons [18]. Since all of the mentioned
sphingosine analogues were phosphorylated by SphKs, the analogues with “trans”
configuration even better, it was concluded that cis-4M-S1P accumulated because it poorly
qualified as substrate for S1P lyase [18]. Cis-4M-S1P also accumulated in neuroblastoma
cells and Swiss 3T3 fibroblasts treated with cis-4M-Sph, but to a lesser extent [19,20].
Biological activity of cis-4M-Sph was observed in these earlier studies at the relatively high
concentration of 10 uM, at which this compound inhibited serine palmitoyltransferase by
about 50 % in primary cultured neurons [18] but not in other cell types (van Echten-Deckert,
unpublished data). Incubation with 10 uM cis-4M-Sph furthermore induced apoptosis in
neuroblastoma cells and in primary cultured neurons, but mimicked the mitogenic effect of
S1P in Swiss 3T3 fibroblasts [19]. Recently, it was shown that the neurotoxic effect of 10 pM
cis-4M-Sph was dependent on SphK?2 and thus mediated by the accumulating phosphate [21].
Thus, cis-4M-Sph displays some similarities with FTY720 as it is phosphorylated
intracellularly and the phosphate accumulates because it is metabolically stable against S1P
lyase. Therefore, in the present investigation we have analysed whether cis-4M-Sph has an
influence on G-protein-coupled S1P receptors. We show that incubation with cis-4M-Sph <1
uM leads to internalization of G-protein-coupled S1P receptors and desensitization of S1P-
induced [Ca®"]; increases, and that these effects are dependent on expression of SphKs. We
furthermore demonstrate that cis-4M-S1P accumulates in the supernatants of HEK-293 cells

incubated with cis-4M-Sph. A model is proposed in which the expression of transport
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mechanisms and phosphorylation/dephosphorylation equilibria determine the net cellular

response to sphingosine analogues.

2. Materials and methods
2.1. Materials

Lysophosphatidic acid (LPA), carbachol and fatty acid-free bovine serum albumin
(BSA) were purchased from Sigma-Aldrich (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany). Fura-2/AM was from Molecular Probes/Invitrogen (Invitrogen GmbH, Karlsruhe,
Germany). Pertussis toxin (PTX) and ionomycin were from Calbiochem/Merck Biosciences
(Merck Biosciences GmbH, Schwalbach, Germany). SIP and sphingosine were obtained from
Biomol (Biomol GmbH, Hamburg, Germany). FTY720 was a kind gift from Novartis Pharma
AG (Basel, Switzerland), and cis-4M-Sph was synthesised as described before [22]. Cis-4M-
Sph, sphingosine and FTY720 were dissolved at 10 mM in methanol and further diluted in 1
mg/ml fatty acid-free BSA before addition to the cells. The respective solvent was used as

control.

2.2. Plasmids
S1P;-GFP (in pcDNA3.1) was provided by Dr. Timothy Hla (University of
Connecticut Health Center, Farmington, USA). 3xHA-S1P, and 3xHA-S1P; (both in

pcDNA3.1) were obtained from Missouri S&T cDNA Resource Center, Rolla, MO, USA.

2.3. Cell culture and transfection

HEK-293 cells stably expressing the Mj; muscarinic acetylcholine receptor were
cultured in DMEM/F12 containing 10 % fetal calf serum, 100 U/ml penicillin G and 0.1
mg/ml streptomycin in a humidified atmosphere of 5 % CO2 / 95 % air at 37 °C. Stock

cultures of HEK-293 cells were kept in the presence of 0.5 mg/ml G418. Mouse embryonic
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fibroblasts (MEFs) lacking SphK1 were a kind gift from Dr. Timothy Hla (University of
Connecticut Health Center, Farmington, USA). MEFs lacking SphK2 were prepared from
SphK2-deficient mice according to standard procedures [23]. MEFs were cultured in
DMEM/F12 medium with 20 % fetal calf serum, 100 U/ml penicillin G and 0.1 mg/ml
streptomycin. For transfection, cells were grown in 145-mm dishes and transfected using the
Ca”" phosphate precipitation method (50 pg DNA per dish). Transfection efficiency was
analysed by fluorescence microscopy of living or paraformaldehyde-fixed and antibody-

stained cells. Before experiments, the cells were kept for 24 h in serum-free medium.

2.4. [Ca?"]i measurements

Measurements of [Ca’’]; were performed with fura-2 in a Hitachi F2500
spectrofluorometer as described [24]. Briefly, monolayers of HEK-293 cells or trypsinized
MEFs were detached with Hank s balanced salt solution (HBSS; 118 mM NaCl, 5 mM KCI, 1
mM CaCl,, 1 mM MgCl,, 5 mM glucose and 15 mM HEPES, pH 7.4) and loaded with 1 uM
fura-2/AM in HBSS for 1 h at 37 °C. Thereafter, the cells were washed with HBSS,
resuspended at a density of ~1x10° cells/ml, and used for [Ca®’]; measurements at room
temperature within the next hour. For determination of [Ca*'}; in the absence of extracellular
Ca®’, the cells were suspended in Ca**-free HBSS, 50 uM EGTA was added shortly before
stimulation with agonists, and 1 mM CaCl, was re-added before determination of maximum

and minimum fluorescence.

2.5. Immunocytochemistry and fluorescence imaging

HEK-293 cells transfected with HA-tagged S1P, or S1P; receptors were seeded onto
poly-L-lysin-coated glass coverslips, fixed for 1 h with 4 % paraformaldehyde on ice and
permeabilized with ice-cold methanol for 4 min. After treatment with 5 % milk powder for 1

h, the cells were incubated with an anti-HA antibody (clone 12CAS, Roche Applied Science,
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Mannheim, Germany) followed by a goat anti-mouse IgG/Alexa Fluor 488-conjugate
antibody (Invitrogen GmbH, Karlsruhe, Germany) according to the manufacturer’s
recommendations. Images were obtained by confocal laser scanning microscopy using a Zeiss
LSM510 inverted confocal laser scanning microscope and a Plan-Apochromat 63x/1.4 oil
immersion objective (Carl Zeiss Microlmaging GmbH, Géttingen, Germany). GFP and Alexa
Fluor 488 were excited with the 488 nm line of an argon laser, while emission was recorded

with a 505 nm long pass filter.

2.6. Lipid extraction and liquid chromatography-tandem mass spectrometry (LC-MS/MS)
HEK-293 cells seeded onto 35-mm dishes were grown to near confluence and treated
with cis-4M-Sph, FTY720 or vehicle in serum-free medium for 16 h before lipid extraction.
Supernatants were collected, centrifuged to remove cellular debris and transferred to glass
tubes. 1 ml methanol supplemented with internal standard lipids (D-erythro-C17-ceramide, D-
erythro-C17-sphingosine, D-erythro-C17-S1P; Avanti Polar Lipids Inc., Alabaster, AL,
USA), 140 ul 1 N HCI and 400 pl salt solution (7.4 % KCI, 0. 4 % CaCl,, 0. 34 % MgCl,)
were added. Lipids were extracted three times with chloroform. The combined chloroform
phases were dried on speed-vacuum. Cell pellets were incubated with 1 ml methanol
including the internal standards and 35 pl 1 N HCI for one hour on ice. Thereafter, the pellets
were scraped off the cell culture dishes and transferred to glass tubes. After washing the
dishes once with 1.2 ml methanol, 1.6 ml salt solution (0.74 % KCI, 0.04 % CacCl,, 0.034 %
MgCl,) was added to the combined methanol phases, and lipids were extracted three times
with chloroform. The combined chloroform phases were dried on speed-vacuum. All dried
samples were dissolved in DMSO with 2 % HCI and analysed by LC-MS/MS essentially as
described before [25]. A hybrid triple quadrupole/linear ion trap mass spectrometer 4000 Q
TRAP equipped with a Turbo V ion spray source (Applied Biosystems, Darmstadt, Germany)

operating in positive electrospray ionisation mode was used for detection. Chromatographic
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separations were performed by HPLC with a Luna C18(2) reversed phase column (150x2
mm, 5 pm particle size and 100 A pore size) (Phenomenex, Aschaffenburg, Germany). 10 pl
of the extracted samples were injected. The mobile phase consisted of eluent A (0.1 % formic
acid) and eluent B (0.1 % formic acid in acetonitrile/tetrahydrofuran 50/50). At a flow rate of
0.3 ml/min, A:B was kept at 57.5:42.5 for 0.6 min, then increased linearly to 0:100 within 4.4
min, after 5 min decreased linearly back to 57.5:42.5 within 0.5 min, and kept constant until
end of runtime after 14 min. Sphingosine, SIP, cis-4M-Sph and cis-4M-S1P eluted after
6.33+£0.03 min (n=29), 6.91£0.02 min (n=29), 6.38+0.05 min (n=12) and 6.92+0.02 min
(n=9), respectively (means+SD). Precursor-to-product ion transitions of m/z 380.1—264.2 for
S1P (collision energy 27 V), m/z 300.3—252.3 for sphingosine (26 V), m/z 314.4—296.2 for
cis-4M-Sph (17 V), m/z 394.5—278.3 for cis-4M-S1P (30 V), m/z 366.2—250.1 for C17-S1P
(23 V) and m/z 286.2—238.1 for C17-SPH (26 V) were used (see Fig. 4). Quantification was
performed with Analyst 1.5 (Applied Biosystems, Darmstadt, Germany). Analyte peak area
counts were divided by peak area counts of internal standards to calculate area ratios.
Sphingosine and cis-4M-Sph were normalized to C17-sphingosine, and SI1P as well as cis-

4M-S1P were normalized to C17-S1P.

2.7. Data presentation and analysis
Fluorescence images are representative for at least three similar experiments. The
images were edited using the program LSM Image Browser (www.zeiss.com/micro). S1P

receptor internalization was quantified from the images of the GFP-tagged S1P; receptor and

the HA-tagged and immunostained S1P, receptor by calculating the ratio of the cytosolic and

the plasma membrane fluorescence. Data analyses, statistical tests, non-linear regression

analysis of concentration-response curves and diagram presentations were performed with the

Prism program (GraphPad Software, San Diego, California, USA). Averaged data are
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expressed as meanstSEM from the indicated number (n) of experiments or means+SD from a

representative experiment with the indicated number (n) of replicates.

3. Results

To test our hypothesis that phosphorylated cis-4M-Sph might be able to interact with
G-protein-coupled S1P receptors, we first analysed whether cis-4M-Sph was able to
internalize S1P receptors in a manner similar to SIP or FTY720. As shown in Fig. 1, S1P,
S1P, and S1P; receptors expressed in HEK-293 cells were localized at the plasma membrane

and internalized by treatment with 1 uM S1P for 16 h. Stimulation with 1 uM cis-4M-Sph

caused a strong internalization of S1P, and S1P; while S1P; was considerably less affected. A

quantitative analysis comparing the internalization of S1P; and S1P, revealed that under the

applied conditions the effect of cis-4M-Sph on the S1P; receptor was not significant while

S1P, was strongly internalized by the compound (Fig. 1). In comparison, FTY720 induced a

strong internalization of the S1P; receptor, followed by S1P;, while it had no influence on the
plasma membrane localisation of S1P, (Fig. 1). This is in agreement with the fact that
FTY720-phosphate can activate all S1P receptors except S1P; [4,5].

Since cis-4M-Sph internalized S1P, and S1Ps, i.e., the receptors that mediate S1P-
induced [Ca®]; increases in HEK-293 cells [26], we analysed whether cis-4M-Sph was able to
desensitize Ca’" signalling by S1P. Indeed, treatment of the cells with 10 uM cis-4M-Sph for
2 h fully prevented [Ca®]; increases by subsequent addition of 100 nM SIP (Fig. 2A).
Sphingosine, which is similarly taken up and phosphorylated, did not desensitize S1P-induced
[Ca®"]; increases. Cis-4M-Sph did not inhibit [Ca®]; increases by other agonists. 10 pM cis-
4M-Sph only slightly reduced [Ca®']; increases by LPA, an effect that was also observed with
sphingosine (Fig. 2A). The inhibition of S1P-induced [Ca’']; increases by cis-4M-Sph was
time- and concentration-dependent (Fig. 2B). When the cells were pre-treated for 5 min, 10

uM cis-4M-Sph reduced S1P-induced [Ca*']; increases by ~68 %, and 2.5 pM cis-4M-Sph by
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~39 %, while 0.63 uM was inactive. In comparison, after incubation for 16 h, 1 pM cis-4M-
Sph reduced S1P-induced [Ca®']; increases by ~68 % (Fig. 2B). The concentration-response
curve was shifted to the left by longer incubation periods. This effect argues against a
competitive inhibition of SIP receptors by cis-4M-Sph. Since cis-4M-Sph is readily
phosphorylated inside cells, we furthermore addressed the question whether cis-4M-Sph or
cis-4M-S1P mediated the desensitization of S1P receptors. As shown in Fig. 2C, cis-4M-Sph
reduced S1P-induced [Ca®]; increases in mouse embryonic fibroblasts deficient in either
SphK1 or SphK2. However, the effect of cis-4M-Sph was significantly less pronounced in
SphK1-deficient cells (49 % inhibition) and SphK2-deficient cells (17 % inhibition) than in
wild type cells (67 % inhibition). It is concluded that desensitization of SI1P receptor-induced
[Ca®"]; increases is mediated by cis-4M-S1P, which is generated predominantly by SphK2
with a minor contribution of SphK1. FTY720, which does not affect the S1P, receptor, did
not desensitize S1P-induced [Ca’']; increases and in general had no influence on [Ca’'];
increases induced by various agonists in HEK-293 cells (Fig. 2D).

It has been published before that addition of 10 pM cis-4M-Sph induces [Ca®'];
increases in Swiss 3T3 fibroblasts [19]. Therefore, we addressed the question whether cis-
4M-Sph itself induced [Ca®']; increases before desensitizing [Ca®']; increases by S1P. Indeed,
as shown in Fig. 3A, 10 uM cis-4M-Sph induced [Ca®']; increases in HEK-293 cells that
developed more slowly than those induced by a maximally active concentration of S1P, but
significantly faster than those by 10 uM sphingosine. [Ca*']; increases by cis-4M-Sph were
nearly fully due to mobilization of Ca’" from intracellular stores (Fig. 3B). 10 uM of cis-4M-
Sph were required for significant increases in [Ca®'];; 3 puM caused only small [Ca®'];
increases (Fig. 3C) whereas concentrations below 1 puM were inactive. Thus, at a
concentration that was able to largely prevent [Ca’']; increases by SI1P, cis-4M-Sph itself did
not increase [Ca®']; to a significant extent, suggesting that the desensitization process occurred

in a slow progressing manner. Again we analysed whether cis-4M-Sph or eventually cis-4M-
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S1P induced the [Ca*"]; increases. As shown in Fig. 3D and E, [Ca®']; increases by 10 pM cis-
4M-Sph were small and developed very slowly in SphK1-deficient MEFs, while they were
apparently not affected by deletion of SphK2. It is concluded that acute increases in [Ca*'};
induced by cis-4M-Sph are mediated by cis-4M-S1P that is generated predominantly by
SphK1. Thus, the two effects of cis-4M-Sph, i.e., induction of acute [Ca*']; increases on one
hand and desensitization of S1P-induced [Ca*']; increases on the other hand, are mediated by
different pools of cis-4M-S1P, one generated largely by SphK1 and the other generated
predominantly by SphK2. Finally we wondered whether acute [Ca®']; increases by cis-4M-
Sph were due to activation of G-protein-coupled S1P receptors. Although it is well known
that S1P-induced [Ca®]; increases in HEK-293 cells are fully blocked by PTX and thus
mediated by Gi-coupled receptors [12], [Ca®']; increases by cis-4M-Sph were not at all
affected by PTX (Fig. 3E) and thus not mediated by G-protein-coupled S1P receptors in these
cells.

The above described internalization and desensitization of S1P receptors requires the
extracellular occurrence of cis-4M-S1P, which has not been described so far. Therefore, we
analysed cis-4M-Sph and cis-4M-S1P in pellets and supernatants of HEK-293 cells that had
been incubated for ~16 h with 1 uM or 10 uM of cis-4M-Sph. As shown in Fig. 4A, cis-4M-
Sph and cis-4M-S1P were detected by LC-MS/MS with precursor-to-product ion transitions
of m/z 314.4—-296.2 for cis-4M-Sph and m/z 394.5—5278.3 for cis-4M-S1P. The
measurements were performed in the presence of 1 mM sodium orthovanadate to prevent
dephosphorylation of cis-4M-S1P by ectophosphatases. In the presence of orthovanadate,
cellular levels of sphingosine and S1P amounted to 7.3+0.5 ng/mg and 3.5+0.6 ng/mg protein,
respectively (means+SD of tripletts), whereas 9.6+1.9 ng/mg and 0.50+0.05 ng/mg protein of
sphingosine and SIP, respectively, were measured in untreated cells (means+SEM, n=3
experiments). Thus, cellular S1P levels in particular were elevated by the treatment. Since cis-

4M-S1P for generation of a standard curve was not available, all measurements of cis-4M-
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Sph and cis-4M-S1P were evaluated by comparing peak area counts of these lipids, after
normalization to internal standards, with sphingosine and S1P. After 16 h of incubation with 1
uM cis-4M-Sph, cellular levels of cis-4M-Sph were ~50-fold higher than those of sphingosine
and levels of cis-4M-S1P amounted to ~62 % of sphingosine, respectively (Fig. 4B). After
incubation with 10 pM cis-4M-Sph, cellular levels of cis-4M-Sph and cis-4M-S1P were
~270-fold and ~15-fold higher than those of sphingosine (Fig. 4B). Thus, both lipids
accumulated inside the cells. Although neither sphingosine nor SI1P were consistently
measurable in supernatants of HEK-293 cells, cis-4M-Sph and cis-4M-S1P were both
detected in the supernatants of treated cells. As shown in Fig. 4C, 2.4 % of cellular cis-4M-
Sph and 7.1 % of cis-4M-S1P was detected in the media of cells treated with 1 uM cis-4M-
Sph. After treatment with 10 uM of cis-4M-Sph, 8.4 % and 31.0 % of cellular cis-4M-Sph
and cis-4M-S1P were detected in the supernatants. Thus, particularly cis-4M-S1P
accumulated in the media. Similar experiments with FTY720, however in the absence of
orthovanadate, resulted in 27.0£5.4 ng/mg and 2.18+0.39 ng/mg protein of FTY720 and
FTY720-phosphate in HEK-293 cell pellets, corresponding to ~280 % and ~23 % of
sphingosine, respectively. 5.7£0.2 % of FTY720 and 4.5£2.5 % of FTY720-phosphate
appeared in the media, respectively, after 16 h of incubation with 1 uM FTY720
(means=SEM, n=3 experiments). These results show that the concentrations of cis-4M-S1P in
the supernatants were at least of the same magnitude as those of FTY720-phosphate,
suggesting that there was enough cis-4M-SIP in the media for inducing the observed

internalization of G-protein-coupled S1P receptors.

4. Discussion
The sphingosine derivative, cis-4M-Sph, has been described as a compound that is
readily taken up by cells and phosphorylated to cis-4M-S1P which accumulates intracellularly

and, at a concentration of 10 pM, exerts opposing effects on neuronal cells (i.e., apoptosis,
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[18]) and fibroblasts (i.e., promotion of cell growth, [19]). Here, for the first time a possible
interaction of cis-4M-Sph with G-protein-coupled S1P receptors has been considered and

effects of cis-4M-Sph have been observed at concentrations below 10 uM. We observed that

cis-4M-Sph caused an internalization of S1P receptors and a desensitization of S1P-induced

[Ca®']; increases in a time- and concentration-dependent manner. It is highly likely that the

internalization and desensitization is a consequence of an agonistic activity of cis-4M-S1P at
S1P receptors for the following reasons: 1. There was specificity so that [Ca®"]; increases by
agonists other than S1P were not affected to a similar degree, which would be the case if cis-
4M-Sph acted for example as an activator of protein kinases C that can lead to receptor
desensitization and shutdown of Ca®" signalling. 2. The expression of SphKs was required for
this effect, indicating that it was mediated by cis-4M-S1P. 3. Cis-4M-S1P indeed could be
detected in the supernatants of HEK-293 cells incubated with cis-4M-Sph, which indicates a
transport of cis-4M-S1P across the plasma membrane since SphKs are located intracellularly.
In agreement with a previous report with Swiss 3T3 fibroblasts, cis-4M-Sph at 10 uM
induced [Ca*']; increases in HEK-293 cells. This effect was due to mobilization of stored Ca**
and not observed at lower concentrations of the compound. We think that this activity of cis-
4M-Sph is not related to internalization and desensitization of G-protein-coupled S1P
receptors since it was independent of Gj proteins, which otherwise mediate S1P-induced
[Ca®"); increases in these cells [12], and caused by a distinct pool of cis-4M-S1P. The data
show that S1P receptor desensitization was strongly dependent on expression of SphK2, while
Ca®" mobilization rather required SphK1. Although SIP receptor desensitization by cis-4M-
Sph was small in MEFs lacking SphK2, it was nevertheless significant, indicating that a
minor fraction of cis-4M-S1P produced by SphK1 was exported and able to interact with the
plasma membrane receptors. Herein it might be important that SphK1 was upregulated in
SphK2-deficient MEFs by about 2-3-fold as measured by quantitative PCR (data not shown).

It is concluded that the cis-4M-S1P that was produced by SphK1 mobilized Ca*' directly from
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the stores as previously demonstrated for S1P [12], and that relatively high concentrations of

cis-4M-Sph are required for this effect. However, another mechanism, for example activation

not of S1P receptors or Gj-coupled receptors but other plasma membrane receptors, cannot be

fully excluded.

The measurements of cis-4M-Sph and cis-4M-S1P by LC-MS/MS were hampered by
the fact that neither compound was commercially available and that we did not have enough
cis-4M-Sph for generation of sufficient amounts of cis-4M-S1P by in vitro-phosphorylation.
Therefore, peak area counts for cis-4M-Sph and cis-4M-S1P, normalized to the respective
internal control, were compared to peak area counts of sphingosine and S1P. Furthermore, the
measurements were performed in the presence of sodium orthovanadate to prevent the
dephosphorylation of cis-4M-S1P. It has been shown before that 1| mM orthovanadate was
sufficient to fully block the dephosphorylation of exogenous S1P in HTCy cells [27]. This
treatment did not have a major influence on sphingosine levels, but elevated cellular S1P
levels from ~5 % to ~50 % of sphingosine. Thus, orthovanadate had a considerable impact on
cellular sphingosine/S1P equilibria. Comparing cis-4M-Sph and cis-4M-S1P with sphingosine
and S1P, we find substantial amounts of these lipids in cell pellets and supernatants of HEK-
293 cells incubated with cis-4M-Sph. As described above, after incubation with 1 uM cis-4M-
Sph, cellular levels of cis-4M-S1P reached ~60 % of sphingosine, and ~7 % thereof were
measured in the media. In comparison, after incubation with 1 puM FTY720, cellular levels of
FTY720-phosphate were ~20 % of sphingosine and ~5 % thereof were measured in the
media. Thus, although the measurements are not directly comparable because orthovanadate
was used in the experiments with cis-4M-Sph, we are convinced that cis-4M-SIP in the
supernatants was of roughly the same magnitude as FTY720-phosphate. However, it is a good
question whether the concentrations measured in the supernatants can be compared to those
directly at the S1P surface receptors because it is possible that a substantial amount of the

extracellular lipids sticks to the plasma membranes. The experiments furthermore show that
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after incubation with 10 uM cis-4M-Sph for 16 h, the cellular content of sphingosine and S1P
was slightly decreased (Fig. 4B). This effect was not observed at 1 uM cis-4M-Sph and might
be caused by the previously described inhibition of serine palmitoyltransferase which can
occur at high concentrations of the lipid [18].

Although the stability of cis-4M-S1P against S1P lyase has not been measured
directly, there is ample experimental evidence that this compound is only a poor substrate if at
all of S1P lyase ([18]; see Introduction). Similarly, FTY720-phosphate is stable against S1P
lyase, and FTY720 even inhibits the enzyme [27]. This implicates that the availability of the
lipid phosphates at SIP surface receptors is determined by phosphorylation /
dephosphorylation equilibria, and, because SphKs are intracellular enzymes, on transport
mechanisms across the plasma membrane (see Fig. 5 for illustration). Lipid phosphate
phosphatases or specific S1P phosphatases are proteins with transmembrane domains that
reside both at intracellular membranes and at the plasma membrane, where they act as
ectophosphatases (for review, see [7]). FTY720-phosphate is preferentially cleaved by LPP3
[29]. The transport of S1P across the plasma membrane can be catalysed by ABC transporters
[30], or by the SPNS2 gene product [31,32]. The mechanism by which FTY720-phosphate is
extruded has not been identified so far. We therefore suggest that the response to sphingosine
analogues as S1P receptor modulating prodrugs will be tissue specific, depending on the local
abundance of sphingosine kinases, phosphatases and transporters (Fig. 5).

Despite all similarities, cis-4M-Sph clearly differed from FTY720 with regard to the
S1P receptor profile. Thus, cis-4M-Sph desensitized S1P-induced [Ca*']; increases, an effect
that was observed with FTY720 so far only in an artificial S1P; receptor overexpression
system [33]. Previous studies have shown that the concentration-response curve of S1P-
induced [Ca®"]; increases in HEK-293 cells was shifted to the right by VPC23019 [25], which
is a S1Py3 receptor antagonist [34,35]. S1P-induced [Ca®"]; increases in HEK-293 cells were

furthermore partially inhibited by JTE-013 (own unpublished data) which is a S1P, receptor
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antagonist [35,36]. Thus, [Ca®"]; increases by S1P are mediated by the SIP, and S1P; receptor
subtypes in HEK-293 cells, while S1P; has an inhibitory influence on Ca”" signalling [37].
The desensitization observed with cis-4M-Sph, but not with FTY720, can therefore be traced
back to the observed internalization of S1P, and S1P; receptors. Further studies of S1P
receptor subtype selectivity, including K4 measurements and quantitative analyses of the
activation of SIP receptor signalling pathways, are urgently needed but require the synthesis
of cis-4M-S1P. In case a preference of cis-4M-S1P for S1P,/S1P; compared to S1P; can be
confirmed, it may be used as a lead compound for synthesis of S1P,/S1P; receptor specific
agonists/functional antagonists. As discussed above, the net response of a certain tissue to cis-
4M-Sph, or related compounds, will be dependent on transport mechanisms and
phosphorylation / dephosphorylation equilibria. A desensitization of S1P-induced [Ca®'];
increases might be helpful to counteract S1P-induced vascular or bronchial hypercontractility

[38].
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Legends for figures

Fig. 1. Internalization of S1P receptors by cis-4M-Sph. The GFP-tagged S1P; receptor and
HA-tagged S1P; and S1P; receptors were expressed in HEK-293 cells and stimulated with or
without 1 uM of cis-4M-Sph, SI1P or FTY720 for 16 h. S1P, and S1P; were immunostained
with anti-HA and goat anti-mouse IgG/Alexa Fluor 488-conjugate antibody. Visualization

was performed by confocal microscopy. A, representative images. There was no difference in

the appearance between cells treated with vehicle 1 (H,O; vehicle for FTY720) or vehicle 2

(0.1 mg/ml BSA in H,O; vehicle for S1P and cis-4M-Sph). B, internalization of the S1P; and

S1P, receptors was performed by calculating the ratio of the cytosolic and the plasma

membrane fluorescence. *, p<0.05: ** p<0.01; ***p<0.001; n.s., not significant in one-way

ANOVA comparing FTY720 and vehicle 2 to vehicle 1, and S1P and cis-4M-Sph to vehicle

2. respectively. The figures given on the bars represent the number of cells that were

analysed.

Fig. 2. Desensitization of S1P-induced [Ca’']; increases by cis-4M-Sph. A, influence of cis-
4M-Sph on basal [Ca®"]; and [Ca’']; increases induced by S1P or LPA in HEK-293 cells. The
cells were pretreated for 2 h with 10 uM cis-4M-Sph, 10 uM sphingosine or vehicle before
measurements. The values represent meanstSD of a representative experiment (n=3). **,
p<0.01 in one-way ANOVA comparing S1P-induced [Ca’']; increases in the absence or
presence of cis-4M-Sph or Sph. B, concentration- and time-dependence of cis-4M-Sph-
mediated desensitization of S1P-induced [Ca®']; increases in HEK-293-cells. The cells were
pre-incubated for 5 min or 16 h with the indicated concentrations of cis-4M-Sph before
[Ca®"]; increases by 1 pM S1P were measured. The data are expressed as % of vehicle-treated
cells and represent means=SEM of 5 (5 min) or 3 (16 h) independent experiments. C,
dependence of cis-4M-Sph-induced desensitization on sphingosine kinases. Mouse embryonic

fibroblasts from wild type, SphK1-deficient (SPHKl'/') or SphK2-deficient (SPHKZ'/') mice
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were treated with 100 nM cis-4M-Sph or vehicle for 16 h before measurement of S1P-induced
[Ca®); increases. The values are expressed as % of vehicle-treated cells and represent
meanstSEM of 4 experiments. *, p<0.05; **, p<0.01; ***p<0.001; cis-4M-Sph-treated cells
compared to vehicle-treated cells in one-sample-t-test. #, p<0.05; ###, p<0.001; SphK-
deficient cells compared to wild type cells in one-way ANOVA. D, influence of FTY720 on
basal [Ca®]; and [Ca®"]; increases induced by S1P, LPA or carbachol (Carb) in HEK-293-
cells. The cells were pretreated for 16 h with 1 uM FTY720 or vehicle before measurements.

The values represent meanstSEM of 6 independent experiments.

Fig. 3. Induction of acute [Ca®"]; increases by cis-4M-Sph. A, time courses of [Ca*']; in the
presence of 1 mM extracellular Ca®". HEK-293 cells were stimulated with cis-4M-Sph (n=9),
SIP (n=11), or sphingosine (n=11) at the indicated concentrations (means=SEM). B, time
courses of [Ca*"]; in the absence of extracellular Ca*". HEK-293 cells were resuspended in
Ca*'-free buffer and 50 uM EGTA was added ~30 s before stimulation with cis-4M-Sph, S1P,
or sphingosine at the indicated concentrations (means+SEM, n=12 each). C, concentration
dependence of cis-4M-Sph-induced [Ca*'}; increases. HEK-293 cells were stimulated with 10
UM (n=6), 3 pM (n=5) or 1 puM (n=4) cis-4M-Sph (meanstSEM). D and E, role of
sphingosine kinases in cis-4M-Sph-induced [Ca®']; increases. D, cis-4M-Sph-induced [Ca®']-
increases in wild type and SPH K1"-MEFs (means=SEM, n=16 (wild type) or 17 (SPH Kl'/')).
E, time courses of [Ca*']; in SPH K2"-MEFs stimulated with cis-4M-Sph, S1P or sphingosine
at the indicated concentrations (means+SD, n=3 each). F, influence of PTX on [Ca®'];

increases induced by 10 uM cis-4M-Sph in HEK-293 cells. The cells were pretreated without

or with 100 ng/ml PTX for 16 h (means+SEM, n=4).

Fig. 4. Detection of cis-4M-S1P in the supernatants of HEK-293 cells by LC-MS/MS. A,

representative chromatogram of the extracted supernatant of cells that had been treated with
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10 uM cis-4M-Sph for 16 h in the presence of 1 mM sodium orthovanadate. Inserts, enhanced
product ion spectra of cis-4M-Sph and cis-4M-S1P (collision energy 35+15 V). B, cellular
levels of sphingosine, S1P, cis-4M-Sph and cis-4M-S1P in cells treated for 16 h with vehicle,
1 uM or 10 uM of cis-4M-Sph in the presence of 1 mM sodium orthovanadate. Peak area
counts of the lipids were normalized to peak area counts of the respective internal standards
and are expressed as % of sphingosine (means+SD of triplets). C, lipid levels in the
supernatants of cells treated for 16 h with 1 uM or 10 uM of cis-4M-Sph. Peak area counts of
cis-4M-Sph and cis-4M-S1P in the medium were normalized to peak area counts of internal
standards and are expressed as % of the respective area ratios within the cell pellets

(means£SD of triplets).

Fig. 5. Regulation of cis-4M-SI1P availability at S1P receptors by phosphorylation-
dephosphorylation equilibria and membrane transport mechanisms. Cis-4M-Sph is readily
taken up by the cells and phosphorylated by SphK1 and SphK2. Intracellular pools of cis-4M-
S1P that mobilize Ca*" from the stores are largely dependent on phosphorylation by SphK1
(SK1), while pools of cis-4M-S1P that are secreted and desensitize G-protein-coupled S1P
receptors are predominantly generated by SphK2 (SK2). Extra- and intracellular cis-4M-S1P
is probably dephosphorylated by phosphatases such as S1P phosphatases (SPPs) or lipid
phosphate phosphatases (LPPs), but stable against S1P lyase, since both cis-4M-Sph and cis-
4M-S1P accumulate intracellularly and in the medium of cells exposed to cis-4M-Sph. It is
highly likely that transport mechanisms are required for secretion of cis-4M-S1P as shown

before for S1P.
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ABSTRACT

Sphingosine-1-phosphate (S1P) acts as high affinity agonist at specific G-protein-coupled
receptors, S1P;_s, that play important roles e.g. in the cardiovascular and immune systems. A
S1P receptor modulating drug, FTY720 (fingolimod), has been effective in phase III clinical
trials for multiple sclerosis. FTY720 is a sphingosine analogue and prodrug of FTY720-
phosphate, which activates all S1P receptors except S1P, and disrupts lymphocyte trafficking
by internalizing the S1P; receptor. Cis-4-methylsphingosine (cis-4M-Sph) is another synthetic
sphingosine analogue that is readily taken up by cells and phosphorylated to cis-4-
methylsphingosine-1-phosphate (cis-4M-S1P). Therefore, we analysed whether cis-4M-Sph
interacted with S1P receptors through its metabolite cis-4M-S1P in a manner similar to
FTY720. Indeed, cis-4M-Sph caused an internalization of S1P receptors, but differed from
FTY720 as it acted on S1P; and S1P; and only weakly on S1P;, while FTY720 internalized
S1P; and S1P; but not SI1P,. Consequently, pre-incubation with cis-4M-Sph specifically
desensitized S1P-induced [Ca*"]; increases, which are mediated by S1P, and S1Ps, in a time-
and concentration-dependent manner. This effect was not shared by sphingosine or FTY 720,
indicating that metabolic stability and targeting of S1P, receptors were important. The
desensitization of S1P-induced [Ca’']; increases was dependent on the expression of SphKs,
predominantly of SphK2, and thus mediated by cis-4M-S1P. In agreement, cis-4M-S1P was
detected in the supernatants of cells exposed to cis-4M-Sph. It is concluded that cis-4M-Sph,
through its metabolite cis-4M-S1P, acts as a SIP receptor modulator and causes S1P receptor
internalization and desensitization. The data furthermore help to define requirements for

sphingosine kinase substrates as S1P receptor modulating prodrugs.

Keywords: Sphingosine-1-phosphate; lysophospholipid receptors; GPCR; sphingosine kinase;

FTY720
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1. Introduction

The sphingosine analogue, FTY720 (fingolimod), has recently caused interest as a
potent and efficient modulator of the immune system [1]. Its efficacy in relapsing-remitting
multiple sclerosis has been demonstrated in phase III clinical trials with more than 1500
treated patients [2,3]. Compared to other immunosuppressive drugs, FTY720 has a unique
mechanism of action as its phosphate interacts with G-protein-coupled sphingosine-1-
phosphate (S1P) receptors [4,5]. S1P is a ubiquitous lipid mediator that on the cellular level
regulates growth and survival, migration, adhesion and Ca®" homeostasis. SIP is generated
from sphingosine by sphingosine kinases (SphKs), of which two isoforms have been
identified (for review, see [6]). Degradation of S1P occurs via dephosphorylation by specific
S1P phosphatases or lipid phosphate phosphatases, or via irreversible cleavage catalysed by
S1P lyase (reviewed in [7,8]). G-protein coupled S1P receptors are nearly ubiquitously
expressed and regulate for example lymphocyte trafficking, vasculogenesis, vascular
contractility and permeability, heart beat, neural tube formation or inner ear function [9,10].
There are five S1P receptor subtypes, S1P,_s, that can have overlapping or opposing functions
[7]. S1P furthermore has intracellular target sites as it directly inhibits histone deacetylases
[11] or mobilizes stored Ca*" independently of G-protein-coupled S1P receptors [12].

FTY720 is used by the S1P signalling toolkit as a surrogate for sphingosine. It is
phosphorylated by SphK2, and FTY720-phosphate acts as an agonist at all S1P receptors
except S1P, [4,5]. The immunosuppressive effect of FTY720 is caused by internalization of
the S1P; receptor, which renders lymphocytes insensitive to the gradient of SIP between
blood and lymphoid tissue and thereby inhibits the emigration of lymphocytes from lymphatic
tissues [13-16]. Side effects of FTY720 such as bradycardia, increase in mean forced
expiratory volume in 1 s and mild increase in blood pressure, are most likely caused by
agonistic activity of FTY720-phosphate at S1P3 receptors. The pharmaceutical development

aims at specific S1P; receptor agonists for mimicking the immunosuppressive activity of
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FTY720 with less side effects caused by interaction with S1P receptors other than SI1P;.
Another approach tries to identify other SphK substrates as S1P receptor prodrugs [17]. Cis-4-
methylsphingosine (cis-4M-Sph) is such a sphingosine analogue that is readily taken up by
cells and phosphorylated to cis-4-methylsphingosine-1-phosphate (cis-4M-S1P) [18,19]. A
systematic analysis of sphingosine analogues revealed that after incubation with cis-4M-Sph,
but not trans-4-methylsphingosine, cis-5-methylsphingosine or trans-5-methylsphingosine, the
phosphate accumulated within mouse cerebellar neurons [18]. Since all of the mentioned
sphingosine analogues were phosphorylated by SphKs, the analogues with “trans”
configuration even better, it was concluded that cis-4M-S1P accumulated because it poorly
qualified as substrate for S1P lyase [18]. Cis-4M-S1P also accumulated in neuroblastoma
cells and Swiss 3T3 fibroblasts treated with cis-4M-Sph, but to a lesser extent [19,20].
Biological activity of cis-4M-Sph was observed in these earlier studies at the relatively high
concentration of 10 uM, at which this compound inhibited serine palmitoyltransferase by
about 50 % in primary cultured neurons [18] but not in other cell types (van Echten-Deckert,
unpublished data). Incubation with 10 uM cis-4M-Sph furthermore induced apoptosis in
neuroblastoma cells and in primary cultured neurons, but mimicked the mitogenic effect of
S1P in Swiss 3T3 fibroblasts [19]. Recently, it was shown that the neurotoxic effect of 10 pM
cis-4M-Sph was dependent on SphK?2 and thus mediated by the accumulating phosphate [21].
Thus, cis-4M-Sph displays some similarities with FTY720 as it is phosphorylated
intracellularly and the phosphate accumulates because it is metabolically stable against S1P
lyase. Therefore, in the present investigation we have analysed whether cis-4M-Sph has an
influence on G-protein-coupled S1P receptors. We show that incubation with cis-4M-Sph <1
uM leads to internalization of G-protein-coupled S1P receptors and desensitization of S1P-
induced [Ca®"]; increases, and that these effects are dependent on expression of SphKs. We
furthermore demonstrate that cis-4M-S1P accumulates in the supernatants of HEK-293 cells

incubated with cis-4M-Sph. A model is proposed in which the expression of transport
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mechanisms and phosphorylation/dephosphorylation equilibria determine the net cellular

response to sphingosine analogues.

2. Materials and methods
2.1. Materials

Lysophosphatidic acid (LPA), carbachol and fatty acid-free bovine serum albumin
(BSA) were purchased from Sigma-Aldrich (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany). Fura-2/AM was from Molecular Probes/Invitrogen (Invitrogen GmbH, Karlsruhe,
Germany). Pertussis toxin (PTX) and ionomycin were from Calbiochem/Merck Biosciences
(Merck Biosciences GmbH, Schwalbach, Germany). SIP and sphingosine were obtained from
Biomol (Biomol GmbH, Hamburg, Germany). FTY720 was a kind gift from Novartis Pharma
AG (Basel, Switzerland), and cis-4M-Sph was synthesised as described before [22]. Cis-4M-
Sph, sphingosine and FTY720 were dissolved at 10 mM in methanol and further diluted in 1
mg/ml fatty acid-free BSA before addition to the cells. The respective solvent was used as

control.

2.2. Plasmids
S1P;-GFP (in pcDNA3.1) was provided by Dr. Timothy Hla (University of
Connecticut Health Center, Farmington, USA). 3xHA-S1P, and 3xHA-S1P; (both in

pcDNA3.1) were obtained from Missouri S&T cDNA Resource Center, Rolla, MO, USA.

2.3. Cell culture and transfection

HEK-293 cells stably expressing the Mj; muscarinic acetylcholine receptor were
cultured in DMEM/F12 containing 10 % fetal calf serum, 100 U/ml penicillin G and 0.1
mg/ml streptomycin in a humidified atmosphere of 5 % CO2 / 95 % air at 37 °C. Stock

cultures of HEK-293 cells were kept in the presence of 0.5 mg/ml G418. Mouse embryonic
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fibroblasts (MEFs) lacking SphK1 were a kind gift from Dr. Timothy Hla (University of
Connecticut Health Center, Farmington, USA). MEFs lacking SphK2 were prepared from
SphK2-deficient mice according to standard procedures [23]. MEFs were cultured in
DMEM/F12 medium with 20 % fetal calf serum, 100 U/ml penicillin G and 0.1 mg/ml
streptomycin. For transfection, cells were grown in 145-mm dishes and transfected using the
Ca”" phosphate precipitation method (50 pg DNA per dish). Transfection efficiency was
analysed by fluorescence microscopy of living or paraformaldehyde-fixed and antibody-

stained cells. Before experiments, the cells were kept for 24 h in serum-free medium.

2.4. [Ca?"]i measurements

Measurements of [Ca’’]; were performed with fura-2 in a Hitachi F2500
spectrofluorometer as described [24]. Briefly, monolayers of HEK-293 cells or trypsinized
MEFs were detached with Hank s balanced salt solution (HBSS; 118 mM NaCl, 5 mM KCI, 1
mM CaCl,, 1 mM MgCl,, 5 mM glucose and 15 mM HEPES, pH 7.4) and loaded with 1 uM
fura-2/AM in HBSS for 1 h at 37 °C. Thereafter, the cells were washed with HBSS,
resuspended at a density of ~1x10° cells/ml, and used for [Ca®’]; measurements at room
temperature within the next hour. For determination of [Ca*'}; in the absence of extracellular
Ca®’, the cells were suspended in Ca**-free HBSS, 50 uM EGTA was added shortly before
stimulation with agonists, and 1 mM CaCl, was re-added before determination of maximum

and minimum fluorescence.

2.5. Immunocytochemistry and fluorescence imaging

HEK-293 cells transfected with HA-tagged S1P, or S1P; receptors were seeded onto
poly-L-lysin-coated glass coverslips, fixed for 1 h with 4 % paraformaldehyde on ice and
permeabilized with ice-cold methanol for 4 min. After treatment with 5 % milk powder for 1

h, the cells were incubated with an anti-HA antibody (clone 12CAS, Roche Applied Science,
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Mannheim, Germany) followed by a goat anti-mouse IgG/Alexa Fluor 488-conjugate
antibody (Invitrogen GmbH, Karlsruhe, Germany) according to the manufacturer’s
recommendations. Images were obtained by confocal laser scanning microscopy using a Zeiss
LSM510 inverted confocal laser scanning microscope and a Plan-Apochromat 63x/1.4 oil
immersion objective (Carl Zeiss Microlmaging GmbH, Géttingen, Germany). GFP and Alexa
Fluor 488 were excited with the 488 nm line of an argon laser, while emission was recorded

with a 505 nm long pass filter.

2.6. Lipid extraction and liquid chromatography-tandem mass spectrometry (LC-MS/MS)
HEK-293 cells seeded onto 35-mm dishes were grown to near confluence and treated
with cis-4M-Sph, FTY720 or vehicle in serum-free medium for 16 h before lipid extraction.
Supernatants were collected, centrifuged to remove cellular debris and transferred to glass
tubes. 1 ml methanol supplemented with internal standard lipids (D-erythro-C17-ceramide, D-
erythro-C17-sphingosine, D-erythro-C17-S1P; Avanti Polar Lipids Inc., Alabaster, AL,
USA), 140 ul 1 N HCI and 400 pl salt solution (7.4 % KCI, 0. 4 % CaCl,, 0. 34 % MgCl,)
were added. Lipids were extracted three times with chloroform. The combined chloroform
phases were dried on speed-vacuum. Cell pellets were incubated with 1 ml methanol
including the internal standards and 35 pl 1 N HCI for one hour on ice. Thereafter, the pellets
were scraped off the cell culture dishes and transferred to glass tubes. After washing the
dishes once with 1.2 ml methanol, 1.6 ml salt solution (0.74 % KCI, 0.04 % CacCl,, 0.034 %
MgCl,) was added to the combined methanol phases, and lipids were extracted three times
with chloroform. The combined chloroform phases were dried on speed-vacuum. All dried
samples were dissolved in DMSO with 2 % HCI and analysed by LC-MS/MS essentially as
described before [25]. A hybrid triple quadrupole/linear ion trap mass spectrometer 4000 Q
TRAP equipped with a Turbo V ion spray source (Applied Biosystems, Darmstadt, Germany)

operating in positive electrospray ionisation mode was used for detection. Chromatographic
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separations were performed by HPLC with a Luna C18(2) reversed phase column (150x2
mm, 5 pm particle size and 100 A pore size) (Phenomenex, Aschaffenburg, Germany). 10 pl
of the extracted samples were injected. The mobile phase consisted of eluent A (0.1 % formic
acid) and eluent B (0.1 % formic acid in acetonitrile/tetrahydrofuran 50/50). At a flow rate of
0.3 ml/min, A:B was kept at 57.5:42.5 for 0.6 min, then increased linearly to 0:100 within 4.4
min, after 5 min decreased linearly back to 57.5:42.5 within 0.5 min, and kept constant until
end of runtime after 14 min. Sphingosine, SIP, cis-4M-Sph and cis-4M-S1P eluted after
6.33+£0.03 min (n=29), 6.91£0.02 min (n=29), 6.38+0.05 min (n=12) and 6.92+0.02 min
(n=9), respectively (means+SD). Precursor-to-product ion transitions of m/z 380.1—264.2 for
S1P (collision energy 27 V), m/z 300.3—252.3 for sphingosine (26 V), m/z 314.4—296.2 for
cis-4M-Sph (17 V), m/z 394.5—278.3 for cis-4M-S1P (30 V), m/z 366.2—250.1 for C17-S1P
(23 V) and m/z 286.2—238.1 for C17-SPH (26 V) were used (see Fig. 4). Quantification was
performed with Analyst 1.5 (Applied Biosystems, Darmstadt, Germany). Analyte peak area
counts were divided by peak area counts of internal standards to calculate area ratios.
Sphingosine and cis-4M-Sph were normalized to C17-sphingosine, and SI1P as well as cis-

4M-S1P were normalized to C17-S1P.

2.7. Data presentation and analysis

Fluorescence images are representative for at least three similar experiments. The
images were edited using the program LSM Image Browser (www.zeiss.com/micro). S1P
receptor internalization was quantified from the images of the GFP-tagged S1P; receptor and
the HA-tagged and immunostained S1P, receptor by calculating the ratio of the cytosolic and
the plasma membrane fluorescence. Data analyses, statistical tests, non-linear regression
analysis of concentration-response curves and diagram presentations were performed with the

Prism program (GraphPad Software, San Diego, California, USA). Averaged data are
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expressed as meanstSEM from the indicated number (n) of experiments or means+SD from a

representative experiment with the indicated number (n) of replicates.

3. Results

To test our hypothesis that phosphorylated cis-4M-Sph might be able to interact with
G-protein-coupled S1P receptors, we first analysed whether cis-4M-Sph was able to
internalize S1P receptors in a manner similar to SIP or FTY720. As shown in Fig. 1, S1P,
S1P, and S1P; receptors expressed in HEK-293 cells were localized at the plasma membrane
and internalized by treatment with 1 uM S1P for 16 h. Stimulation with 1 uM cis-4M-Sph
caused a strong internalization of S1P, and S1P; while S1P, was considerably less affected. A
quantitative analysis comparing the internalization of S1P; and S1P; revealed that under the
applied conditions the effect of cis-4M-Sph on the S1P; receptor was not significant while
S1P, was strongly internalized by the compound (Fig. 1). In comparison, FTY720 induced a
strong internalization of the S1P; receptor, followed by S1P;, while it had no influence on the
plasma membrane localisation of S1P, (Fig. 1). This is in agreement with the fact that
FTY720-phosphate can activate all S1P receptors except S1P; [4,5].

Since cis-4M-Sph internalized S1P, and S1Ps, i.e., the receptors that mediate S1P-
induced [Ca®]; increases in HEK-293 cells [26], we analysed whether cis-4M-Sph was able to
desensitize Ca’" signalling by S1P. Indeed, treatment of the cells with 10 uM cis-4M-Sph for
2 h fully prevented [Ca®]; increases by subsequent addition of 100 nM SIP (Fig. 2A).
Sphingosine, which is similarly taken up and phosphorylated, did not desensitize S1P-induced
[Ca®"]; increases. Cis-4M-Sph did not inhibit [Ca®]; increases by other agonists. 10 pM cis-
4M-Sph only slightly reduced [Ca®']; increases by LPA, an effect that was also observed with
sphingosine (Fig. 2A). The inhibition of S1P-induced [Ca’']; increases by cis-4M-Sph was
time- and concentration-dependent (Fig. 2B). When the cells were pre-treated for 5 min, 10

uM cis-4M-Sph reduced S1P-induced [Ca*']; increases by ~68 %, and 2.5 pM cis-4M-Sph by
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~39 %, while 0.63 uM was inactive. In comparison, after incubation for 16 h, 1 pM cis-4M-
Sph reduced S1P-induced [Ca®']; increases by ~68 % (Fig. 2B). The concentration-response
curve was shifted to the left by longer incubation periods. This effect argues against a
competitive inhibition of SIP receptors by cis-4M-Sph. Since cis-4M-Sph is readily
phosphorylated inside cells, we furthermore addressed the question whether cis-4M-Sph or
cis-4M-S1P mediated the desensitization of S1P receptors. As shown in Fig. 2C, cis-4M-Sph
reduced S1P-induced [Ca®]; increases in mouse embryonic fibroblasts deficient in either
SphK1 or SphK2. However, the effect of cis-4M-Sph was significantly less pronounced in
SphK1-deficient cells (49 % inhibition) and SphK2-deficient cells (17 % inhibition) than in
wild type cells (67 % inhibition). It is concluded that desensitization of SI1P receptor-induced
[Ca®"]; increases is mediated by cis-4M-S1P, which is generated predominantly by SphK2
with a minor contribution of SphK1. FTY720, which does not affect the S1P, receptor, did
not desensitize S1P-induced [Ca’']; increases and in general had no influence on [Ca’'];
increases induced by various agonists in HEK-293 cells (Fig. 2D).

It has been published before that addition of 10 pM cis-4M-Sph induces [Ca®'];
increases in Swiss 3T3 fibroblasts [19]. Therefore, we addressed the question whether cis-
4M-Sph itself induced [Ca®']; increases before desensitizing [Ca®']; increases by S1P. Indeed,
as shown in Fig. 3A, 10 uM cis-4M-Sph induced [Ca®']; increases in HEK-293 cells that
developed more slowly than those induced by a maximally active concentration of S1P, but
significantly faster than those by 10 uM sphingosine. [Ca*']; increases by cis-4M-Sph were
nearly fully due to mobilization of Ca’" from intracellular stores (Fig. 3B). 10 uM of cis-4M-
Sph were required for significant increases in [Ca®'];; 3 puM caused only small [Ca®'];
increases (Fig. 3C) whereas concentrations below 1 puM were inactive. Thus, at a
concentration that was able to largely prevent [Ca’']; increases by SI1P, cis-4M-Sph itself did
not increase [Ca®']; to a significant extent, suggesting that the desensitization process occurred

in a slow progressing manner. Again we analysed whether cis-4M-Sph or eventually cis-4M-
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S1P induced the [Ca*"]; increases. As shown in Fig. 3D and E, [Ca®']; increases by 10 pM cis-
4M-Sph were small and developed very slowly in SphK1-deficient MEFs, while they were
apparently not affected by deletion of SphK2. It is concluded that acute increases in [Ca*'};
induced by cis-4M-Sph are mediated by cis-4M-S1P that is generated predominantly by
SphK1. Thus, the two effects of cis-4M-Sph, i.e., induction of acute [Ca*']; increases on one
hand and desensitization of S1P-induced [Ca*']; increases on the other hand, are mediated by
different pools of cis-4M-S1P, one generated largely by SphK1 and the other generated
predominantly by SphK2. Finally we wondered whether acute [Ca®']; increases by cis-4M-
Sph were due to activation of G-protein-coupled S1P receptors. Although it is well known
that S1P-induced [Ca®]; increases in HEK-293 cells are fully blocked by PTX and thus
mediated by Gi-coupled receptors [12], [Ca®']; increases by cis-4M-Sph were not at all
affected by PTX (Fig. 3E) and thus not mediated by G-protein-coupled S1P receptors in these
cells.

The above described internalization and desensitization of S1P receptors requires the
extracellular occurrence of cis-4M-S1P, which has not been described so far. Therefore, we
analysed cis-4M-Sph and cis-4M-S1P in pellets and supernatants of HEK-293 cells that had
been incubated for ~16 h with 1 uM or 10 uM of cis-4M-Sph. As shown in Fig. 4A, cis-4M-
Sph and cis-4M-S1P were detected by LC-MS/MS with precursor-to-product ion transitions
of m/z 314.4—-296.2 for cis-4M-Sph and m/z 394.5—5278.3 for cis-4M-S1P. The
measurements were performed in the presence of 1 mM sodium orthovanadate to prevent
dephosphorylation of cis-4M-S1P by ectophosphatases. In the presence of orthovanadate,
cellular levels of sphingosine and S1P amounted to 7.3+0.5 ng/mg and 3.5+0.6 ng/mg protein,
respectively (means+SD of tripletts), whereas 9.6+1.9 ng/mg and 0.50+0.05 ng/mg protein of
sphingosine and SIP, respectively, were measured in untreated cells (means+SEM, n=3
experiments). Thus, cellular S1P levels in particular were elevated by the treatment. Since cis-

4M-S1P for generation of a standard curve was not available, all measurements of cis-4M-
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Sph and cis-4M-S1P were evaluated by comparing peak area counts of these lipids, after
normalization to internal standards, with sphingosine and S1P. After 16 h of incubation with 1
uM cis-4M-Sph, cellular levels of cis-4M-Sph were ~50-fold higher than those of sphingosine
and levels of cis-4M-S1P amounted to ~62 % of sphingosine, respectively (Fig. 4B). After
incubation with 10 pM cis-4M-Sph, cellular levels of cis-4M-Sph and cis-4M-S1P were
~270-fold and ~15-fold higher than those of sphingosine (Fig. 4B). Thus, both lipids
accumulated inside the cells. Although neither sphingosine nor SI1P were consistently
measurable in supernatants of HEK-293 cells, cis-4M-Sph and cis-4M-S1P were both
detected in the supernatants of treated cells. As shown in Fig. 4C, 2.4 % of cellular cis-4M-
Sph and 7.1 % of cis-4M-S1P was detected in the media of cells treated with 1 uM cis-4M-
Sph. After treatment with 10 uM of cis-4M-Sph, 8.4 % and 31.0 % of cellular cis-4M-Sph
and cis-4M-S1P were detected in the supernatants. Thus, particularly cis-4M-S1P
accumulated in the media. Similar experiments with FTY720, however in the absence of
orthovanadate, resulted in 27.0£5.4 ng/mg and 2.18+0.39 ng/mg protein of FTY720 and
FTY720-phosphate in HEK-293 cell pellets, corresponding to ~280 % and ~23 % of
sphingosine, respectively. 5.7£0.2 % of FTY720 and 4.5£2.5 % of FTY720-phosphate
appeared in the media, respectively, after 16 h of incubation with 1 uM FTY720
(means=SEM, n=3 experiments). These results show that the concentrations of cis-4M-S1P in
the supernatants were at least of the same magnitude as those of FTY720-phosphate,
suggesting that there was enough cis-4M-SIP in the media for inducing the observed

internalization of G-protein-coupled S1P receptors.

4. Discussion
The sphingosine derivative, cis-4M-Sph, has been described as a compound that is
readily taken up by cells and phosphorylated to cis-4M-S1P which accumulates intracellularly

and, at a concentration of 10 pM, exerts opposing effects on neuronal cells (i.e., apoptosis,
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[18]) and fibroblasts (i.e., promotion of cell growth, [19]). Here, for the first time a possible
interaction of cis-4M-Sph with G-protein-coupled S1P receptors has been considered and
effects of cis-4M-Sph have been observed at concentrations below 10 uM. We observed that
cis-4M-Sph caused an internalization of SI1P receptors and a desensitization of S1P-induced
[Ca®"]; increases in a time- and concentration-dependent manner. It is highly likely that the
internalization and desensitization is a consequence of an agonistic activity of cis-4M-S1P at
S1P receptors for the following reasons: 1. There was specificity so that [Ca®"]; increases by
agonists other than S1P were not affected to a similar degree, which would be the case if cis-
4M-Sph acted for example as an activator of protein kinases C that can lead to receptor
desensitization and shutdown of Ca®" signalling. 2. The expression of SphKs was required for
this effect, indicating that it was mediated by cis-4M-S1P. 3. Cis-4M-S1P indeed could be
detected in the supernatants of HEK-293 cells incubated with cis-4M-Sph, which indicates a
transport of cis-4M-S1P across the plasma membrane since SphKs are located intracellularly.
In agreement with a previous report with Swiss 3T3 fibroblasts, cis-4M-Sph at 10 uM
induced [Ca*']; increases in HEK-293 cells. This effect was due to mobilization of stored Ca**
and not observed at lower concentrations of the compound. We think that this activity of cis-
4M-Sph is not related to internalization and desensitization of G-protein-coupled S1P
receptors since it was independent of Gj proteins, which otherwise mediate S1P-induced
[Ca®"); increases in these cells [12], and caused by a distinct pool of cis-4M-S1P. The data
show that S1P receptor desensitization was strongly dependent on expression of SphK2, while
Ca®" mobilization rather required SphK1. Although SIP receptor desensitization by cis-4M-
Sph was small in MEFs lacking SphK2, it was nevertheless significant, indicating that a
minor fraction of cis-4M-S1P produced by SphK1 was exported and able to interact with the
plasma membrane receptors. Herein it might be important that SphK1 was upregulated in
SphK2-deficient MEFs by about 2-3-fold as measured by quantitative PCR (data not shown).

It is concluded that the cis-4M-S1P that was produced by SphK1 mobilized Ca*' directly from
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the stores as previously demonstrated for S1P [12], and that relatively high concentrations of
cis-4M-Sph are required for this effect. However, another mechanism, for example activation
not of SIP receptors or Gj-coupled receptors but other plasma membrane receptors, cannot be
fully excluded.

The measurements of cis-4M-Sph and cis-4M-S1P by LC-MS/MS were hampered by
the fact that neither compound was commercially available and that we did not have enough
cis-4M-Sph for generation of sufficient amounts of cis-4M-S1P by in vitro-phosphorylation.
Therefore, peak area counts for cis-4M-Sph and cis-4M-S1P, normalized to the respective
internal control, were compared to peak area counts of sphingosine and S1P. Furthermore, the
measurements were performed in the presence of sodium orthovanadate to prevent the
dephosphorylation of cis-4M-S1P. It has been shown before that 1| mM orthovanadate was
sufficient to fully block the dephosphorylation of exogenous S1P in HTCy cells [27]. This
treatment did not have a major influence on sphingosine levels, but elevated cellular S1P
levels from ~5 % to ~50 % of sphingosine. Thus, orthovanadate had a considerable impact on
cellular sphingosine/S1P equilibria. Comparing cis-4M-Sph and cis-4M-S1P with sphingosine
and S1P, we find substantial amounts of these lipids in cell pellets and supernatants of HEK-
293 cells incubated with cis-4M-Sph. As described above, after incubation with 1 uM cis-4M-
Sph, cellular levels of cis-4M-S1P reached ~60 % of sphingosine, and ~7 % thereof were
measured in the media. In comparison, after incubation with 1 puM FTY720, cellular levels of
FTY720-phosphate were ~20 % of sphingosine and ~5 % thereof were measured in the
media. Thus, although the measurements are not directly comparable because orthovanadate
was used in the experiments with cis-4M-Sph, we are convinced that cis-4M-SIP in the
supernatants was of roughly the same magnitude as FTY720-phosphate. However, it is a good
question whether the concentrations measured in the supernatants can be compared to those
directly at the S1P surface receptors because it is possible that a substantial amount of the

extracellular lipids sticks to the plasma membranes. The experiments furthermore show that
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after incubation with 10 uM cis-4M-Sph for 16 h, the cellular content of sphingosine and S1P
was slightly decreased (Fig. 4B). This effect was not observed at 1 uM cis-4M-Sph and might
be caused by the previously described inhibition of serine palmitoyltransferase which can
occur at high concentrations of the lipid [18].

Although the stability of cis-4M-S1P against S1P lyase has not been measured
directly, there is ample experimental evidence that this compound is only a poor substrate if at
all of S1P lyase ([18]; see Introduction). Similarly, FTY720-phosphate is stable against S1P
lyase, and FTY720 even inhibits the enzyme [27]. This implicates that the availability of the
lipid phosphates at SIP surface receptors is determined by phosphorylation /
dephosphorylation equilibria, and, because SphKs are intracellular enzymes, on transport
mechanisms across the plasma membrane (see Fig. 5 for illustration). Lipid phosphate
phosphatases or specific S1P phosphatases are proteins with transmembrane domains that
reside both at intracellular membranes and at the plasma membrane, where they act as
ectophosphatases (for review, see [7]). FTY720-phosphate is preferentially cleaved by LPP3
[29]. The transport of S1P across the plasma membrane can be catalysed by ABC transporters
[30], or by the SPNS2 gene product [31,32]. The mechanism by which FTY720-phosphate is
extruded has not been identified so far. We therefore suggest that the response to sphingosine
analogues as S1P receptor modulating prodrugs will be tissue specific, depending on the local
abundance of sphingosine kinases, phosphatases and transporters (Fig. 5).

Despite all similarities, cis-4M-Sph clearly differed from FTY720 with regard to the
S1P receptor profile. Thus, cis-4M-Sph desensitized S1P-induced [Ca*']; increases, an effect
that was observed with FTY720 so far only in an artificial S1P; receptor overexpression
system [33]. Previous studies have shown that the concentration-response curve of S1P-
induced [Ca®"]; increases in HEK-293 cells was shifted to the right by VPC23019 [25], which
is a S1Py3 receptor antagonist [34,35]. S1P-induced [Ca®"]; increases in HEK-293 cells were

furthermore partially inhibited by JTE-013 (own unpublished data) which is a S1P, receptor
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antagonist [35,36]. Thus, [Ca®"]; increases by S1P are mediated by the SIP, and S1P; receptor
subtypes in HEK-293 cells, while S1P; has an inhibitory influence on Ca”" signalling [37].
The desensitization observed with cis-4M-Sph, but not with FTY720, can therefore be traced
back to the observed internalization of S1P, and S1P; receptors. Further studies of S1P
receptor subtype selectivity, including K4 measurements and quantitative analyses of the
activation of SIP receptor signalling pathways, are urgently needed but require the synthesis
of cis-4M-S1P. In case a preference of cis-4M-S1P for S1P,/S1P; compared to S1P; can be
confirmed, it may be used as a lead compound for synthesis of S1P,/S1P; receptor specific
agonists/functional antagonists. As discussed above, the net response of a certain tissue to cis-
4M-Sph, or related compounds, will be dependent on transport mechanisms and
phosphorylation / dephosphorylation equilibria. A desensitization of S1P-induced [Ca®'];
increases might be helpful to counteract S1P-induced vascular or bronchial hypercontractility

[38].
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Legends for figures

Fig. 1. Internalization of S1P receptors by cis-4M-Sph. The GFP-tagged S1P; receptor and
HA-tagged S1P; and S1P; receptors were expressed in HEK-293 cells and stimulated with or
without 1 uM of cis-4M-Sph, SI1P or FTY720 for 16 h. S1P, and S1P; were immunostained
with anti-HA and goat anti-mouse IgG/Alexa Fluor 488-conjugate antibody. Visualization
was performed by confocal microscopy. A, representative images. There was no difference in
the appearance between cells treated with vehicle 1 (H,O; vehicle for FTY720) or vehicle 2
(0.1 mg/ml BSA in H,O; vehicle for S1P and cis-4M-Sph). B, internalization of the S1P; and
S1P, receptors was performed by calculating the ratio of the cytosolic and the plasma
membrane fluorescence. *, p<0.05; **, p<0.01; ***p<0.001; n.s., not significant in one-way
ANOVA comparing FTY720 and vehicle 2 to vehicle 1, and SIP and cis-4M-Sph to vehicle
2, respectively. The figures given on the bars represent the number of cells that were

analysed.

Fig. 2. Desensitization of S1P-induced [Ca’']; increases by cis-4M-Sph. A, influence of cis-
4M-Sph on basal [Ca®"]; and [Ca’']; increases induced by S1P or LPA in HEK-293 cells. The
cells were pretreated for 2 h with 10 uM cis-4M-Sph, 10 uM sphingosine or vehicle before
measurements. The values represent meanstSD of a representative experiment (n=3). **,
p<0.01 in one-way ANOVA comparing S1P-induced [Ca’']; increases in the absence or
presence of cis-4M-Sph or Sph. B, concentration- and time-dependence of cis-4M-Sph-
mediated desensitization of S1P-induced [Ca®']; increases in HEK-293-cells. The cells were
pre-incubated for 5 min or 16 h with the indicated concentrations of cis-4M-Sph before
[Ca®"]; increases by 1 pM S1P were measured. The data are expressed as % of vehicle-treated
cells and represent means=SEM of 5 (5 min) or 3 (16 h) independent experiments. C,
dependence of cis-4M-Sph-induced desensitization on sphingosine kinases. Mouse embryonic

fibroblasts from wild type, SphK1-deficient (SPHKl'/') or SphK2-deficient (SPHKZ'/') mice
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were treated with 100 nM cis-4M-Sph or vehicle for 16 h before measurement of S1P-induced
[Ca®); increases. The values are expressed as % of vehicle-treated cells and represent
meanstSEM of 4 experiments. *, p<0.05; **, p<0.01; ***p<0.001; cis-4M-Sph-treated cells
compared to vehicle-treated cells in one-sample-t-test. #, p<0.05; ###, p<0.001; SphK-
deficient cells compared to wild type cells in one-way ANOVA. D, influence of FTY720 on
basal [Ca®]; and [Ca®"]; increases induced by S1P, LPA or carbachol (Carb) in HEK-293-
cells. The cells were pretreated for 16 h with 1 uM FTY720 or vehicle before measurements.

The values represent meanstSEM of 6 independent experiments.

Fig. 3. Induction of acute [Ca®"]; increases by cis-4M-Sph. A, time courses of [Ca*']; in the
presence of 1 mM extracellular Ca®". HEK-293 cells were stimulated with cis-4M-Sph (n=9),
SIP (n=11), or sphingosine (n=11) at the indicated concentrations (means=SEM). B, time
courses of [Ca*"]; in the absence of extracellular Ca*". HEK-293 cells were resuspended in
Ca*'-free buffer and 50 uM EGTA was added ~30 s before stimulation with cis-4M-Sph, S1P,
or sphingosine at the indicated concentrations (means+SEM, n=12 each). C, concentration
dependence of cis-4M-Sph-induced [Ca*'}; increases. HEK-293 cells were stimulated with 10
UM (n=6), 3 pM (n=5) or 1 puM (n=4) cis-4M-Sph (meanstSEM). D and E, role of
sphingosine kinases in cis-4M-Sph-induced [Ca®']; increases. D, cis-4M-Sph-induced [Ca®']-
increases in wild type and SPH K1"-MEFs (means=SEM, n=16 (wild type) or 17 (SPH Kl'/')).
E, time courses of [Ca*']; in SPH K2"-MEFs stimulated with cis-4M-Sph, S1P or sphingosine
at the indicated concentrations (means+SD, n=3 each). F, influence of PTX on [Ca®'];

increases induced by 10 uM cis-4M-Sph in HEK-293 cells. The cells were pretreated without

or with 100 ng/ml PTX for 16 h (means+SEM, n=4).

Fig. 4. Detection of cis-4M-S1P in the supernatants of HEK-293 cells by LC-MS/MS. A,

representative chromatogram of the extracted supernatant of cells that had been treated with
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10 uM cis-4M-Sph for 16 h in the presence of 1 mM sodium orthovanadate. Inserts, enhanced
product ion spectra of cis-4M-Sph and cis-4M-S1P (collision energy 35+15 V). B, cellular
levels of sphingosine, S1P, cis-4M-Sph and cis-4M-S1P in cells treated for 16 h with vehicle,
1 uM or 10 uM of cis-4M-Sph in the presence of 1 mM sodium orthovanadate. Peak area
counts of the lipids were normalized to peak area counts of the respective internal standards
and are expressed as % of sphingosine (means+SD of triplets). C, lipid levels in the
supernatants of cells treated for 16 h with 1 uM or 10 uM of cis-4M-Sph. Peak area counts of
cis-4M-Sph and cis-4M-S1P in the medium were normalized to peak area counts of internal
standards and are expressed as % of the respective area ratios within the cell pellets

(means£SD of triplets).

Fig. 5. Regulation of cis-4M-SI1P availability at S1P receptors by phosphorylation-
dephosphorylation equilibria and membrane transport mechanisms. Cis-4M-Sph is readily
taken up by the cells and phosphorylated by SphK1 and SphK2. Intracellular pools of cis-4M-
S1P that mobilize Ca*" from the stores are largely dependent on phosphorylation by SphK1
(SK1), while pools of cis-4M-S1P that are secreted and desensitize G-protein-coupled S1P
receptors are predominantly generated by SphK2 (SK2). Extra- and intracellular cis-4M-S1P
is probably dephosphorylated by phosphatases such as S1P phosphatases (SPPs) or lipid
phosphate phosphatases (LPPs), but stable against S1P lyase, since both cis-4M-Sph and cis-
4M-S1P accumulate intracellularly and in the medium of cells exposed to cis-4M-Sph. It is
highly likely that transport mechanisms are required for secretion of cis-4M-S1P as shown

before for S1P.
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