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FTY720, a sphingosine analog, is in clinical trials as an immu-
nomodulator. The biological effects of FTY720 are believed to
occur after its metabolism to FTY720 phosphate. However, very
little is known about whether FTY720 can interact with and
modulate the activity of other enzymes of sphingolipid metabo-
lism. We examined the ability of FTY720 to modulate de novo
ceramide synthesis. In mammals, ceramide is synthesized by a
family of six ceramide synthases, each of which utilizes a
restricted subset of acyl-CoAs. We show that FTY720 inhibits
ceramide synthase activity in vitro by noncompetitive inhibition
toward acyl-CoA and uncompetitive inhibition toward sphinga-
nine; surprisingly, the efficacy of inhibition depends on the acyl-
CoA chain length. In cultured cells, FTY720 has a more complex
effect, with ceramide synthesis inhibited at high (500 nm to 5
M) but not low (<200 nm) sphinganine concentrations, consist-
ent with FTY720 acting as an uncompetitive inhibitor toward
sphinganine. Finally, electrospray ionization-tandem mass
spectrometry demonstrated, unexpectedly, elevated levels of
ceramide, sphingomyelin, and hexosylceramides after incuba-
tion with FTY720. Our data suggest a novel mechanism by
which FTY720 might mediate some of its biological effects,
which may be of mechanistic significance for understanding its
mode of action.

FTY720 (2-amino-(2-2-[4-octylphenyl]ethyl)propane 1,3-diol
hydrochloride), also known as Fingolimod, is an immunosup-
pressant drug currently being tested in clinical trials for organ
transplantation and autoimmune diseases such as multiple
sclerosis (1). FT'Y720 is a structural analog of sphingosine, a key
biosynthetic intermediate in sphingolipid (SL)*> metabolism
(see Fig. 1). In vivo, FTY720 is rapidly phosphorylated by sphin-
gosine kinase 2 (2, 3) to form FTY720 phosphate (FTY720-P),
an analog of sphingosine 1-phosphate (S1P) (see Fig. 1A).
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FTY720-P binds to S1P receptors (S1PRs) (4, 5) and thereby
induces a variety of phenomena such as T-lymphocyte migra-
tion from lymphoid organs (6 -9); accordingly, FTY720 treat-
ment results in lymphopenia as lymphocytes (especially
T-cells) become sequestered inside lymphoid organs (10-12).
The ability of FTY720 to sequester lymphocytes has stimulated
its use in treatment of allograft rejection and autoimmune dis-
eases (13), and FTY720 is currently under phase III clinical tri-
als for treatment of relapsing-remitting multiple sclerosis (14).

Apart from the binding of FTY720-P to S1PRs, the ability of
FTY720 to inhibit S1P lyase (15) (see Fig. 1B), and its inhibitory
effect on cytosolic phospholipase A2 (16), whose activity can be
modulated by ceramide 1-phosphate (17), little is known about
whether FTY720 or FTY720-P can modulate the activity of
other enzymes of SL metabolism. Because FTY720 is an analog
of sphingosine, one of the two substrates of ceramide synthase
(CerS) (see Fig. 1), we now examine whether FTY720 can mod-
ulate CerS activity. CerS utilizes fatty acyl-CoAs to N-acylate
sphingoid long chain bases. Six CerS exist in mammals, each of
which uses a restricted subset of acyl-CoAs (18 -23). We dem-
onstrate that FTY720 inhibits CerS activity and that the extent
of inhibition varies according to the acyl chain length of the
acyl-CoA substrate. Surprisingly, FTY720 inhibits CerS activity
toward acyl-CoA via noncompetitive inhibition and toward
sphinganine via uncompetitive inhibition. Finally, the mode of
interaction of FT'Y720 with CerS in cultured cells depends on
the amount of available sphinganine. Together, we show that
FTY720 modulates ceramide synthesis, which may be of rele-
vance for understanding its biological effects in vivo and its role
in immunomodulation.

EXPERIMENTAL PROCEDURES
Materials—p-Erythro-[4,5-*H]Sphinganine (80 Ci/mmol),
FTY720, (R)-FTY720-P and (R)-FTY-phosphonate were syn-
thesized as described (24, 25). Fatty acyl-CoAs, ceramides, di-
methylsphingosine, lysophosphatidic acid, and the internal
standards for liquid chromatography electrospray ionization-
tandem mass spectrometry (ESI MS/MS) were from Avanti
Polar Lipids (Alabaster, AL). Sphinganine was from Matreya
(Pleasant Gap, PA). Silica gel 60 TLC plates were from Merck.
Defatted bovine serum albumin (BSA), suramin, S1P, and a pro-
tease inhibitor mixture were from Sigma-Aldrich. Dulbecco’s
modified Eagle’s medium was from Invitrogen or Sigma-Al-
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FIGURE 1. SL structure and metabolism. A, structures of SLs and SL analogs used in this study. B, metabolic
inter-relationships between SLs and the metabolism of FTY720. The enzymes are denoted in italics. LPP3, lipid

phosphate phosphatase 3; LPP1q, lipid phosphate phosphatase 1a.

drich. All of the solvents were of analytical grade and were pur-
chased from Biolab (Jerusalem, Israel).

Cell Culture and Transfection—Human embryonic kidney
(HEK) 293T cells, RBL-2H3 mast cells, and hepatocellular liver
carcinoma (HEPG2) cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum, 100
IU/ml penicillin, and 100 pg/ml streptomycin. HEK cells were
transfected with human CerS genes (26) using the calcium
phosphate method (0.25 ug of plasmid/cm? of culture dish),
which gave ~90% transfection efficiency.

CerS Assay—The cells were removed from culture dishes using
trypsin (0.25%, w/v) followed by centrifugation (4 min, 150 X g, ).
The cell pellets were washed with phosphate-buffered saline and
homogenized in 20 mm HEPES-KOH, pH 7.4, 25 mm KCl, 250 mm
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Metabolic Labeling—HEK and
RBL-2H3 cells were incubated with
25 um FTY720 for 1.5 h followed by
incubation with [4,5-*H]sphinganine
or [4,5-*H]sphinganine/sphinganine during the last 30 min of the
incubation period; when transfected HEK cells were used, they
were incubated with FTY720 and sphinganine 24 h after transfec-
tion. The cells were removed from the culture dishes by scraping
into methanol, and the lipids were extracted (28). The lipids were
separated by TLC using chloroform/methanol (50:3.5; v/v) as
developing solvent, identified, and quantified as above.

ESI-MS/MS—SL analyses by ESI-MS/MS were conducted
using a PE-Sciex API 3000 triple quadrupole mass spectrom-
eter and an ABI 4000 quadrupole linear ion trap mass spec-
trometer as described (18, 19, 29, 30). HEK cells were har-
vested by trypsinization, collected by centrifugation, washed
twice with ice-cold phosphate-buffered saline, and lyophi-
lized. The samples were spiked with a SL internal standard
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FIGURE 2. Effect of FTY720 on CerS2 activity. CerS2 activity was assayed in
homogenates (100 w.g of protein) from CerS2-overexpressing cells using 0.25
wCi of [4,5-*H]sphinganine, 15 um sphinganine, 20 um defatted BSA and 50
um C22-acyl-CoA, with FTY or dimethylsphingosine (A) or FTY720-P, lyso-
phosphatidic acid, or STP (B). The specific activity of CerS2 in the absence of
inhibitors was 84 = 4.6 pmol ceramide formed per min per mg of protein. The
datain Ais a typical experiment for HEK cells overexpressing CerS2, and sim-
ilar results were obtained for cells overexpressing CerS4 and 5. In B, the results
are the means * S.D. for FTY720-P and S1P (n = 4) and the means (n = 2) for
lysophosphatidic acid.

mixture (Avanti Polar Lipids), then extracted, and analyzed
by liquid chromatography ESI-MS/MS.

RESULTS

Inhibition of CerS Activity—To determine whether FTY720
inhibits CerS activity in vitro, homogenates from HEK cells
overexpressing CerS2 were incubated with increasing con-
centrations of FT'Y720. Significant inhibition of CerS2 activ-
ity was observed (see Fig. 2A4). In contrast, another sphingo-
sine analog, dimethylsphingosine (Fig. 1), had no effect on
CerS2 (Fig. 2A) or CerS4 and 5 activity (not shown). The lack
of effect of dimethylsphingosine also acts as an important
control, demonstrating that the inhibition of CerS2 by
FTY720 does not occur via a nonspecific mechanism. For
instance, it is conceivable that FTY720 could displace sphin-
ganine from the complex it forms with BSA (which acts as a
lipid carrier in the reaction mixture; see Refs 24-and 26), thus
rendering sphinganine inaccessible for the reaction. Based
on these results, we conclude that FTY720 specifically inhib-
its CerS2.

We have recently shown that CerS2 contains an S1PR-like
motif via which S1P inhibits CerS2 activity (22). To determine
whether FTY720-P, an analog of S1P (Fig. 14), can also inhibit
CerS2 via this motif, homogenates from CerS2-overexpressing
cells were incubated with FTY720-P. No inhibition was
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observed, whereas S1P significantly inhibited CerS2 (Fig. 2B),
as reported previously (22). This result also demonstrates that
FTY720 itself (Fig. 24) and not FTY720-P, is responsible for
CerS2 inhibition. Similarly, FTY720-P had no effect on CerS5
activity (data not shown). Likewise, lysophosphatidic acid did
not inhibit CerS2 (Fig. 2B), confirming the specificity of the
CerS2 S1P receptor-like motif for S1P.

We next examined the level of inhibition of FTY720 using
different acyl-CoAs for ceramide synthesis (Fig. 3). In three
different cell lines, namely HEK, RBL-2H3 mast cells, and hep-
atocellular liver carcinoma (HEPG2) cells, the EC, of inhibi-
tion was lowest using C18-CoA, which gave an EC,, value of
between 35 and 47 uM (Fig. 3). In contrast, the EC;, values using
either C16-CoA or C24-CoA were considerably higher (Fig. 3).
The dependence on acyl-CoA chain length was further exam-
ined by comparing the EC,, value using HEK cells overexpress-
ing either CerS5 or CerS1, which use C16- and C18-CoA,
respectively (18, 19). FTY720 inhibited CerS1 activity to a
greater extent than CerS5 (Fig. 4A4). Finally, we analyzed the
activity of CerS4 in HEK cells using C18- or C20-CoA; CerS4
can utilize either of these acyl-CoAs for ceramide synthesis
(19). There was a significant difference in the EC,,, with
values of 32 and 65 uM for C18- and C20-CoA, respectively
(Fig. 4B). Together, these results suggest that the efficacy of
inhibition of CerS by FTY720 depends on the acyl-CoA
chain length. This result is unexpected because FTY720 is a
sphingosine analog (Fig. 14), and therefore we assumed that
the chain length of the acyl-CoA would not be relevant for
CerS inhibition by FTY720.

We also examined whether FTY720 could be acylated by
CerS. HEK cells overexpressing CerS4 or CerS5 were incubated
with 1-[**C]stearoyl-CoA or 1-[**C]palmitoyl-CoA, respec-
tively. Although ['*C]stearoyl-sphinganine (C18-ceramide)
and [**C]palmitoyl-sphinganine (C16-ceramide) were both
synthesized and their formation significantly inhibited in the
presence of FTY720, no additional radioactive bands could be
detected by TLC after incubation with FTY720 (data not
shown).

Kinetic Analysis—W'e next examined the inhibition kinetics
of FIY720 in homogenates from HEK cells overexpressing
CerS4. Because FTY720 is a structural analog of the sphingoid
long chain base (Fig. 14), we assumed that FTY720 would act as
a competitive inhibitor toward sphinganine. Surprisingly, how-
ever, FTY720 was an uncompetitive inhibitor toward sphinga-
nine (Fig. 54).

In contrast, FTY720 acted as a noncompetitive inhibitor
toward C18-CoA (Fig. 5B). The inhibition of FTY720 toward
C18-CoA was allosteric (Fig. 5B) under the normal reaction
conditions used to assay CersS (i.e. using defatted BSA as lipid
carrier, see above). However, when the assay was performed in
the absence of defatted BSA, classical noncompetitive inhibi-
tion was obtained using the Lineweaver-Burk plot (Fig. 5B,
inset). These data indicate that FTY720 has a complex mode of
inhibition on CersS in vitro, acting as an uncompetitive inhibitor
toward sphinganine and a noncompetitive inhibitor toward
acyl-CoA.

Modulation of Ceramide Synthesis in Cultured Cells—To
determine whether FTY720 also inhibits ceramide synthesis
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FIGURE 3. Inhibition of CerS activity by FTY720 using various acyl-CoAs. CerS activity was assayed in homogenates (100 g of protein) from HEK, RBL-2H3,

and HEPG2 cells using 0.25 uCi of [4,5->*H]sphinganine, 15 um sphinganine, 20 um

defatted BSA, and 50 um of acyl-CoA, as indicated. The results are the means =

S.D. (n = 3) for HEK cells and the means =+ S.D. of two independent experiments for RBL and HEPG2 cells.

in cultured cells, mock-transfected HEK cells were incu-
bated with 25 uM FTY720 and then metabolically labeled
with 1 wCi of [4,5->H]sphinganine/2 um sphinganine. Signif-
icant inhibition of ceramide synthesis was observed under
these conditions (Fig. 6A4). Similarly, ceramide synthesis was
inhibited by FTY720 in CerS1- and CerS4-overexpressing
HEK cells (Fig. 6A4). FTY720 also inhibited ceramide synthe-
sis in RBL-2H3 cells (Fig. 6A4), demonstrating that the inhi-
bition of ceramide synthesis by FTY720 also occurs in cells of
immune origin.

The amount of [4,5->H]sphinganine/sphinganine used in
these metabolic labeling experiments (~12 nmol/mg protein)
was significantly higher than endogenous sphinganine levels in
HEK cells (~6 pmol/mg protein) (19). Because FTY720 has a
complex mode of inhibition of CerS activity (see above), we
examined the concentration dependence of the effect of
FTY720 versus sphinganine concentration. At high sphinga-
nine concentrations, i.e. 500 nm to 5 uM, FTY720 (25 um) sig-
nificantly inhibited ceramide synthesis (Fig. 6B; cf. Fig. 6A).
However, at lower sphinganine concentrations (<200 nm), no
inhibition of ceramide synthesis was observed. Indeed,
although not statistically significant, a tendency toward an
increase in ceramide synthesis was detected at the lowest (<1
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nMm) sphinganine concentrations.? Thus, the modulation of cer-
amide synthesis by FTY720 in cultured cells depends on the
ratio of the concentrations of sphinganine to FTY720.

This unexpected result was supported by data obtained using
ESI-MS/MS to determine total ceramide, sphingomyelin, and
hexosylceramide levels in HEK cells and the fatty acid compo-
sition of these SLs (Fig. 7). Upon incubation of HEK cells with
FTY720 for 90 min (the same time of incubation as used for the
metabolic labeling experiments) (Fig. 6A4), an increase in cera-
mide levels was observed, with no change in endogenous sph-
inganine levels (Fig. 7); similar increases were observed for
hexosylceramide and sphingomyelin. Moreover, levels of C18-
C22-ceramide were significantly increased, as were levels of
C18-C22-hexosylceramide and C18-C22-sphingomyelin. This
result is consistent with a complex mode of interaction of
FTY720 with CerS, perhaps involving an allosteric element that
is not preserved in vitro, whereby ceramide synthesis is stimu-
lated in cells despite its inhibition by FI'Y720 in vitro.

3 At the lowest [4,5-*H]sphinganine concentrations, the amount of [*H]cera-
mide formed (5,000 dpm) is extremely low, even though the specific activ-
ity of [4,5-*H]sphinganine is high (80 Ci/mmol). Thus, these experiments
are difficult to perform to a high degree of experimental accuracy.
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FIGURE 4. Dependence on acyl-CoA chain length of inhibition of CerS
activity by FTY720. A, CerS activity was assayed in homogenates (100 ug of
protein) of HEK cells using 0.25 uCi of [4,5-*H]sphinganine/15 um sphinga-
nine, 20 um defatted BSA and 50 um of either C18- (for CerS1) or C16-acyl-CoA
(for CerS5). B, CerS4 activity was assayed in homogenates (100 ug of protein)
from CerS4-overexpressing cells using 0.25 uCi of [4,5->H]sphinganine, 15 um
sphinganine, 20 um defatted BSA, and 50 um of either C18- or C20-acyl-CoA.
The specific activity of CerS4 in the absence of FTY720 toward C18-CoA was
444 pmol of ceramide formed per min per mg of protein and 389 pmol of
ceramide formed per min per mg of protein toward C20-CoA in a typical
experiment. The results are the means = S.D. of two independent experi-
ments, each of which was repeated at least three times with similar results.

Finally, to determine that the changes in ceramide synthesis
in cultured cells were not due to the conversion of FTY720 to
FTY720-P (9), which could bind to an S1PR at the cell surface
and thus influence ceramide synthesis, we examined the effect
of FTY720 in the presence of suramin, an inhibitor of G-pro-
tein-coupled receptors (31). No changes were observed in cer-
amide synthesis after incubation with FTY720 in the absence or
presence of suramin (Fig. 84). We next incubated cells with
(R)-FTY-phosphonate, a nonhydrolyzable analog of FTY-P
(Fig. 1), at concentrations (1 um) that would saturate binding to
an S1PR. There was no difference in the extent of inhibition of
ceramide synthesis by FTY720 in the absence or presence of
(R)-FTY-phosphonate (Fig. 8B). Thus, we can exclude the pos-
sibility that the modulation of ceramide synthesis by FTY720 is
related to its metabolism to FTY720-P and binding to S1PRs.

DISCUSSION

In the current study we demonstrate that FTY720 can inter-
fere with SL metabolism via modulation of ceramide synthesis.
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FIGURE 5. Kinetic analysis of CerS4 inhibition by FTY 720. Homogenates
(100 g of protein) were prepared from HEK cells overexpressing CerS4 and
incubated with (squares) or without (circles) 25 um FTY720. A, CerS4 activity
was assayed using 50 um C18-CoA and increasing amounts of [4,5->H]sphin-
ganine/sphinganine, 20 um defatted bovine serum albumin (such that the
ratio of [4,5-*H]sphinganine to sphinganine was the same at each sphinga-
nine concentration). The data were plotted according to Lineweaver-Burk.
The slopes of the lines were parallel, with values of 0.0169 = 0.0019 and
0.0167 = 0.0019 with and without FTY720, respectively, demonstrating that
FTY inhibits CerS4 activity toward sphinganine via uncompetitive inhibition.
The results are shown for a typical experiment repeated three times. B, CerS4
activity was assayed using 0.25 uCi of [4,5-*H]sphinganine, 15 um sphinga-
nine, 20 um defatted bovine serum albumin, and increasing amounts of C18-
acyl-CoA. The data were plotted according to the best fit of a sigmoid dose-
response curve, which gave r? values of 0.99 for both curves, and demonstrate
that FTY720 inhibits CerS4 via noncompetitive inhibition toward C18-acyl-
CoA. The inset shows a Lineweaver-Burk plot from a different experiment in
which defatted bovine serum albumin was not included in the reaction
buffer. Noncompetitive inhibition toward C18-acyl-CoA is also observed. The
results are the means = S.D. from two independent experiments repeated
five or six times.

Previously, FTY720 was thought to largely mediate its biologi-
cal effects after its conversion to FTY720-P and subsequent
binding to SIPRs. We now propose an additional mode of
action, namely via modulation of ceramide synthesis.

The mechanism by which FTY720 modulates ceramide syn-
thesis is surprisingly complicated. FTY720 inhibits CerS activ-
ity in vitro but under certain conditions activates ceramide syn-
thesis in cultured cells. The reasons for these differences are not
known, but FTY720 is not the first compound that inhibits CerS
activity in vitro and has an opposite effect in cells. For instance,
in cells overexpressing CerS, fumonisin B1, a well characterized
CerS inhibitor in vitro (32), has little or no inhibitory effect and
in some cases results in elevated ceramide levels (18, 19). The
acyl chain length profile of the ceramides whose synthesis is
elevated in cultured cells by fumonisin B1 is the same as the
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FIGURE 6. Effect of FTY720 on ceramide synthesis in cultured cells. A, HEK
cells overexpressing CerS1 and CerS4 or mock-transfected HEK and RBL-2H3
cells were incubated with 25 um FTY720 for 90 min. The cells were incubated
with 1 uCi of [4,5-H]sphinganine, 2 um sphinganine (for HEK cells) or with 10
um sphinganine (for RBL-2H3 cells) during the last 30 min of the incubation.
The results are the means * S.D. of two independent experiments for HEK
cells (repeated at least three times) and the means = S.D. for RBL cells (n = 3).
B, HEK cells were incubated with 25 um FTY720 for 90 min. The cells were
incubated with increasing amounts of [4,5-*H]sphinganine/sphinganine
(such that the ratio of [4,5->H]sphinganine to sphinganine was the same at
each sphinganine concentration) during the last 30 min of the incubation
period. The results are the means = S.D. of three independent experiments.

profile of the ceramides whose synthesis is inhibited in vitro (18,
19), demonstrating a direct connection between the apparently
disparate effects of fumonisin B1. In contrast to the dual effects
of fumonisin B1, which was only observed in cells overexpress-
ing CerS, FTY720 elevates ceramide levels in untransfected
cells (Fig. 7). Recently, another sphingosine analog, spisulosine
(33), was shown to induce de novo ceramide synthesis in pros-
tate tumor cell lines (33), whereas it inhibits CerS activity in
vitro.*

A clue concerning the differences observed between the in
vitro analysis and experiments in cultured cells might be found
in the mode of inhibition of CerS activity by FT'Y720. Because
FTY720 is a sphingosine analog, we predicted that FTY720
would act as a competitive inhibitor toward sphinganine, hav-
ing little if any effect toward acyl-CoA. This prediction proved
to be wrong, because we found that FTY720 was an uncompeti-
tive inhibitor toward sphinganine and a noncompetitive inhib-
itor toward acyl-CoA (Fig. 5). Uncompetitive inhibitors bind to
enzymes only after formation of the E-S complex (34). This type of
inhibition is most commonly encountered in multi-substrate
reactions where the inhibitor is competitive with respect to one
substrate but uncompetitive with respect to another. CerS are
bi-substrate enzymes, requiring the binding of both sphinga-
nine and acyl-CoA for N-acylation of the former. Nothing is
known about the active site of any CerS or about the order of
binding of the substrates in the reaction pathway. Our data

*The EC,, of spisulosine toward CerS4 in vitro was ~25 um (data not shown).
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FIGURE 7. SL composition of HEK cells treated with FTY720. The fatty acid
composition of Cer, hexosylceramide, and sphingomyelin was measured
after 90 min of incubation with 25 uM FTY720. The inset in the top panel shows
the sphinganine levels and total ceramide levels. The results are the means +
S.D.(n=3).*,p <0.05, comparing cells treated with FTY720 versus the respec-
tive untreated control. No S.D. value is given for total ceramide levels (in the
inset) because this value is the sum of ceramide species with different acyl
chain lengths.

imply that sphinganine first binds to CerS to form an E-S (CerS-
sphinganine) complex, and only after formation of this complex
can FTY720 bind (Fig. 9). Alternatively, there may be two sph-
inganine-binding sites that act allosterically with respect to one
another, or CerS themselves may form dimers that interact
allosterically. The possibility of allosteric interactions is also
supported by the noncompetitive mode of inhibition of acyl-
CoA binding by FTY720. Noncompetitive inhibitors bind at an
allosteric site on the enzyme and leave the active site unblocked
(34). Thus, the binding sites of FT'Y720 and acyl-CoA appear to
be distinct, but the interaction between sphinganine binding
and FTY720 binding nevertheless impacts the rate of the reac-
tion with respect to acyl-CoA. Finally, the experiment showing
that FTY720 inhibits ceramide synthesis at high sphinganine
concentrations in vivo, but not at low concentrations (Fig. 6),
supports a complex, possibly allosteric mode of interaction
between sphinganine and FTY720 and is consistent with
uncompetitive inhibitors being most effective at high substrate
concentrations (35); this explanation might also be relevant for
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FIGURE 8. Effect of suramin and FTY720-phosphonate on inhibition of
CerS activity by FTY720. HEK cells were incubated with suramin (50 um, 10
min) (A) or with FTY-phosphonate (FTY-P) (1 uMm, 30 min) prior to incubation
with FTY720 (25 um, 90 min). The cells were incubated with 1 uCi of [4,5-
3H]sphinganine/2 um sphinganine during the last 30 min of the incubation.
The results are the means = S.D. (n = 4) for A and the means for B (n = 2).

the mode of interaction between sphinganine and other sphin-
ganine analogs, such as spisulosine and fumonisin B1.

The range of concentrations (low micromolar) needed to
inhibit CerS activity by FT'Y720 is considerably higher than that
needed to bind and activate (mid nanomolar) S1P receptors
after phosphorylation of FTY720 to FTY720-P. However, this
cannot exclude the possibility that some of the biological effects
of FTY720 may be mediated by FT'Y720 itself, prior to its me-
tabolism to FT'Y720-P, or after its dephosphorylation by either
lipid phosphate phosphatase 3 or lipid phosphate phosphatase
la (Fig. 1B). A number of studies have examined the biological
effects of FTY720 using micromolar concentrations (4, 15,
36-42), and these studies are consistent with the notion that
the effects of FTY720 that are mediated via binding to S1PRs
occur in the range expected of receptor-mediated signaling
pathways, whereas additional and novel effects of FT'Y720, such
as the pathway described herein, which is independent of S1IPR
binding, occur at much higher concentrations.

Whether FTY720 ever reaches the concentrations used in
the current study (and in the study of Berdyshev et al. (42); see
below) after its administration to either animals or to human
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FIGURE 9. Possible mode of interaction of FTY720 with CerS. The data
presented in this study are consistent with the idea that sphinganine first
binds to CerS and that subsequent binding of FTY720 leads to an allosteric
change that prevents binding of acyl-CoA. See “Discussion” for further details.

patients is not known. In at least one study, FTY720 was shown
to accumulate at levels of ~1 uM in various rat and dog tissues
soon after its injection (43). However, because FTY720 is
hydrophobic, its concentration within intracellular membranes
might be much higher. The precise concentrations to which
CerS enzymes may be exposed after FTY720 treatment is there-
fore not known, and the clinical relevance of our data to under-
standing the mode of FT'Y720 action would be strengthened by
determination of the local membrane concentration of FT'Y720
in, for instance, the endoplasmic reticulum, where the CerS
enzymes are located.

While this manuscript was under review, a study was pub-
lished by Berdyshev et al. (42) demonstrating inhibition of CerS
activity by FT'Y720. In contrast to our study, Berdyshev et al.
(42) reported competitive inhibition of CerS with respect to
sphinganine and did not include any information on the mode
of inhibition toward acyl-CoA, because the competitive mode
of inhibition toward sphinganine would imply direct competi-
tion between sphinganine and FTY720, alleviating the need to
examine inhibition toward acyl-CoA. In contrast, our study
suggests a much more complex mode of inhibition, as discussed
above. The conclusion by Berdyshev et al. (42) is based on CerS
assays that do not appear to have been performed under opti-
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mal conditions. For example, concentrations of acyl-CoA were
only 5 um, which is significantly below the amount required to
elicit a maximal rate of the reaction (24). Likewise, a sphinga-
nine concentration of 100 nm was used, which is significantly
lower than the K, of the reaction (which is in the range of 2—5
uM) (26). Moreover, the effect of FTY720 reported by Berdy-
shev et al. (42) might be related to the 100-fold molar excess of
inhibitor (i.e. 10 um FTY720) versus substrate (100 nm sphinga-
nine), which could lead to displacement of sphinganine from
the BSA complex, a possibility that we excluded in our study
(Fig. 2), and thus lead to apparent competitive inhibition.
Clearly, conclusions concerning modes of kinetic inhibition
cannot be accurately derived from reactions performed under
suboptimal assay conditions. Thus, the data in our study sug-
gest a completely different mode of action of FTY720, as illus-
trated in Fig. 9.

One other major difference between the two studies is our
analyses of the dependence of the inhibition by FTY720 on
acyl-CoA chain length. Whereas Berdyshev et al. (42) did not
observe any significant dependence on acyl-CoA chain length,
perhaps due to some of the kinetic considerations discussed
above, we observed that FTY720 inhibits ceramide synthesis
using C18-CoA to a greater extent than other acyl-CoAs. This
may be of relevance for understanding the mode of action of
FTY720 as a modulator of ceramide synthesis in tissues that
express different CerS enzymes and thus contain ceramides
with different acyl chain lengths. Finally, our study examined
the effect of FTY720 on CerS activity in three different cell lines,
including RBL-2H3 mast cells, lending mechanistic signifi-
cance to our study with relation to the possible effect of FTY720
in immunomodulation.

In summary, we have shown a multifaceted mode of interac-
tion between FTY720 and CerS. This may be of importance for
understanding the mode of action of FTY720, particularly
because FTY720 is currently under investigation in a number of
clinical trials, which apparently all assume that conversion to
FTY720-P is necessary for its clinical efficacy. Our current
study suggests a new mechanistic interpretation for some of the
observed effects of FTY720, namely via modulation of ceramide
synthesis.
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