oJ. Biochem. 136, 495-502 (2004)
DOI: 10.1093/jb/mvh143

Sphingosine 1-Phosphate Breakdown in Platelets

Yutaka Yatomil”, Soichiro Yamamura?2, Nobuo Hisano%, Kazuhiko Nakaharal,
Yasuyuki Igarashi? and Yukio Ozaki3

!Department of Laboratory Medicine, Graduate School of Medicine, University of Tokyo, Tokyo 113-8655;
2Laboratory of Biochemistry and Molecular Biology, The Rockefeller University, NY 10021, USA; *Department of
Laboratory Medicine, University of Yamanashi Faculty of Medicine, Yamanashi 409-3898; and *Department of

Biomembrane and Biofunctional Chemistry, Graduate School of Pharmaceutical Sciences, Hokkaido University,
Hokkaido 060-0812

Received March 21, 2004; accepted July 15, 2004

We examined the formation of sphingolipid mediators in platelets, which abundantly
store, and release extracellularly, sphingosine 1-phosphate (Sph-1-P). Challenging
[3H]Sph-labeled platelet suspensions with thrombin or 12-O-tetradecanoylphorbol 13-
acetate (TPA) resulted in a decrease in Sph-1-P formation and an increase in sphingo-
sine (Sph), ceramide (Cer), and sphingomyelin formation. Sph conversion into Cer,
and Cer conversion into sphingomyelin were not affected upon activation, suggesting
that Sph-1-P dephosphorylation may initiate the formation of sphingolipid signaling
molecules. In fact, Sph-1-P phosphatase (but not lyase) activity was detected in plate-
lets, but this activity was not enhanced by thrombin or TPA. When quantified with
[3H]acetic anhydride acetylation, followed by HPLC separation, the amounts of Sph-
1-P and Sph decreased and increased, respectively, upon stimulation with thrombin
or TPA, and these changes were attenuated by staurosporine. Under these TPA treat-
ment conditions, over half of the [3H]Sph-1-P (formed in platelets incubated with
[3H]Sph) was detected extracellularly, possibly due to its release from platelets, which
was completely inhibited by staurosporine pretreatment. Furthermore, when TPA-
induced Sph-1-P release was blocked by staurosporine after the stimulation, the
extracellular [3H]Sph-1-P radioactivity decreased, suggesting that the Sph-1-P
released may undergo dephosphorylation extracellularly. To support this, [32P]Sph-1-
P, when added extracellularly to platelet suspensions, was rapidly degraded, possibly
due to the ecto-phosphatase activity. Our results suggest the presence in anucleate
platelets of a transmembrane cycling pathway starting with Sph-1-P dephosphoryla-
tion and leading to the formation of other sphingolipid mediators.

Key words: ceramide, lipid phosphate phosphatase, platelets, sphingomyelin, sphin-
gosine, sphingosine 1-phosphate.

Abbreviations: Cer, ceramide; Sph, sphingosine; Sph-1-P, sphingosine 1-phosphate; TPA, 12-O-tetradecanoylphor-

bol 13-acetate; LPP, lipid phosphate phosphatase.

Recently, not only glycerophospholipids, but also sphin-
golipids have been shown to be involved in cellular signal
transduction and to be sources of bioactive lipid media-
tors (I—4). Sphingomyelin is an important component of
the membrane lipid bilayer, and its breakdown, through
the mediation of signal-activated sphingomyelinase(s),
leads to the formation of the important signaling mole-
cule ceramide (Cer), although the de novo pathway for its
synthesis may be involved in some systems (1, 2, 4). Dea-
cylation of Cer by ceramidase results in the formation of
sphingosine (Sph) (1, 2, 4). Sph is then phosphorylated by
Sph kinase into Sph 1-phosphate (Sph-1-P) (1, 3, 4). Sph-
1-P can be cleared by a lyase, a fatty aldehyde and eth-
anolamine phosphate being formed (4, 5), although Sph
can be regenerated from Sph-1-P through the action of
Sph-1-P phosphatase (6-8). These sphingolipid signaling
molecules, formed primarily through “sphingomyelin
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breakdown,” have now emerged as lipid messengers
exerting a variety of biological actions (1—4).

Sph-1-P, the sphingolipid mediator located most down-
stream from sphingomyelin degradation, has attracted a
great deal of attention as a key cell signaling molecule,
functioning as both an extracellular first messenger and
an intracellular second messenger (3, 9). As described
above, the intracellular level of Sph-1-P is determined by
the balance of Sph kinase-mediated synthesis and its
degradation by Sph-1-P lyase or phosphatase. In general,
the intracellular Sph-1-P level is kept low, possibly due to
degradation by the lyase and phosphatase activities. Sph
kinase is relatively inactive in the resting state (only a
small fraction of exogenous Sph is converted to Sph-1-P
intracellularly), but Sph kinase activity is stimulated
and the Sph-1-P level is transiently increased by specific
stimulants in cells in which Sph-1-P acts as an intracel-
lular second messenger (3, 9—11). It is unlikely that these
characteristics are true of blood platelets (9); these anu-
cleate cells possess a unique sphingolipid metabolic path-
way, as follows. Sph-1-P lyase is a ubiquitous enzyme
present in almost all tissues, but platelets are an impor-
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tant exception in that they are devoid of this lyase (5, 9,
12). In contrast, platelets possess a highly active Sph
kinase (9, 12). As a result, platelets accumulate abun-
dant Sph-1-P (9, 13). Furthermore, Sph-1-P, abundantly
stored in platelets, can be released extracellularly by
stimulants that are capable of activating protein kinase
C (9,12, 14).

In this study, using the highly unique cells platelets,
we suggested the presence of a transmembrane cycling
pathway starting with “Sph-1-P breakdown (dephosphor-
ylation),” which is distinct from the well-known “sphingo-
myelin breakdown.”

MATERIALS AND METHODS

Materials—[32P]Sph-1-P and [3-H]Sph-1-P were pre-
pared by [y-*2P]JATP- and ATP-dependent phosphoryla-
tion of Sph and [3-3H]Sph, respectively, which were both
catalyzed by Sph kinase obtained from human platelets
(15).

The following materials were obtained from the indi-
cated suppliers: Sph-1-P (Biomol, Plymouth Meeting,
PA); Sph, Cer, C4-Cer, lysophosphatidic acid, monoacylg-
lycerol, phosphatidic acid, diacylglycerol, sphingomyelin,
12-O-tetradecanoylphorbol 13-acetate (TPA), and bovine
serum albumin (essentially fatty acid-free) (Sigma, St.
Louis, MO); thrombin (Mochida Pharmaceutical Co.,
Tokyo, Japan); staurosporine (Kyowa Medex, Tokyo,
Japan); and [y-32P]JATP (3,000 Ci/mmol), [3-*H]Sph (22
Ci/mmol), [3-*H]C4-Cer (22.3 Ci/mmol), and [“C]sphingo-
myelin (40-60 mCi/mmol) (NEN™ Life Science Products,
Inc., Boston, MA).

Cell Preparation—Platelets were isolated from the
blood of healthy adult volunteers. The blood was antico-
agulated with 3.8% sodium citrate (9 volumes of blood to
1 volumes of sodium citrate) and then centrifuged at 120
x g for 10 min to obtain platelet-rich plasma. Then,
washed platelets suspended in a HEPES buffer [contain-
ing 138 mM NaCl, 3.3 mM NaH,PO,, 2.9 mM KCI, 1.0
mM MgCl,, 1 mg/ml of glucose, 0.5% bovine serum albu-
min, and 20 mM HEPES (pH 7.4)] were prepared and
handled as described previously (16). When indicated, 1
mM EDTA was added instead of MgCl,. Unless otherwise
stated, the washed platelets were used as platelet sus-
pensions. All of the intact platelet reactions were per-
formed at 37°C.

[H]Sphingolipid Formation in Platelet Suspensions
Loaded with [PH]Sph—Platelet-rich plasma was incu-
bated with 100 nM [*H]Sph (0.1 pCi/ml). The label was
efficiently removed from the medium, and the uptake of
[3H]Sph was almost 100% at 10 min after the label addi-
tion, which was the same under the conditions where
platelets were stimulated with thrombin or TPA. As
described previously (12), [*H]Sph incorporated into
platelets was rapidly converted to [*H]Sph-1-P; [*H]Sph
was also converted by N-acylation to [*H]Cer, and then to
[BH]sphingomyelin, although slowly. After 2 h, about 60%
of the [*H]Sph originally added was converted to [*H]Sph-
1-P, and the ratio of [*H]Sph-1-P to [*H]Sph, which
depends upon the relative conversion from Sph to Sph-1-
P by Sph kinase and the reverse process by (possible)
phosphatase, remained constant thereafter. Washed
platelet suspensions were prepared from platelet-rich
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plasma incubated with [*H]Sph for 2 h, adjusted to 3 x
108 cells/ml, and then used to examine the formation of
sphingolipids in stimulated platelets. The [3H]sphingoli-
pid-labeled washed platelets (0.5 ml aliquots) were
treated as indicated, the reactions were terminated by
the addition of ice-cold chloroform/methanol/concen-
trated HCI (100:200:1), and then [*H]sphingolipids were
extracted and analyzed by TLC autoradiography, as pre-
viously described (12). The areas of silica gel containing
radiolabeled sphingolipids, i.e., Sph, Sph-1-P, Cer, and
sphingomyelin, were scraped off and counted by liquid
scintillation counting.

When [*H]sphingolipid-labeled washed platelets (pre-
pared as described above) were incubated at 37°C, the
radioactivity of [PH]Sph-1-P decreased, while that of
[3H]Sph, [*H]Cer, and [*H]sphingomyelin increased, even
without stimulation; this may have been due to weak
platelet activation occurring during the platelet prepara-
tion. Accordingly, the radioactivity distribution among
[3H]sphingolipids in the control platelets (incubated for
the indicated duration without stimulation) was different
from those in the labeled platelets immediately after
preparation.

Metabolism of [PH]Sph, [3H]C6-Cer, [32P]Sph-1-P, or [3-
3H]Sph-1-P—Washed platelets were incubated with 100
nM [3H]Sph, [*H]C4-Cer, [3?P]Sph-1-P, or [3-*H]Sph-1-P
for the indicated times. The reactions were terminated by
the addition of ice-cold chloroform/methanol/concen-
trated HCI1 (100:200:1), and lipids were extracted and
analyzed by TLC autoradiography, as described previ-
ously (12).

The formation of [*H]Cg-sphingomyelin from [*H]Cq-
Cer was confirmed by sphingomyelinase treatment of the
extracted lipids, which was performed as described previ-
ously (17).

Sph-1-P Lyase and Phosphatase Activity Assays—Plate-
let homogenates were prepared by sonication, as re-
ported (15). Sph-1-P lyase and phosphatase activities
were measured essentially as described previously (18),
except that [3-H]Sph-1-P instead of [4,5-3H]dihydro-
sphingosine-1-phosphate was used as the substrate. The
reaction time was 30 min, and the products were applied
to silica gel 60 HPTLC plates (Merck, Darmstadt, Ger-
many). The plates were then developed in chloroform/
methanol/acetic acid (50:50:1) or butanol/acetic acid/wa-
ter (3:1:1). The areas of silica gel containing radioactive
lyase metabolites and Sph were scraped off and counted
by liquid scintillation counting to measure the Sph-1-P
lyase and phosphatase activities, respectively. It was con-
firmed that [3-°H]Sph formation increased linearly with
time up to 60 min.

Quantitative Measurement of Sph and Sph-1-P by
HPLC—Sph-1-P was first extracted into the upper aque-
ous phase under alkaline conditions by Folch’s phase sep-
aration, and then reextracted into the lower chloroform
phase under acidic conditions (19). The extracted Sph-1-
P was N-acylated with [*H]acetic anhydride into [*H]Cy-
Cer-1-P (N-[*H]acetylated Sph-1-P), as described previ-
ously (19). Sph was extracted into the lower chloroform
phase, and N-acylated with [3H]acetic anhydride into
[*HIC,-Cer (N-[*H]acetylated Sph), as described previ-
ously (20). The acylated products were separated by
reverse phase HPLC on a TSK-GEL ODS-80TM column
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Table 1. Radioactivity distribution among sphingolipids in platelet suspensions loaded with [*H]Sph.

Sph-1-P Sph Cer Sphingomyelin
Control 43.2+4.3% 11.0+2.4% 43.8+4.9% 2.0+ 0.2%
Thrombin 33.1+4.1% 14.2 £ 2.9% 49.7+4.9% 3.0+0.3%

(0.0049) (0.0212) (0.0086) (0.0033)
TPA 35.1+£3.6% 15.1+3.7% 46.7+5.9% 2.7+£0.3%

(0.0033) (0.0356) (0.0623) (0.0067)

Washed platelet suspensions prepared after [*H]Sph loading (see “MATERIALS AND METHODS”) were stimulated
without (control) or with 0.1 U/ml of thrombin or 1 uM TPA for 1 h. The radioactivities incorporated into Sph-1-P,
Sph, Cer, and sphingomyelin were measured, and are expressed as percentages of the total sphingolipid radioactiv-
ity, which were 45,135 + 5,614, 50,429 + 4,280, and 46,268 + 5,549 dpm for the control, thrombin-stimulated, and
TPA-stimulated platelets, respectively. Data are expressed as means + SD (n = 3). The decrease in Sph-1-P radio-
activities, and increases in Sph, Cer, and sphingomyelin radioactivities (compared with the control) were statisti-
cally analyzed by the paired ¢-test, and p values are indicated in parentheses.

(4.6 mm x 150 mm) (TOSOH, Tokyo, Japan). The mobile
phase consisted of 85% methanol plus 1% phosphoric
acid, at the flow rate of 1 ml/min. Radioactivity in the elu-
ate was monitored on-line with a 171 radioisotope detec-
tor (Beckman Coulter, Inc., Fullerton, CA).

When washed platelets were incubated at 37°C, the
amounts of Sph-1-P and Sph decreased and increased,
respectively, even without stimulation, probably due to
weak platelet activation (occurring during the platelet
preparation). Since there was variation between experi-
ments in the undesired basal activation of platelets, the
results of a representative experiment are shown.

Analysis of Extracellular [PH]Sph-1-P in [SH]Sph-Labeled
Platelet Suspensions—Platelet suspensions (0.5 ml) were
incubated with 100 nM [3H]Sph (0.2 uCi) and then stimu-
lated with the indicated agent. At the times indicated,
the platelets were centrifuged for 15 s at 12,000 x g. Lip-
ids were then extracted from the resultant supernatant
and cell pellet, and analyzed for [*H]Sph metabolism by
TLC autoradiography, as described above. The extracel-
lular Sph-1-P in the medium was calculated as 100 x
(BH]Sph-1-P in medium)/(total [*H]Sph-1-P in medium
plus cell pellets), and extracellular Sph-1-P after stimu-
lation as (percentage extracellular Sph-1-P in the
medium upon stimulation) — (percentage extracellular
Sph-1-P in the medium without stimulation).

Sph-1-P Ectophosphatase Activity Assay—Platelet sus-
pensions were incubated with 50 nM [33P]Sph-1-P in
buffer containing 0.5% fatty acid-free BSA. The reactions
(0.5 ml aliquots) were terminated by transfer to 0.5 ml of
1 M HCIO,. After centrifugation, Sph-1-P ectophos-
phatase activity was determined in the supernatants by
measuring P, formation from the labeled Sph-1-P, as
described previously (21, 22).

RESULTS

Effect of Thrombin and TPA on [2H]Sphingolipid For-
mation in Platelets Labeled with [?H]Sph to a State of
Equilibration—We first performed overall evaluation of
sphingolipid metabolism during platelet activation. For
this purpose, washed platelet suspensions incubated
with [3H]Sph to a state of equilibration (at least as far as
Sph/Sph-1-P conversion was concerned) were prepared,
and then the formation of [3H]sphingolipids upon stimu-
lation was examined. Thrombin acts on G protein-
coupled seven-transmembrane receptors and strongly
activates platelets, mainly through phosphoinositide
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turnover (23), while TPA stimulates platelets through
direct protein kinase C activation (24). When [*H]Sph-
loaded platelets were stimulated with thrombin or TPA,
a decrease in [3H]Sph-1-P formation was observed (Table
1). It was considered that the decrease in Sph-1-P forma-
tion may have substantially affected the formation of
other sphingolipids, since platelets abundantly store this
phospholipid (9, 13). In fact, increases in [*H]Sph,
[3H]Cer, and [*H]sphingomyelin formation were observed
under the conditions employed (Table 1).

Effects of Thrombin and TPA on Sph Conversion into
Cer, and Cer Conversion into Sphingomyelin—Since it is
known that platelets lack Sph-1-P lyase activity (5, 12),
the above findings indicate that Sph-1-P phosphatase
activity is present in these anucleate cells and plays an
important role in the formation of Sph. Although it was
possible that the increases in the Cer and sphingomyelin
radioactivity levels were also due to enhanced Sph-1-P
hydrolysis, the involvement of Cer synthase and sphingo-
myelin synthase, respectively, could not be ruled out.
Accordingly, we examined the effects of thrombin and
TPA on Sph conversion into Cer (reflecting Cer synthase
activity), and Cer conversion into sphingomyelin (reflect-
ing sphingomyelin synthase activity). As shown in Table
2, both thrombin and TPA did not affect these activities.

Detection of Sph-1-P Phosphatase (but Not Lyase)
Activity in Platelets—The above metabolic studies indi-
cate that in platelets, Sph-1-P phosphatase activity plays
an important role in the formation of Sph, Cer, and

Table 2. Effects of thrombin and TPA on Sph conversion into
Cer, and Cer conversion into sphingomyelin.

Sph conversion Cer conversion into

into Cer (%) sphingomyelin (%)
Control 75+0.6 2.0+0.2
Thrombin 7.2+1.0 2.0+£0.3
TPA 7.3+0.8 19+0.3

To analyze Sph conversion into Cer, platelets were treated with
[PHISph alone (control), [*HISph plus 0.1 U/ml of thrombin, or
[*H]Sph plus 1 uM TPA for 1 h. Lipids were extracted, and [*H]Cer
formation from [*H]Sph was analyzed by TLC autoradiography. Cer
formation was calculated as 100 x [H]Cer formed/[*H]Sph origi-
nally added. To analyze Cer conversion into sphingomyelin, plate-
lets were treated with [*H]C4-Cer alone (control), [PH]C¢-Cer plus
0.1 U/ml of thrombin, or [*H]Cy-Cer plus 1 uM TPA for 2 h. Lipids
were extracted, and [*H]Cg-sphingomyelin formation from [*H]Cq-
Cer was analyzed by TLC autoradiography. Sphingomyelin forma-
tion was calculated as 100 x [?H]Cg-sphingomyelin formed/[*H]Cq-
Cer originally added. Data are expressed as means + SD (n = 3).
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Fig. 1. Presence of phosphatase (but not lyase) activity in
platelets. Various protein amounts of platelet homogenates were
assayed for Sph-1-P phosphatase (open circles) and lyase (solid cir-
cles) activities by measuring the conversion of [3-*H]Sph-1-P into
[H]palmitaldehyde, [*H]palmitic acid, and [*H]palmitol (lyase
activity), and [*H]Sph (phosphatase activity), respectively. Similar
results were obtained in three other experiments.

sphingomyelin. When [*H]Sph-1-P was added to platelet
homogenates under established assay conditions for Sph-
1-P lyase (18), no lyase products (palmitaldehyde, pal-
mitic acid, and palmitol) were formed (Fig. 1), as reported
previously (12). In contrast to the absence of lyase activ-
ity, the conversion of [*H]Sph-1-P into [3H]Sph, reflecting
Sph-1-P phosphatase activity, was detected in platelets
(Fig. 1), as expected.

When homogenates of 2 x 108 platelets (treated with-
out or with thrombin or TPA under the conditions
employed for Table 1) were analyzed, thrombin or TPA
failed to enhance Sph-1-P phosphatase activity (Table 3).

Quantification of Sph-1-P and Sph in Platelets—Next,
we quantitatively measured Sph and Sph-1-P by their N-
acylation with [3H]acetic anhydride into [*H]C,-Cer (N-
[*Hlacetylated Sph) and [H]C,-Cer-1-P (N-[*H]acetyl-
ated Sph-1-P), respectively. In this study, we detected the
final acetylated products with an HPLC system, instead
of scraping off the spots on TLC silica gels [as we did pre-
viously (19)], for accurate measurement; [3H]C,-Cer and
[(H]C,-Cer-1-P, which were derived from Sph and Sph-1-
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Table 3. Effect of thrombin and TPA on Sph-1-P phosphatase
activity.

Sph-1-P phosphatase activity (%)

thrombin 91+5

TPA 94+6
Platelets were treated without or with 0.1 U/ml of thrombin or 1 uM
TPA for 1 h. Platelet homogenates were prepared and assayed for
Sph-1-P phosphatase activity by measuring the conversion of [3-
3H]Sph-1-P into [*H]Sph. Data are expressed as percentages of the
control activity without treatment (mean + SD, n = 3).

P, respectively, were clearly detected with the newly-
developed reverse phase HPLC system (Fig. 2).

The amounts of Sph-1-P and Sph decreased and
increased, respectively, upon stimulation with thrombin
or the direct protein kinase C activator TPA (24) (Fig. 3),
which was consistent with the data obtained using
[3H]Sph-loaded platelets (Table 1). Furthermore, these
stimulation-dependent changes were attenuated by stau-
rosporine (Fig. 3), a potent inhibitor of protein kinases,
including protein kinase C (25). Accordingly, it was con-
sidered that the increase in the Sph amount and the
decrease in the Sph-1-P amount, probably reflecting Sph-
1-P dephosphorylation, may be related to protein kinase
C activation; under similar conditions, we confirmed that
thrombin and TPA strongly activated protein kinase C,
which was abolished by staurosporine (26). However, fur-
ther studies may be needed to confirm this, due to the use
of a non-selective inhibitor.

Analysis of Extracellular [PBH]Sph-1-P in [PH]Sph-labeled
Platelet Suspensions—We previously reported that Sph-
1-P, abundantly stored in platelets, can be released by
protein kinase C activation; thrombin or TPA strongly
induced platelet Sph-1-P release, which was abolished by
staurosporine (12, 14). Accordingly, we checked for the
extracellular presence of Sph-1-P, under the conditions
employed for examining the levels of sphingolipids in
platelet suspensions, to accurately evaluate Sph-1-P
dephosphorylation to Sph; extracellular Sph-1-P could be
determined mainly by Sph-1-P release from platelets and
Sph-1-P degradation on platelets.

Upon TPA stimulation, which induced Sph-1-P conver-
sion to Sph, over 50% of the [3H]Sph-1-P (formed in plate-
lets incubated with [3H]Sph) was detected extracellularly

Fig. 2. Elution profiles of N-[3H]acety-
lated products of Sph-1-P and Sph. In

A, 0 (Left) and 3 (Right) nmol of Sph-1-P
* were N-[3H]acetylated with [3H]acetic
anhydride to [*H]Cy-Cer-1-P. In B, 0 (Left)
and 3 (Right) nmol of Sph were N-
[3H]acetylated with [3H]acetic anhydride
to [PH]Cy-Cer. The acetylated products
were separated by reverse phase HPLC
(see “MATERIALS AND METHODS”). The elu-
tion locations corresponding to Cy-Cer-1-
P (A) and C,-Cer (B) are indicated by
arrows in the chromatographs.
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Fig. 3. Effects of thrombin and TPA on the Sph-1-P and Sph
amounts in platelet suspensions. Platelet suspensions preincu-
bated without (open columns) or with (solid columns) 1 pM stau-
rosporine for 15 s were stimulated with 0.1 U/ml of thrombin (Thr)
or 1 uM TPA for 1 h. Sph-1-P and Sph were extracted and quantified
by N-[*Hlacetylation with [*Hlacetic anhydride to [*H]C,-Cer-1-P
and [*H]C,-Cer, respectively. The columns and error bars represent
the means + range for a representative experiment. Similar results
were obtained in three other experiments.

(Fig. 4A), possibly due to its release from platelets by
protein kinase C activation (12, 14). As expected, this
TPA-induced Sph-1-P release from platelets was com-
pletely inhibited by staurosporine pretreatment (Fig.

Fig. 4. Analysis of extracellular

[3H]Sph-1-P in [3H]Sph-labeled plate- A
let suspensions. (A) Platelet suspensions
incubated with [*H]Sph were stimulated
without (-) or with 1 uM TPA. After 60 min
incubation, samples were centrifuged, and
lipids were extracted from the resultant
supernatant (S) and cell pellet (C), and
analyzed by TLC autoradiography. (B)
Platelets were preincubated without (open
circles) or with (solid circles) 1 pM stau-
rosporine for 1 min, and then stimulated

Sph-1-P —
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4B). Furthermore, when TPA-induced Sph-1-P release
was blocked by staurosporine after the stimulation, the
extracellular [*H]Sph-1-P radioactivity was found to be
reduced (Fig. 4B). This indicates that, in TPA-stimulated
platelet suspensions, the presence of extracellular Sph-1-
P is balanced by Sph-1-P release from the inside and
extracellular Sph-1-P degradation; thus, blockage of Sph-
1-P release by staurosporine resulted in a reduction in
extracellular [*H]Sph-1-P. It was suggested that at least
part of the Sph-1-P released extracellularly undergoes
dephosphorylation by an ectoenzyme.

Presence of Sph-1-P Ectophosphatase Activity on Plate-
lets—To check the Sph-1-P ectophosphatase activity, we
examined the metabolism of radiolabeled Sph-1-P added
to platelet suspensions. As expected, [32P]Sph-1-P was
degraded very rapidly when added extracellularly to
platelet suspensions (Fig. 5A). Similar results were
obtained when [33P]Sph-1-P was employed (data not
shown); [3*P]P, was recovered in the extracellular
medium, indicating ectophosphatase activity (see Fig. 6).
In contrast, the radioactivity of [3-3H]Sph-1-P, added
similarly, decreased only very slowly, with [H]Sph and
[BH]Cer appearing (Fig. 5B). These results can be best
explained by the idea that non-polar [3-3H]Sph, formed
from polar [3-3H]Sph-1-P by means of ectophosphatase
activity, is incorporated into platelets and then phosphor-
ylated to regenerate [3-*H]Sph-1-P intracellularly by
means of Sph kinase or converted to [3H]Cer (and then to

with 1 pM TPA. When indicated (a solid _
square), platelets were first treated with 1
pM TPA and then 1 uM staurosporine (30
min after TPA addition). Extracellular
Sph-1-P (in the medium supernatant) was

Extracellular Sph-1-P (% of total)

TPA

Time (min)

measured as described under “MATERIALS AND METHODS.” Data are expressed as means + SD (n = 3).

Fig. 5. Metabolic fates of
[*?P1Sph-1-P, [3-*H]Sph-1-P,
and [*H]Sph exogenously
added to platelet suspen-
sions. Platelet suspensions
were incubated with [32P]Sph-
1-P (A), [3-°HISph-1-P (B), or
[BHISph (C) for the indicated
times. After the reactions, lip-
ids were extracted from the
whole cell suspensions in A and
B, and from (after separation
by centrifugation) the cell pellet
(C) and supernatant (S) in C.
Metabolic changes in each radi-
olabeled sphingolipid were ana- 0 05 2
lyzed. The locations of standard

lipids are indicated on the left.

A. [32 P]Sph-
Cer—
Sph—
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Sph-1-P ectophosphatase activity
(% of control))

Fig. 6. Platelet Sph-1-P ectophosphatase activity. Platelet sus-
pensions were incubated with [33P]Sph-1-P in the absence or pres-
ence of 1 mM vanadate (Van), 1 mM EDTA (instead of MgCl,), 5 uM
(non-radioactive) Sph-1-P (S1P), 5 uM lysophosphatidic acid (LPA),
5 uM monoacylglycerol (MAG), 5 uM phosphatidic acid (PA), or 5
uM diacylglycerol (DG) for 10 min. [33P]Sph-1-P phosphatase activ-
ity was determined by counting water-soluble 23Pi radioactivity and
is expressed as a percentage of the control value. The columns and
error bars represent means + SD (n = 3).

sphingomyelin); Sph (but not Sph-1-P) is hydrophobic
and easily passes through the lipid bilayer. In fact, [3-
SH]Sph, added exogenously, was rapidly incorporated
into platelets, and converted to [3-°H]Sph-1-P and [3-
3H]Cer (Fig. 5C).

We next characterized the ectophosphatase activity
expressed on platelets. [33P]Sph-1-P dephosphorylation
was strongly inhibited in the presence of the phosphatase
inhibitor vanadate, but was not affected on omission of
Mg?* (Fig. 6). Furthermore, the [3*P]Sph-1-P dephosphor-
ylation was inhibited not only by non-labeled Sph-1-P,
but also by lysophosphatidic acid and phosphatidic acid
(Fig. 6). In contrast, monoacylglycerol and diacylglycerol
failed to mimic the effects of their phosphorylated coun-
terparts, i.e., lysophosphatidic acid and phosphatidic acid
(Fig. 6). These characteristics of platelet phosphatase
activity are compatible with those of lipid phosphate
phosphatase (LPP), also known as type 2 phosphatidic
acid phosphatase (7, 21, 22, 27-31).

Given that Sph-1-P released from the inside of plate-
lets undergoes dephosphorylation, that of exogenously-
added, radio-labeled Sph-1-P should be hampered by
(non-labeled) Sph-1-P released from the inside of plate-
lets. Accordingly, we checked the effects of thrombin
and TPA (which induce platelet Sph-1-P release) on
[32P]Sph-1-P ectophosphatase activity. Dephosphoryla-
tion of [32P]Sph-1-P (see Fig. 5A for the time course) was
decreased by treatment with each of these stimulants
(Fig. 7); TPA (1 uM) enhanced the radioactivity of
[32P]Sph-1-P (remaining outside the platelets) to 204 +
27% (n = 3) of the control level. It seems likely that extra-
cellular Sph-1-P release, but not Sph-1-P ectophos-
phatase activity, regulates the rate of Sph-1-P dephos-
phorylation in stimulated platelets since the effect of
thrombin or TPA on the Sph-1-P phosphatase activity
itself was marginal, as described above.

DISCUSSION

We previously reported that the formation of Sph was
induced in platelets stimulated with thrombin or TPA

Y. Yatomi et al.

Sph-1-P— s A -

— Thr TPA

Fig. 7. Effect of thrombin and TPA on the metabolism of
[32P]Sph-1-P exogenously added to platelet suspensions.
Platelet suspensions were incubated with [*2P]Sph-1-P for 30 min
under simultaneous stimulation with 0.1 U/ml of thrombin (Thr), 1
uM TPA, or nothing (-). After the reactions, lipids were extracted
from the whole cell suspensions, and then metabolic changes of
[32P]Sph-1-P were analyzed.

(32). In that study, however, we could not identify the
source of the enhanced Sph formation. In the present
study, we modified the experimental conditions; the incu-
bation time for platelet stimulation was prolonged, and
more sensitive methods for Sph and Sph-1-P quantita-
tion were employed. As a result, we found that Sph-1-P
dephosphorylation led to Sph formation in platelets stim-
ulated with thrombin or TPA. Furthermore, it seems that
Sph-1-P dephosphorylation is the first step of the forma-
tion of not only Sph but also Cer and sphingomyelin. This
is because the radioactivity of Cer and sphingomyelin (in
addition to Sph) increased, in parallel with a decrease in
that of Sph-1-P, upon stimulation with thrombin or TPA,
while both Cer and sphingomyelin synthase activities
were not affected by such treatment. However, as we
have already reported (32), a change in the chemical
amount of Cer was not actually detected under the condi-
tions that the Sph level increased. Presumably, it may be
difficult to measure accurately small changes in the

TPA

thrombin Extracellular
i medium

Spl’x1-P ZQY Sph + Pi
~||_||_||_| & \Lip/? P:atelet
D ¢ membrane
G Y

Sph-1-P /=—— Sph

Fig. 8. Proposed scheme for a transmembrane cycling path-
way of sphingolipid metabolism in platelets. Platelets, which
store Sph-1-P abundantly, release this lysophospholipid extracellu-
larly upon stimulation, possibly through mediation by protein
kinase C (PKC). The released Sph-1-P is dephosphorylated by an
ectophosphatase, possibly LPP, to non-polar Sph, which is then
incorporated into platelets. Intracellularly, Sph may be phosphor-
ylated to regenerate Sph-1-P by means of Sph kinase or converted
to Cer (and then to sphingomyelin). Thus, the levels of Sph-1-P and
Sph decreased and increased, respectively, in stimulated platelets.
There is also the possibility that part of Sph-1-P that remains inside
platelets (even after stimulation) undergoes dephosphorylation
intracellularly.
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amount of Cer (formed from Sph) in platelets, because
the amount of Cer is much greater than that of Sph.

It is noteworthy that Sph-1-P conversion (dephosphor-
ylation) into Sph may take place extracellularly through
mediation by an ectophosphatase. Several isoenzymes of
mammalian LPP have been cloned, and they are believed
to act at the outer leaflet of the cell surface bilayer,
accounting for the ecto-phosphatase activities toward
Sph-1-P, lysophosphatidic acid, phosphatidic acid, and
Cer 1-phosphate (21, 22, 27-31). Although this was
recently confirmed in platelets (31), the involvement of
LPP in Sph formation from Sph-1-P remains to be exam-
ined. Considering that thrombin and TPA strongly
induce extracellular Sph-1-P release (possibly through
protein kinase C activation) but seemingly fail to
enhance Sph-1-P ectophosphatase activity, Sph-1-P
release, but not Sph-1-P ectophosphatase activity, may
regulate the rate of Sph-1-P dephosphorylation in stimu-
lated platelets. Our present findings, summarized in Fig.
8, may be surprising, considering the well-established
sphingomyelin breakdown model for the formation of
sphingolipid signaling molecules (1, 2, 4).

There are several unique aspects in platelet sphingoli-
pid metabolism. Platelets exceptionally lack Sph-1-P
lyase, which degrades Sph-1-P into phosphoeth-
anolamine and a fatty aldehyde (5, 9, 12). Accordingly,
Sph-1-P dephosphorylation is the only possible pathway
for the degradation of Sph-1-P in platelets. On the other
hand, platelets possess a highly active Sph kinase, which,
together with a lack of Sph-1-P lyase, is responsible for
abundant Sph-1-P accumulation in these anucleate cells
(9, 12, 13). Furthermore, Sph-1-P, abundantly stored in
platelets, can be released extracellularly upon protein
kinase C activation (9, 12, 14). Finally, platelets express
the ectophosphatase LPP (31), for which Sph-1-P is a
good substrate (21, 22). Considering these points, the
presence in anucleate platelets of a transmembrane
cycling pathway starting with Sph-1-P dephosphoryla-
tion and leading to the formation of other sphingolipid
mediators appears to be reasonable.

Recently, evidence has accumulated showing that
sphingolipids have an important function in signaling;
these lipids serve as intracellular second messengers and
extracellular mediators (I—4). Basically, the sphingolipid
metabolism for the formation of these signaling mole-
cules is conserved from yeast to mammals. Platelets are
anucleate cells, and have nothing to do with cell growth,
differentiation, programmed cell death, or stress re-
sponses, the biological processes in which sphingolipids
play an important role. Presumably, sphingolipid metab-
olism in anucleate platelets is specialized for specific pur-
pose(s), which remain to be clarified in further studies.

The authors wish to thank Dr. L. Yang for her help. This study
was supported by a Grant-in-Aid for Scientific Research from
the Ministry of Education, Culture, Sports, Science and Tech-
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