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ABSTRACT. Our previous work showed that sphingosine 1-phosphate (Sph-1-P) inhibits the cell motility
of mouse melanoma B16/F10, and other types of cells at100 nM concentrations. In the present
paper, we have identified and characterized specific cell surface binding sites for Sph-1-P in F10 cells.
Sph-1-P immobilized on controlled pore glass beads inhibited the motility of F10 cells, suggesting that
Sph-1-P acts on the cells from the outside. Binding assays #f}Sph-1-P revealed the presence of
specific cell surface binding sites for Sph-1-P in F10 cells. Scatchard analysis demonstrated a single
class of binding sites for Sph-1-P. The binding #fJSph-1-P to F10 cells was inhibited by the addition

of excess unlabeled Sph-1-P but not other natural sphingolipids. The specific binding was also sensitive
to treatment with a protease. Using Sph-1-P-immobilized affinity chromatography, we, for the first time,
identified 41-kDa and 79-kDa Sph-1-P binding proteins on the melanoma cell surface, although the 41-
kDa protein was less specific to Sph-1-P. We demonstrated that pertussis toxin (PTX) treatment did not
abolish the motility inhibition by Sph-1-P, suggesting that no PTX-sensitive G-protein is involved in the
signaling. Furthermore, Sph-1-P was found to be specifically released from mouse BALB/3T3 clone
A31 cells and F10 cells. Collectively, these results strongly suggest that Sph-1-P regulates melanoma
cell motility through an extracellular action by specific binding to cell surface receptor protein(s), which

is independent of PTX-sensitive G-protein.

Many metabolites of lipids have been demonstrated to lipid second messenger. It stimulates growth of quiescent
function as second messengers or modulators in signalSwiss 3T3 fibroblasts by a pathway which is independent
transduction I). Sphingolipid-derived metabolites such as of protein kinase C (PKC)7 8), and some of its biological
ceramide (Cet)and sphingosine (Sph) have been demon- functions have been reported to be associated with mitogenic
strated to be lipid second messengers of transmembranesffects: it enhances cytoplasmic Carelease $—11),
signaling —4). Sphingosine 1-phosphate (Sph-1-P) is the stimulates phospholipase D activiti2), and enhances DNA
initial product of Sph catabolism by Sph kinagg,(and is binding activity of AP-1 {3). These mitogenic signaling
cleaved by Sph-1-P lyase to ethanolamine phosphate andhathways involved the pertussis toxin (PTX)-sensitive gua-
palmitaldehyde®). Sph-1-P has also been reported to be a nine nucleotide binding protein (G-proteirl4 15). On the
other hand, sphingosine kinase, which produces Sph-1-P in

TThis study was supported by funds from The Biomembrane the cells, was found to be regulated by platelet-derived
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mgg:ggy ég%scrﬂgtéﬂ'rﬁq hore ﬂ'%?;e?ﬁ;gzkiﬁg'\ggwé. DD‘,J\LIbSeClCO'S Sph-1-P alters phosphatidylinositol turnover2Caobiliza-

P, N,N-dimethylsphingosine 1-phosphate; EDTA, ethylenediaminetet- 10N, and actin filament disassembly, and also inhibits cell
raacetic acid; FCS, fetal calf serum; LPA, lysophosphatidic acid; PBS, motility (22). Sph-1-P inhibits integrin-dependent motility
pﬂosﬁhﬁte-bgffﬁred rfaline;_ F’Té r?]eitlé)ssis rtqum; _SPCl, Sﬁhinghostylp?fé-of mouse melanoma B16 cells, but it does not reduce
phocholine; Sph, sphingosine; Sph-1-P, sphingosine 1-phosphate; TLC,; . .

thin-layer chromatography; TM®,N,N-trimethylsphingosine; TMS- gtehg;-lnpd_eﬁir?tdenttgdhes:ongo the 3Xtrace(;IU|ardr.nam:X(
1-P, N,N,N-trimethylsphingosine 1-phosphate; TPA, @2etrade- pnh-1-F INnNibits actin nucieation and pseuaopodium forma-

canoylphorbol 13-acetate. tion in B16 cells 24). However, a more precise mechanism
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of inhibition of cell motility is unclear. Here, we identify ~ Center, University of Texas, Houston, TX) and cultured in
and characterize specific cell surface binding sites for Sph- DMEM supplemented with 10% fetal calf serum (FCS)
1-P, demonstrating that Sph-1-P may act through a binding (HyClone, Logan, UT), 2 mMc.-glutamine, 110 mg/L
protein (receptor) in the cell motility regulation. PTX did pyruvic acid, 4.5 mg/mlb-glucose, 100 units/mL penicillin
not abolish the inhibitory effect of Sph-1-P on cell motility, G, and 10Qug/mL streptomycin. Mouse BALB/3T3 clone
suggesting that the signaling pathways involve no PTX- A31 cells were obtained from the American Type Culture
sensitive G-protein. Sph-1-P itself is found to be released Collection and cultured in the same medium, except that
into the culture medium from the cells upon serum stimula- bovine calf serum (BCS) (HyClone, Logan, UT) was used.
tion, suggesting further that Sph-1-P can act as an intercel- Preparation and Application of Sph-1-P and Sph Im-
lular modulator or messenger in the regulation of cell mobilized on Controlled Pore Glass Bead$he designed

motility. structure of conjugatesand2 (Figure 1) is thew-carboxyl
group of the sphingolipid moiety covalently linked to the
MATERIALS AND METHODS surface of controlled pore glass beads (CPG Inc., Fairfield,
NJ) through a long-chain alkyl amine. The synthesid of
Materials. Sph-1-P was synthesized chemicallg3) is summarized in Scheme 1. Basically, the allylic alcohol

Sph, N,N-dimethylsphingosine (DMS), and,N,N-trimeth- 3, readily obtained by our approacB8], was protected to
ylsphingosine (TMS) were synthesized as previously de- afford 4. Treatment o4 with the Jones reagent, followed
scribed 25, 26). C2-ceramide (C2-Cer) was synthesized by esterification, yielded. Sequential selective cleavage
according to the literature2). DMS-1-P and TMS-1-P  of the acetal moiety ir5, phosphorylation of the resulting
were synthesized in our l&b.These lipids were dissolved  primary hydroxyl group o, and reductive removal of the
in ethanol/water (1:1), and control experiments were per- p-nitrobenzyl group provided the desired protectedar-
formed using ethanol/water (1:1) as vehicle.3gSph (22.0 boxyl Sph-1-P8. The condensation of the carboxylic acid
Ci/mmol) was purchased from DuPeritlew England Nuclear 8 to the amino groups of CPG followed by capping of the
(Boston, MA). [33H]Sph-1-P was prepared enzymatically remaining free amino groups gade Final deprotection of
from [3-*H]Sph with crude Sph kinase obtained from BALB/ 9 afforded the desired conjugale The preparation o
3T3 clone A31 cells17). I0DO-BEADS were purchased was accomplished as previously descrik#).( Quantitative
from Pierce (Rockford, IL). Suramin an@P]NAD were Kaiser assay indicated that the substitution level ahd2
obtained from ICN Pharmaceuticals (Costa Mesa, CA). All used in our studies was 22 and afnol/g, respectively.
other reagents were purchased from Sigma (St. Louis, MO). Direct acetylation of the amino groups on the CPG particles
Cell Culture. Mouse melanoma B16/F10 cells were gave the control sample for this studies.
obtained from Dr. I. J. Fidler (M. D. Anderson Cancer  Cells were briefly trypsinized and washed, and the glass
beads were added into the cell suspensions. The cells were
2F. Ruan, S. Hakomori, and Y. Igarashi, unpublished data. cultured with the glass beads for 2 days. The viability of
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Ficure 1: Structure of the conjugates of Sph-14P and Sphp2,
with controlled pore glass beads (CPG) used in this study.

cells which adhered to the glass beads was checked by the
trypan blue exclusion assay. The interaction between cells
and the glass beads was studied with scanning electron
microscopy 19) or light microscopy.

Cell Motility Assay and C& Mobilization. Haptotactic
cell motility of F10 cells was assayed using Transwell
chambers (Costar, Cambridge, MA) with 6.5 mm diameter
polycarbonate filters (&m pore size) coated with human
plasma fibronectin (Sugffilter) (23). Briefly, the lower
surface of the filter was coated with human plasma fibronec- 4 °C for 15 min. The reaction was stopped by removing
tin (5 ugffilter) and dried at 37C overnight. The cells were  the IODO-BEADS. The cells were washed 3 times with
harvested after brief exposure to 0.02% EDTA in PBS (Irvine 0.5 mL of 50 mM Tris-HCI, pH 7.5, and then sonicated in
Scientific, Santa Ana, CA), and resuspended to a concentra-0.5 mL of buffer B (50 mM Tris-HCI, pH 7.5, 0.5% CHAPS,

tion of 4 x 10 cells/mL in DMEM supplemented with
0.25% BSA. Cells (10@L of the suspension) were seeded
in the upper compartment. DMEM (0.6 mL) with 0.25%

1 mM EDTA, 1 mM PMSF, and 1@&g/mL aprotinin) at 4
°C for 10 min. The lysate was centrifuged af@ for 30
min. Fifty microliters of the supernatant was incubated with

bovine serum albumin (BSA) was placed in the lower 100uM Sph-1-P, Sph, or no compound at room temperature.
chamber, which was then connected to the upper chamber Another 50uL of the supernatant was heated at°@for 3
After incubation for 18 h (unless otherwise indicated) at 37 min. These four samples were incubated with 1 mg of
°C, cells on the lower surface of the filter were stained and immobilized Sph-1-P on glass beads at room temperature
counted. for 30 min. The glass beads were washed 3 times with buffer
Intracellular C&" mobilization was measured using the B and then incubated for 30 min with 100 of 100 uM
Ca*-sensitive fluorophore fura2 as describd@)( Sph-1-P in buffer B at room temperature. The eluted proteins
Binding Assay. Binding of Sph-1-P to the cell surface were analyzed on 10% SD$AGE.
was assayed as described previoug) vith modifications. Metabolism of [33H]Sph. Cells in a 60-mm-diameter dish
Briefly, F10 cells were harvested with 0.02% EDTA in PBS. |, are incubated with 1.6M [3-3H]Sph (0.34Ci) in 2.5 mL
Cells were resuspended (L210° or 4 x 10° cells/mL) in - of pMEM supplemented with 10% calf serum. The culture

DMEM and incubated with [3H]Sph-1-P at 4°C for the medium was collected, and the cells were washed with 0.5
indicated time. The cells were washed 3 times with 1 mL mL of fresh medium which was then combined with the

of 2 mg/mL BSA, 150 mM NaCl, and 50 mM Tris-HCI, pH  recovered medium. The cells were washed twice with 2.5
7.5. Radioactivity of the cells was counted with a scintil- | of PBS. and scraped with 0.5 mL of ice-cold methanol
lation counter. The amount of specifically bound’fSph- twice. One milliliter chloroform, 1L of concentrated HC,
_1-P was determined by subtracting the radioactivity bound 5,4 1 mL of methanol were added to the cell suspension
in the presence of unlabeled Sph-1-P (@) from the (final chloroform:methanol:concentrated HCI ratio was 100:
radioactivity bound in the absence of unlabeled Sph-1-P. 5001y For extraction, 7.5 mL of chloroform/methanol/
Scatchard analysis was conducted according to the literature.gncentrated HCI (100:200:1) was added to 2 mL of the
(30). For protease experiments, F10 cells110" cells)  megium. Lipids were extracted from the cell suspension or
were incubated at room temperature for 10 min in 5 mL of o qium by the method of Bligh and Dye33). The lower
PBS containing 0.02% of protease (type XXV), and binding  ¢horoform phase sample was dried and resuspended in small
assays were performed as described above. volume of chloroform/methanol (2:1). A portion of the lipids
Preparation of Cell MembranesF10 cells were washed  ghiained from the lower phase was applied to silica gel 60
twice with PBS and scraped into buffer A [10 MM HEPES pT| plates (Merck, Darmstadt, Germany), and the plate
(pH 7), 5 mM MgCh, 1 mM EDTA, 0.5 mM PMSF] 81). was developed with butanol/acetic acid/water (3:1:1). After
The cell suspensions were homogenized in a Douncegnnancer (Resolution TLC; E. M. Corp., Chestnut Hill, MA)
homogenizer in buffer A at 4C, and cenrifuged at 1080 yeatment of the plate, autoradiography was conducted with
for 15 min at 4°C, and the pellet was resuspended in buffer koq4ak X-Omat film (Eastman Kodak, Rochester, NY) at
A. . . ) —80°C for 3—7 days. The silica gel areas which contained
ADP-Ribosylation of Membranes by Pertussis TO#10  he radiolabeled sphingolipids were scraped off, and the

cells were cultured overnight in DMEM supplemented with 5 4ioactivity was counted with a scintillation counter (Beck-
0.25% BSA in the presence or absence of 100 ng/mL PTX man).

(Sigma). Membranes were prepared as described above from
PTX-treated and control cells. The reaction mixture contain- ResyULTS
ing cell membranes (589 of total protein), 100 mM Tris-
HCI (pH 7.5), 20ug/mL preactivated PTX, 10 mM thymi-
dine, 1 mM ATP, 0.1 mM GTP, 1 mM MgGl 0.5 mM
EDTA, and 20uM [3*?P]NAD was incubated at 3% for 30
min (31). Aliquots were loaded and run on 10% SBS
polyacrylamide gel electrophoresis (SBDBAGE). The gel
was dried and subjected to autoradiography.

lodination of Cell Surface ProteinsOne hundred micro-

Effects of Immobilized Sph-1-P on Cell MotilityTo
investigate if Sph-1-P acts on cells from the outside, we first
immobilized Sph-1-P on glass beads by covalently linking
the w-carboxyl group of the Sph-1-P derivative to a long-
chain alkyl amine on the surface of controlled pore glass
beads (Figure 1). Immobilized Sph-1-P maintained its
functions but could not be internalized by the cells. For
curies of Na?3 and three IODO-BEADS (PIERCE, Rock- comparison, we also immobilized Sph on glass beads by the
ford, IL) were added to F10 cells (¢ 1P cells) in 0.5 mL same method28) or acetylated the amino group on the
of 50 mM Tris-HCI, pH 7.5. The sample was incubated at surface of these beads as the control glass beads.
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—— Immobilized Sph-1-P inhibitory effect on cell motility increased. At 0.2 mg/filter
-0 Immobilized Sph (4.4 nmol of Sph-1-Pffilter) of the glass beads, the im-

100 T mobilized Sph-1-P inhibited the cell motility almost com-
o pletely, but the control glass beads did not. The immobilized

T -I- ; Sph glass beads at 0.2 mgf/filter (7.8 nmol/filter) inhibited

751 0 R the cell motility by ca. 35% of that seen with control glass

beads. This may be due to concentrated Sph on the surface
of the particles since 18M Sph has been shown to inhibit

Cells migrated (% of control)

] cell motility completely 21). Upon analysis of the medium
by thin-layer chromatography (TLC), we observed no release
25 of Sph-1-P or Sph from the glass beads during the cell
motility assay. These results suggest that Sph-1-P acts on
. these cells from the outside.

0.001 0.01 o1 Upon the addition of the immobilized Sph-1-P to a
suspension of F10 cells, cells adhered to the glass beads
instantly and retained their round shapes even after 2 days
Ficure 2: Effect ofimmobilized sphingolipids on F10 cell motility. -~ in culture. This was in contrast to a percentage of cells which

Haptotactic cell motility of F10 cells was assayed using Transwell . : . . - a
chambers as described under Materials and Methods. Glass bead id not come into contact with the immobilized Sph-1-P and

with immobilized sphingolipids were added to the upper compart- Which then adhered normally to the dish (Figure 3A). Upon
ment with the cells. Data represent percent of motility assayed with the addition of the immobilized Sph, few F10 cells adhered
control glass beads [meah SD (n = 3)]. to the glass beads, and also retained their round shapes
(Figure 3B); however, the control glass beads elicited no
Cell motility assays were then conducted with the im- interaction with the cells (Figure 3C). On the other hand,
mobilized sphingolipids. Figure 2 shows the effect of the K562 cells, previously shown to have no response to Sph-
immobilized Sph-1-P on the cell motility of F10 cells. As 1-P 33), did not interact with the immobilized Sph-1-P
the total amount of the immobilized Sph-1-P increased, the (Figure 3D). We examined the viability of the round-shaped

Glass particles (mg/filter)

Ficure 3: Interaction of cells with immobilized sphingolipids. Glass beads were added to the cell suspension, and interaction of the cells
with the glass beads was studied by scanning electron microscopy or light microscopy. (A) F10 cells with immobilized Sph-1-P. (B) F10
cells with immobilized Sph. (C) F10 cells with control glass beads. (D) K562 cells with immobilized Sph-1-P.
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Ficure 4. Specific binding of H]Sph-1-P to the F10 cell surface.
The specific binding was determined as described under Materialscompared with that of F10 cells. We also assayed for

and Methods. (A) Time course of specific binding #fi[Sph-1-P. - s
F10 cells (1.2x 10 cells) were incubated with 2.7 nMH]Sph- binding of FH]Sph to F10 cells, and found no specific

1-P at 4°C for the indicated time. (B) Effect of unlabeled Sph-1-P binding.
on BH]Sph-1-P binding. F10 cells (1.2 1 cells) were incubated Figure 5 shows results of competition binding experiments
Wiéh 2t~7dn|\/| PH]Stpfl_-l-P aft 4°|C gOT %jglrrl] T%Dr(eg)egf(i)esgfchf;se OfWith unlabeled lipids which have similar structures to Sph-
Indicated concentrations or unlabele -1-P. i i
specific binding of $H]Sph-1-P. F10 cellps (4¢ 1P cells) were 18[:’0 Sphl, CI-Z_Et?r’- ThMbst, (;irt]ﬁ st[)).hlg_gosylfg)hosspr?_c])-(_:gol|ne
incubated with various concentrations 8H[Sph-1-P at 4C for ( ) only slightly inhibite . e binding ofi] _p .
1 h. (D) Scatchard analysis of specific binding &f[Sph-1-P to ~ SPC has been reported to activatedonductance in guinea
F10 cells using the data in panel C. Data are typical from three pig atrial myocytes through the same putative receptor as
independent experiments. that of Sph-1-P38); however, our result indicates that their
receptor may be distinct in F10 cells. DMS inhibited the
cells on the immobilized Sph-1-P or Sph after 2 days of binding by ca. 35%, and DMS-1-P by ca. 55%, suggesting
culture and found cell viability to be greater than 95% for that the phosphate group is required for specific binding.
each culture. LPA, a structurally similar compound to Sph-1-P, remarkably
Specific Binding of Sph-1-P to the Surface of F10 Cells. reduced the binding (by ca. 85%), suggesting the possibility
We assayed the binding of Sph-1-P to the F10 cell surfacethat LPA shares the binding site with Sph-1-P. We also
using [32H]Sph-1-P. Figure 4A shows the time course of examined the effect of a protease on the specific binding.
specific binding of {H]Sph-1-P at #C. The specific binding  Treatment of F10 cells with a nonspecific protease (type
depended on time, reached equilibrium within 1 h, and XXV) remarkably reduced the specific binding of Sph-1-P
remained at equilibrium for at least 1 h. Excess amounts of by 81.2+ 8.5 (n = 3), indicating that the binding sites are
unlabeled Sph-1-P reduced the binding #fi]Bph-1-P to proteins which are located on the surface of the cells. During
F10 cells (Figure 4B). This effect increased with the these binding assays ar&, [*H]Sph-1-P was found not to
concentration of unlabeled Sph-1-P, reaching a constant atbe converted to any other compound by analysis with TLC.
50uM where unlabeled Sph-1-P reduced the binding by ca. Taken together, these results indicate the presence of specific
75%. The specific binding was saturated around 3 nM of cell surface binding sites for Sph-1-P.
the ligand (Figure 4C). The concentration of unlabeled Sph-  Relation between Cell Surface Binding and Motility
1-P (50uM) required for the replacement ofH]SpH-1-P Inhibition. Because DMS-1-P and LPA reduced the binding
that bound to the F10 cell surface was very high, 10 000 of Sph-1-P in the competition binding experiments (Figure
times that of the radioactive compound. However, this high 5), we tested the effects of these compounds on cell motility
value seems not to be uncommon when the binding assaygFigure 6). LPA (1uM) had a strong inhibitory effect on
of various lipophilic compounds are performed. In the F10 cell motility, inhibiting by ca. 85% and ca. 70% for 18
binding assays of LPA34), platelet activating factor (PAF)  h (Figure 6A) an 8 h incubations (Figure 6B), respectively,
(39, or antagonist of PAF36, 37), the replacement of  putat 10 nM LPA inhibited motility only by ca. 20% (Figure
radioactive lipids needed a large molar excess, 10 000 timesgA) and ca. 10% (Figure 6B). In contrast, the maximum
that of unlabeled lipids, due to the highly lipophilic nature effect of Sph-1-P appeared at 10 nM where it inhibited cell
of these lipids which cause and exhibit high levels of motility by ca. 80% (Figure 6A) and ca. 90% (Figure 6B).
nonspecific binding. Higher concentrations of Sph-1-P aboveM did not show
Scatchard analysis of these data revealed a single class o# significant inhibitory effect as we reported previously (21),
low-affinity binding sites for Sph-1-P (Figure 4D). Tlig and the reason for this bell shape is unknown at present.
value was estimated to be 6270 nM, and the number of  Thus, the dose-dependent manner of LPA inhibition of cell
binding sites was (4x 109)—(1 x 1®)/cell. K562 cells motility was quite different from that of Sph-1-P. Measure-
showed only 510% specific binding of H]Sph-1-P, as ment of intracellular C& mobilization revealed that prior
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Ficure 7: Identification of the Sph-1-P binding protein. The surface
FiGURe 6: Effect of Sph-1-P, DMS-1-P, and LPA on F10 cell  proteins of F10 cells were labeled withfl. The cells were lysed,

motility. Haptotactic cell motility of F10 cells was assayed using and proteins were denatured by heating (lane 1) or were incubated
Transwell chambers as described under Materials and Methods. Theyith 100 uM Sph (lane 2), 100uM Sph-1-P (lane 3), or no

test compound was added in the lower chamber. Data represenicompound (lane 4). The proteins were applied to the Sph-1-P

mean=x SD (n = 3). Incubation time: (A) 18 h; (B) 8 h. immobilized on glass beads. The bound proteins on the glass beads
were eluted with 10«M Sph-1-P, and were analyzed on 10%

challenge of Sph-1-P (20M) did not abolish the response SDS-PAGE. Values on the figure indicate molecular mass (kDa).

to LPA (20 uM) (data not shown). On the other hand, in

the competition binding experiments, LPA inhibited binding \ye |abeled the surface of F10 cells wifi. The iodinated
of [*H]Sph-1-P as effectively as Sph-1-P (Figure 5). These proteins were applied to the Sph-1-P immobilized on glass
results together suggest that LPA may be able to bind t0 yeads in the presence of Sph-1-P, Sph, or no compound. The
si_teg disti'nct from th_ose of' Sph-1-P in addition to Sph-1-P p5nd proteins were eluted with Sph-1-P, and analyzed by
binding sites (see Discussion). SDS-PAGE. Two radioactive bands with molecular masses

DMS-1-P at 0.1uM and 1M inhibited the cell motility  of ca. 41 and 79 kDa were observed, but after denaturing
by ca. 40% and 60%, respectively (Figure 6A), presumably py heating, no band was apparent (Figure 7, lane 1).
by binding to the Sph-1-P binding site. SPC did not inhibit Fyrthermore, among the two Sph-1-P binding proteins, the
F10 cell motility at low concentrations. At 0.0iM SPC, intensity of the 79-kDa band was remarkably reduced by
cells migrated were 117.6 18.7% of control § = 3), the addition of Sph-1-P (Figure 7, lane 3) but not by that of
indicating that SPC binding sites are most likely distinct from Sph (Figure 7, lane 2) in comparison with the control (Figure
those of Sph-1-P. Sph, C2-Cer, TMS, and DMS have been7, |ane 4). The intensity of the 41-kDa band was less
shown to have no significant effect on cell motilit@1— sensitive to the addition of Sph-1-P (Figurdahe 3. 129-
23). These results indicate that the binding seen in Figure | gpeling of the surface of K562 cells, which showed only a
4 well aSSOCiateS, except LPA, with inhibition of cell mOtlIlty small amount of the Specific binding, revealed no 41- or 79-

Effects of Suramin and Pertussis Toxin on the Inhibitory kDa protein that binds to Sph-1-P (data not shown). These
Effect of Sph-1-P on Cell MotilityWe tested the effect of  results suggest that the 79-kDa protein is a specific binding
suramin, a known inhibitor of liganereceptor interactions  protein for Sph-1-P on the F10 cell surface.
(39), on the inhibition of cell motility by 100 nM Sph-1-P. Release of Sph-1-P from Cellslaving demonstrated the
F10 cells were preincubated with 1 mg/mL suramin for 30 presence of a cell surface binding protein (or a receptor) for
min or untreated, and haptotactic cell motility was assayed Sph-1-P, we raised the possibility that Sph-1-P acts as an
with or without 1 mg/mL suramin in both upper and lower intercellular modulator or messenger. To test this possibility,
chambers (8 h incubation). In the absence of suramin, we examined if Sph-1-P is released from the cells into the
migrated cells were 9.% 3.7% ( = 3) of control, butin  culture medium upon stimulation. Figure 8 shows the
the presence of suramin, migrated cells were 58986.7%  metabolism of [3¥H]Sph in A31 cells and the subsequent
(n = 3). Suramin reduced the inhibitory effect of 100 nM  release of*H-labeled Sph-1-P into the medium in the
Sph-1-P by ca. 40% of the control. This finding further presence of serum. Exogenously add&f|$ph was rapidly
indicates the presence of a cell surface receptor for Sph-1-taken up within 3 min, reaching a plateau at 8 mifH]f
P. Sph was quickly phosphorylated fiH-labeled Sph-1-P

A PTX-sensitive G-protein has been shown to mediate (Figure 8A,C) with ceramide and sphingomyelin (SM) also
Sph-1-P-induced signaling pathways for cell proliferation and being formed. The level of Sph-1-P peaked at 8 min and
intracellular C&" mobilization (L4, 40). To study mediation  then decreased. Analysis of lipids in the medium showed
of the G-protein, we assayed the haptotactic cell motility of that Sph-1-P was released from the cells, but ceramides or
F10 cells in the presence of-1.00 ng/mL PTX with a 30  other lipids produced in the cells were not (Figure 8B). At
min preincubation. Although*{P]JADP-ribosylation experi- 3 min, Sph-1-P was slightly detectable in the medium (Figure
ments with 100 ng/mL PTX indicated that greater than 90% 8C). At 60 min, 28.5+ 3.8% ( = 3) of Sph-1-P was in
of the total PTX-sensitive G-proteins (possibly &d G the medium and decreased thereafter. The decrease of Sph-
based on their molecular weights) were ADP-ribosylated 1-P in the medium can be ascribed to internalization or
(data not shown), PTX did not abolish the inhibitory effect binding to the cells. At 180 min, the cell viability was ca.
of Sph-1-P on cell motility (data not shown). This suggests 98%. In the control experiments (in the absence of serum),
that PTX-sensitive G-proteins are not involved in the Sph-1-P was scarcely released from the cells into the medium
signaling pathways of Sph-1-P inhibition of cell motility.  which contained only 0.1% BSA.

Identification of a Cell Surface Binding Protein for Sph- F10 cells showed a similar metabolism of 33}Sph to
1-P. To identify the cell surface Sph-1-P binding protein, thatin A31 cells. Exogenously adde#H|Sph was rapidly
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Ficure 8: Metabolism of [38H]Sph in A31 cells and the release
of 3H-labeled Sph-1-P into the medium. Confluent cultures of A31
cells were incubated with 18V [3H]Sph for the indicated period.
The lipids in the cells (A) and the medium (B) were extracted and
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1-P, Sph-1-P-induced signaling pathways involving a specific
cell surface receptor have also been suggestédis, 39,
40).

Although a Sph-1-P receptor has been implicated in these
studies, no direct evidence has been reported for the presence
of a Sph-1-P receptor. In the present study, we identify and
characterize the presence of specific binding sites for Sph-
1-P on the surface of mouse cells. First, Sph-1-P im-
mobilized on glass beads interacted with the cells and
inhibited their motility, indicating that Sph-1-P acts on the
cells from the outside, and that the sites of action for Sph-
1-P are on the surface of the plasma membranes. Second,
the binding studies with®H]Sph-1-P showed the presence
of specific binding sites for Sph-1-P on the cell surface of
F10 cells. These binding sites were found to have a rather
low-affinity nature. Competition experiments with various
Sph-1-P analogs indicated that a core structure of Sph and
the phosphate group are both required for the specific
binding. Cell motility assays with various compounds
revealed that the binding is associated with inhibition of cell
motility. Treatment with a protease disrupted the specific
binding, suggesting that the binding sites are proteins which
are located on the surface of the cells. Third, suramin, an
inhibitor of ligand-receptor interactions3@), reduced the
inhibitory effect of Sph-1-P on cell motility. Finally, we
identified the Sph-1-P binding site as a 79-kDa protein by
labeling the cell surface proteins witfl followed by affinity
chromatography using Sph-1-P-immobilized glass beads.
Taken together, these results suggest the possibility that the
79-kDa protein might be a specific cell surface receptor for
Sph-1-P and that Sph-1-P may regulate cell motility through
this specific cell surface binding site.

LPA has structural similarity to Sph-1-B3) and elicits
various biological effects on such phenomena as cell
proliferation and differentiation, through its receptor, coupled
with PTX-sensitive G-proteins4(). In relation to cell
motility, LPA has also been reported to enhance cancer cell
motility and invasiveness, through Rho-mediated protein
tyrosine phosphorylatiom@, 43), and through actin polym-
erization by a PTX-sensitive mechanisdd). In our present

analyzed by TLC as described under Materials and Methods. (C) Study, in competition binding experiments, LPA abolished
Radioactive bands of Sph-1-P on the TLC plate shown in panels binding of FH]Sph-1-P as effectively as did Sph-1-P itself

A and B were scraped and quantified.

incorporated into the cells, antH-labeled Sph-1-P was

(Figure 5). However, LPA was found to be a rather weak
inhibitor of cell motility compared to Sph-1-P. The dose
dependence of the inhibition was quite distinct from that of

quickly formed, and the maximum level of Sph-1-P appeared gnh_1-p, and the effective inhibitory concentration of LPA
at 18 min. The analysis of the mgdlum showeq that a small \y 55 100-fold higher than Sph-1-P (Figure 6). These results
amoqnt pf Sph-1-P was released into the media (ca. 2.5% a%uggest that LPA may act on both Sph-1-P binding sites and
60 min) in the presence of serum (data not shown). its own receptor, which have distinct, or opposite, effects
on cell motility. Our observation is somewhat inconsistent
DISCUSSION with the recent findings that a Sph-1-P receptor is completely
Sph-1-P has been regarded as an intracellular messengetistinct from that of LPA in various cells39, 40, 45).
of PDGF- or serum-stimulated cell proliferation in Swiss 3T3 However, cross-desensitization between Sph-1-P and LPA
cells 16). On the other hand, Sph-1-P at low concentrations was observed ilXXenopusoocytes 83), in atrial myocytes
(10—100 nM) inhibits the motility of mouse melanoma B16/ (38), and very recently in human platelet20f and in
F1 and F10 (E& = 3 nM) (21, 23) and human arterial  FRTL-5 thyroid cells 46). These observations strongly
smooth muscle cell2@), yet it has no mitogenic effects on  suggest the existence of cell-type specific, or different types
these cells. This inhibition of cell motility by Sph-1-P has of receptors for Sph-1-P with distinct affinities for LPA. Very

been explained by the intracellular actions of Sph-1-P,
including the induction of phosphatidylinositol bisphosphate
(PIP,) hydrolysis, calcium mobilization, increase in cyclic
AMP levels, and the activation of cCAMP-dependent protein
kinase 22). In contrast to the intracellular actions of Sph-

recently, interestingly, the cloning of a LPA receptor of
neocortical neuroblast cell lines was reported, showing its
molecular mass to be 442 kDa @7).

Many known receptors transduce signals through G-
proteins sensitive to PTX which ADP-ribosylates and
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inactivates G-proteins. Sph-1-P induces signaling pathways
of cell proliferation or C&" mobilization that are mediated
by PTX-sensitive G-proteind §, 15, 40). Very recently, in
FRTL-5 thyroid cells, Sph-1-P-induced responses have been
reported to be mediated by both PTX-sensitive and PTX-
insensitive G-proteins4@). In the present study, PTX
treatment did not attenuate the inhibitory effect of Sph-1-P
on F10 cell matility, indicating that PTX-sensitive G-proteins
are not involved in the signaling pathways of cell motility
regulation. In this regard, the signaling pathways of Sph-
1-P in motility inhibition of F10 cells are very unique among
the reported signaling mechanisms induced by Sph-1-P in
other systems.

Recent studies showed that the focal adhesion kinase
(FAK) plays an important role in cell migration, as it is
localized to focal adhesion sites and is phosphorylated and
activated by integrin/ligand interactiordg 49). The small
G-protein Rho also has been implicated in the regulation of
actin stress fiber formation, motility, adhesion, and morphol-
ogy of cells 0, 51). Sph-1-P was found to induce Rho-
dependent neurite retraction in neuronal ceB89)( It is
possible that Sph-1-P controls cell motility through its
receptor by affecting these factors and regulating the actin
filament formation. The studies along these lines are
proceeding in our laboratory.

Recently, we found that Sph-1-P stored in platelets is
released upon agonist stimulatid®( 20), and that human
plasma contains 56350 nM Sph-1-P%2). Major portions
of plasma Sph-1-P seemed to originate from activated
platelets, although the possibility remained that cells other
than platelets may release Sph-1-P into the extracellular
environment. In this study, we found that Sph-1-P was
specifically released from F10 melanoma and A31 fibroblast
cells into the culture medium in response to serum stimula-
tion. This implies that Sph-1-P released from the cells might
regulate cell motility in an autocrine or a paracrine fashion,
through the proposed receptor mechanisms. If 30% of
cellular Sph-1-P is released (Figure 8), the locally concen-
trated Sph-1-P in the extracellular environment would
possibly be enough to regulate cell motility. At present, the
mechanisms by which Sph-1-P is secreted from the cells are
unknown and remain to be determined.

In summary, we demonstrate and characterize for the first
time the specific binding protein for Sph-1-P on the cell
surface, using the conjugate Sph-1-P with controlled pore
glass beads (Figure 1). We further illustrate that Sph-1-P
regulates cell motility, at least partly, by binding to the cell
surface receptor which triggers a PTX-sensitive G-protein-
independent signaling mechanism, and that Sph-1-P is
specifically released from the cells into the extracellular
environment, suggesting a role as an autocrine or a paracrine
intercellular modulator or messenger which regulates cell
motility. The purification of Sph-1-P binding proteins
(receptors) from the cell surface and the cloning of its genes
are crucial to further elucidate the precise roles of Sph-1-P
in the regulation of cell motility.

ACKNOWLEDGMENT

We thank L. E. Caldwell (Fred Hutchinson Cancer
Research Center) for scanning electron microscopy.

REFERENCES
1. Liscovitch, M., and Cantley, L. C. (199@ell 77, 329-334.

2.

o g AW

10.
11.
12.
13.
14.
15.

16.
17.

18.
19.
20.
21.
22.

23.
24.
25.

26.
27.
28.
20.

30.
31.

32.
33.
34.
35.
36.
37.

Yamamura et al.

Hannun, Y. A., and Bell, R. M. (198%cience 243500—
507.

. Hakomori, S. (1990J. Biol. Chem. 26518713-18716.
. Hakomori, S., and Igarashi, Y. (1995)Biochem. 1181091~

1108.

. Stoffel, W., Heimann, G., and Hellenbroich, B. (19F&)ppe-

Seyler's Z. Physiol. Chem. 35862-566.

. van Veldhoven, P. P., and Mannaerts, G. P. (12@) Lipid

Res. 2669-98.

. Zhang, H., Buckley, N. E., Gibson, K., and Spiegel, S. (1990)

J. Biol. Chem. 26576—81.

. Zhang, H., Desai, N. N., Olivera, A., Seki, T., Brooker, G.,

and Spiegel, S. (1991). Cell Biol. 114 155-167.

. Ghosh, T. K., Bian, J., and Gill, D. L. (199@cience 248

1653-1656.

Ghosh, T. K., Bian, J., and Gill, D. L. (1994) Biol. Chem.
269 22628-22635.

Mattie, M., Brooker, G., and Spiegel, S. (1994Biol. Chem.
269 3181-3188.

Desai, N. N., Zhang, H., Olivera, A., Mattie, M. E., and
Spiegel, S. (1992). Biol. Chem. 26723122-23128.

Su, Y., Rothental, D., Smulson, M., and Spiegel, S. (1994)
Biol. Chem. 26916512-16517.

Goodemote, K. A., Mattie, M. E., Berger, A., and Spiegel, S.
(1995)J. Biol. Chem. 27010272-10277.

Wu, J., Spiegel, S., and Sturgill, T. W. (1996)Biol. Chem.
270 11484-11488.

Olivera, A., and Spiegel, S. (199Rpture 365 557-560.
Mazurek, N., Megidish, T., Hakomori, S., and Igarashi, Y.
(1994) Biochem. Biophys. Res. Commun. 1989.

Choi, O. H., Kim, J.-H., and Kinet, J.-P. (1996ature 380
634—636.

Yatomi, Y., Ruan, F., Hakomori, S., and Igarashi, Y. (1995)
Blood 86 193-202.

Yatomi, Y., Yamamura, S., Ruan, F., and Igarashi, Y. (1997)
J. Biol. Chem. 2725291-5297.

Sadabhira, Y., Ruan, F., Hakomori, S., and Igarashi, Y. (1992
Proc. Natl. Acad. Sci. U.S.A. 89686-9690.

Bornfeldt, K. E., Graves, L. M., Raines, E. W., lgarashi, Y.,
Wayman, G., Yamamura, S., Yatomi, Y., Sidhu, J. S., Krebs,
E. G., Hakomori, S., and Ross, R. (199b)Cell Biol. 130
193-206.

Sadahira, Y., Zheng, M., Ruan, F., Hakomori, S., and Igarashi,
Y. (1994) FEBS Lett. 34099-103.

Yamamura, S., Sadahira, Y., Ruan, F., Hakomori, S., and
Igarashi, Y. (1996FEBS Lett. 382193-197.

Igarashi, Y., Hakomori, S., Toyokuni, T., Dean, B., Fujita,
S., Sugimoto, M., Ogawa, T., el-Ghendy, K., and Racker, E.
(1989) Biochemistry 286796-6800.

Toyokuni, T., Nisar, M., Dean, B., and Hakomori, S. (1991)
J. Labelled Compd. Radiopharm. ,2867—574.

Vunnam, R. R., and Radin, N. S. (197ipchim. Biophys.
Acta 573 73—82.

Ruan, F., Yamamura, S., Hakomori, S., and Igarashi, Y. (1995)
Tetrahedron Lett. 366615-6618.

Brown, M. S., and Goldstein, J. L. (197Rjoc. Natl. Acad.
Sci. U.S.A. 71788-792.

Scatchard, G. (1949Hnn. N.Y. Acad. Sci. 5560-672.
Watanabe, T., Yatomi, Y., Sunaga, S., Miki, ., Ishii, A.,
Nakano, A., Higashihara, M., Seyama, Y., Ogura, M., Saito,
H., Kurokawa, K., and Shimizu, T. (199Blood 78 2328-
2336.

Bligh, E. G., and Dyer, W. J. (195@gn. J. Biochem. Physiol.
37, 911-917.

Durieux, M. E., Carlisle, S. J., Salafranca, M. N., and Lynch,
K. R. (1993)Am. J. Physiol. 264C1360-1364.

Thompson, F. J., Perkins, L., Ahern, D., and Clark, M. (1994)
Mol. Pharmacol. 45718-723.

Chau, L. Y., Hu, C. Y., Chang, W. T., and Hsu, Y. S. (1992)
J. Neurochem. 591090-1098.

Ukea, D., Dent, G., Birke, F. W., Robaut, C., Sybrecht, G.
W., and Barnes, P. J. (198BEBS Lett. 228285-289.

Balsa, D., Merlos, M., Gial, M., Fernando, R., Garcia-Rafanell,
J., and Forn, J. (1996). Pharmacol. Toxicol. Methods 36
53-62.



Extracellular Cell Motility Control by Sph-1-P

38. Bunemann, M., Liliom, K., Brandts, B. K., Pott, L., Tseng,
J.-L., Desiderio, D. M., Sun, G., Miller, D., and Tigyi, G.
(1996) EMBO J. 15 5527-5534.

39. Postma, F. R., Jalink, K., Hengeveld, T., and Moolenaar, W.

H. (1996)EMBO J. 15 2388-2395.

40. van Koppen, C. J., zu Heringdorf, D. M., Laser, K. T., Zhang,
C., Jakobs, K. H., Bunemann, M., and Pott, L. (1996Biol.
Chem. 2712082-2087.

41. Moolenaar, W. H. (1995). Biol. Chem. 27012949-12952.

42. Imamura, F., Horai, T., Mukai, M., Shinkai, K., Sawada, M.,
and Akedo, H. (1993Biochem. Biophys. Res. Commun. 193
497-503.

43. Imamura, F., Shinkai, K., Mukai, M., Yoshioka, K., Koma-
gome, R., Iwasaki, T., and Akedo H. (199Bi. J. Cancer
65, 627-632.

44. Ha, K. S, Yeo, E. J., and Exton, J. H. (19®ipchem. J.
303 55-59.

45, Jalink, K., Hengeveld, T., Mulder, S., Postma, F. S., Simon,
M.-F., Chap, H., van der Marel, G. A., van Boom, J. H., van

Biochemistry, Vol. 36, No. 35, 199710759

Blitterswijk, W. J., and Moolenaar, W. H. (199Bjochem. J.
307, 609-616.

46. Okajima, F., Tomura, H., Sho, K., Kimura, T., Sato, K., Im,
D.-S., Akbar, M., and Kondo, Y. (199'8ndocrinology 138
220-229.

47. Hecht, J. H., Weiner, J. A., Post, S. R., and Chun, J. (1996)
Cell Biol. 135 1071-1083.

48. Zachary, I., and Rozengurt, E. (19928l 71, 891-894.

49. llic, D., Furuta, Y., Kanazawa, S., Takeda, N., Sobue, K.,
Nakatsuji, N., Nomura, S., Fujimoto, J., Okada, M., Yama-
moto, T., and Aizawa, S. (199%ature 377 539-544.

50. Takaishi, K., Kikuchi, A., Kuroda, S., Kotani, K., Sasaki, T.,
and Takai, Y. (1993Mol. Cell. Biol. 13 72—79.

51. Nobes, C. D., and Hall, A. (199%)ell 81, 53—62.

52. Yatomi, Y., lgarashi, Y., Yang, L., Hisano, N., Ruomei, Q.,
Asazuma, N., Satoh, K., Ozaki, Y., and Kume, S. (1997)
Biochem. 121969-973.

BI970926S



