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Sphingosine kinase 1 (SK1) phosphorylates sphingosine
to generate sphingosine 1-phosphate (S1P). Because both
substrate and product of the enzyme are potentially im-
portant signaling molecules, the regulation of SK1 is of
considerable interest. We report that SK1, which is ordi-
narily a cytosolic enzyme, translocates in vivo and in vitro
to membrane compartments enriched in phosphatidic
acid (PA), the lipid product of phospholipase D. This
translocation depends on direct interaction of SK1 with
PA, because recombinant purified enzyme shows strong
affinity for pure PA coupled to Affi-Gel. The SK1-PA in-
teraction maps to the C terminus of SK1 and is independ-
ent of catalytic activity or of the diacylglycerol kinase-
like domain of the enzyme. Thus SK1 constitutes a novel,
physiologically relevant PA effector.

The potential function of PA! in signal transduction is not
well established, and there is even debate about whether PA
itself (or a downstream metabolite) is a signaling lipid (1).
Whereas many cellular control pathways exhibit a stimulus-
dependent elevation of PLD activity (arguing for a direct role of
the lipid product of PLD-PA in these pathways (2)), historically,
the search for classic protein effectors of PA has failed to yield
many clear-cut examples where a specific response to elevated
PA levels could be demonstrated directly.

Recent data from a number of laboratories are beginning to
define some potential PA targets. These include kinases (e.g.
Raf-1 (3, 4) and mammalian target of rapamycin (5)), phos-
phatases (e.g. protein-tyrosine phosphatase SHP-1 (6) and pro-
tein phosphatase-1 (7)), enzymes involved in lipid turnover (e.g.
phosphatidylinositol-4-phosphate 5-kinase (8, 9) and phospho-
lipase C (10)), as well as other enzymes (e.g. phosphodiesterase
PDE4D3 (11, 12)). There are additional examples of proteins
regulated by PA in combination with other lipids (e.g. protein
kinase Ce (13) and p47p'"’x (14)). With the possible exception of
Raf-1 and PKCeg, regulation of the other proteins by PA has not
been shown to result directly in membrane translocation in
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vivo. Raf-1 accumulates in endosomal membranes as a conse-
quence of PA formation (4), whereas PKCe translocates to the
plasma membrane in response to coordinated production of PA
and diacylglycerol (13).

By phosphorylating sphingosine to generate S1P, SK1 regu-
lates the levels of two important bioactive lipids and affects a
number of cellular functions, including for example calcium
mobilization, growth control, and cytoskeletal rearrangements
among others (for a recent review see Ref. 15). We became
interested in the possibility that SK1 may constitute a novel
PA effector based on three types of evidence. SK1 activity is
stimulated by acidic phospholipids, including PA (16), it is
found up-regulated in immune cells following PLD activation
(reviewed in Ref. 17), and the SK1 protein is activated by PKC
(a PLD activator) and translocates to membranes following
stimulation with phorbol esters (18).

In this work we show that SK1 is a PA effector and responds
to PA formation by translocating to membranes in a manner
analogous to other effectors of signaling lipids, most notably of
the phosphoinositides. We propose that membrane transloca-
tion of SK1 is a direct consequence of the acute and localized
formation of PA. This finding adds support to the idea that PA
is a signaling lipid and provides novel avenues of investigation
concerning the cellular functions of SK1.

MATERIALS AND METHODS

Plasmids—The wild type and the G81D catalytically dead (KD)
mouse SK1 were cloned in pcDNA4/myc-His (Invitrogen). These and the
N- and C-terminal SK1 fragments (residues 1-169 and 134-388, re-
spectively) were also sub-cloned into pEGFP-C2 (Clontech) using ap-
propriate primers and standard techniques. PLD1 was cloned in the
pCMV3 vector as described previously (19).

Antibodies—The following antibodies were used in immunofluores-
cence and immunoblots: mouse monoclonal 9E10 against the myc
epitope (prepared at Babraham); mouse monoclonal 6G5 against glyc-
eraldehyde-3-phosphate dehydrogenase (Biogenesis); rabbit polyclonals
raised against N- and C-terminal peptides of PLD (19); mouse mono-
clonal to phospholipase Cd, a kind gift of Drs. Matilda Katan and
Matthew Jones (Institute of Cancer Research, London); rabbit poly-
clonal against GFP (Molecular Probes); rabbit polyclonal against the
medial Golgi marker mannosidase II (Dr. Kelley Moremen, University
of Georgia); mouse monoclonal against early endosome antigen 1
(EEA1, BD Transduction Laboratories). Secondary fluorescein-, rhoda-
mine-, or horseradish peroxidase-conjugated antibodies were from
Jackson ImmunoResearch Laboratories. Biotin dextran was detected
with Cy3-conjugated streptavidin (Jackson ImmunoResearch). SPE7
IgE antibodies against DNP used to prime RBL-2H3 cells were from
Sigma.

Cell Culture—COS-7 cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM, Invitrogen), supplemented with 10% fetal bovine
serum (Invitrogen), and 1% penicillin and streptomycin (Invitrogen).
CHO,,, cells were maintained in nutrient mixture F-12 (Ham’s) with
L-glutamine (Invitrogen) with 10% fetal bovine serum and 1% penicillin
and streptomycin. Cells were stably transfected with PLD1 using the
Tet-on system (Stratagene) and were a kind of gift of Dr. Michael
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Frohman (State University of New York, Stony Brook, NY). PLD ex-
pression was induced by incubation with 1 um doxycycline in normal
medium for 18 h prior to analysis. RBL-2H3 cells were a kind gift of Dr.
Shamshad Cockcroft (University College London, London, UK) and
were grown in DMEM and 10% heat-inactivated (56 °C for 32 min) in
fetal bovine serum and 2 mM glutamine. All cells were incubated in a
humidified atmosphere at 37 °C in 5% CO, and grown on Nunc plastic
ware or on glass coverslips for immunofluorescence. COS-7 cells were
transfected using DEAE-dextran as described before (19). All other cells
were transfected by electroporation.

Microscopy—Cells for immunofluorescence were grown on glass cov-
erslips and fixed in 3.7% formaldehyde in 200 mm Hepes, pH 7.0. They
were permeabilized in 0.25% Nonidet P-40 in NET gel (150 mm NacCl, 5
mM EDTA, 50 mm Tris-Cl, pH 7.4, 0.05% Nonidet P-40, 0.25% gelatin,
and 0.02% sodium azide) and blocked with NET gel. Cells were stained
with the appropriate primary and secondary antibodies in NET gel, and
coverslips were mounted on a drop of Aqua Poly Mount (Polysciences
Inc.). Samples were visualized with a Zeiss Axiophot 2 fluorescence
microscope using a X60 oil immersion lens or a X40 lens. Photographs
were taken with a SPOT digital camera (Diagnostic Instruments Inc.)
and supplied software.

Translocation of SK1 to Membrane Fractions in Vitro—CHO-K1 light
membranes were isolated from a 0.8—1.2 M sucrose interface as de-
scribed before (20). COS-7 cytosol from cells transfected with SK1 was
prepared as described (21) and was diluted 1/25 in COS-7 cytosol from
untransfected cells so that the signal from the input fraction would fall
within the linear range of the ECL detection. This cytosol mixture was
pre-cleared by centrifugation at 14,000 X g at 4 °C for 5 min to remove
any insoluble protein and was used in the assay. For a binding assay,
membranes were diluted 1/5 in Buffer B (25 mm KCl, 2.5 mm MgSO,, 1
mM dithiothreitol, 0.2 M sucrose, 25 mM Hepes, pH 7.2) and added to the
cytosol mixture into siliconized microcentrifuge tubes. The ratio of
cytosol to membranes was ~1:7 in a total volume of 200 ul. In addition
to membranes and cytosol, binding reactions contained 1 mm EGTA, 1.2
mM CaCl,, 2 mm ATP, and 2.5 units of Streptomyces chromofuscus
(Sigma catalogue number P8023) or Streptomyces sp. (Sigma catalogue
number P4912) PLD as indicated. The samples were mixed gently and
incubated at 37 °C for 15 min. At the end of incubation the samples
were centrifuged at 14,000 X g at 4 °C for 10 min, the supernatant was
carefully aspirated, and the membrane pellets were resuspended in 15
wl of Laemmli sample buffer for analysis by SDS-PAGE.

Measurement of SK1 Activity—Light membranes from CHO cells not
expressing myc-SK1 were incubated with cytosol from COS cells ex-
pressing myc-tagged SK1 in the presence of calcium, PLD, or calcium/
PLD as required and harvested by centrifugation. Membranes were
resuspended in SK assay buffer (20 mm Tris-HCI, pH 7.4, 20% (v/v)
glycerol, 1 mm B-mercaptoethanol, 1 mm EDTA, 40 mM B-glycerophos-
phate, 1 mMm Na;VO,, 1 mM NaF, 1 mM phenylmethylsulfonyl fluoride,
0.5 mM 4-deoxypyridoxine, 10 ug/ml aprotinin, leupeptin, and soybean
trypsin inhibitor) to ~0.6 mg of protein/ml. Aliquots of membranes were
added to glass vials in which sphingosine (0 or 10 nmol) and phosphati-
dylserine (50 nmol) was presented as mixed micelles using Triton X-100
(final concentration 0.063%). Reactions were initiated by the addition of
ATP (1 pCi, 40Ci/mmol) in 10 mm MgCl, and incubated for 60 min at
37 °C. Resulting [*?P]S1P was extracted using butanol, which was washed
twice using 2 M KCl before quantification of radioactivity. Analysis of the
radioactive butanol-soluble material by TLC confirmed the presence of a
single product, which co-migrated with an S1P standard.

Binding of SKI to Lipid-coupled Beads—These experiments were
done essentially as described before (22) using lipid-coupled beads
whose detailed synthesis has recently been described (23). COS-7 cells
transiently transfected with the appropriate constructs were lysed in
lysis buffer (50 mm Tris-HCI, pH 8.0, 50 mm KC1, 10 mm EDTA, 0.6 mm
phenylmethylsulfonyl fluoride, 1 pg/ml trypsin inhibitor, and 0.5%
Nonidet P-40) and centrifuged at 14,000 X g to remove debris. The
supernatant, with ~500—-600 pg/ml protein, was collected and diluted
1:1in lysis buffer to give the lysate. 380 ul of lysate was incubated with
30 ul of a 10% (v/v) suspension of PA beads in IP buffer (50 mm
Tris-HCI, 150 mm NaCl, 5 mm EDTA, and 0.1% Nonidet P-40) in a
500-ul microcentrifuge tube on ice. A few air bubbles were included to
facilitate mixing of the beads. The tubes were put in a rotator at 4 °C for
2 h. At the end of binding, beads were quickly washed three times with
IP buffer and resuspended in Laemmli sample buffer for SDS-PAGE.
For experiments using soluble lipid as competitor during the binding
reaction, lipids in chloroform were dried under a stream of nitrogen and
resuspended by sonication in lysis buffer. The appropriate amount was
added to the cleared COS-7 lysates for 15 min on ice before addition of
lipid-coupled beads.

SK1 Is a Phosphatidic Acid Effector

Binding of SK1I to Liposomes—Lipid stocks were kept at 10 mg/ml in
chloroform. To produce 1 ml of liposomes, 32 ul of PC, 32 ul of phos-
phatidylethanolamine, and 10 ul of phosphatidylserine were mixed,
dried under a stream of nitrogen, and incubated with 1 ml of HK buffer
(40 mm Hepes, pH 7.5, 100 mM KCl, 1 mM dithiothreitol, 1 mm EGTA,
2.5 mMm MgCl,) for 4 h at 4 °C. At the end of this incubation liposomes
were produced by vortexing for 3 min. Each binding reaction contained
120 ul of liposomes, the indicated units of bacterial PLD, plus SK1
either purified or as part of a cytosolic fraction, to give a total volume of
150 ul. Binding was allowed at 30 °C for 15 min followed by centrifu-
gation in a microcentrifuge and careful aspiration of the supernatant.
To measure PC hydrolysis in this system, 0.5 uCi of [**C]PC was
included in the lipid mixture before drying. At the end of the binding
reaction, lipids were extracted with methanol:chloroform essentially
according to Bligh and Dyer (see Ref. 24). Lipids were dried, resus-
pended in 30 pl of chloroform, loaded onto TLC plates (Whatman
LK6DF silica gel 60A, 250 um), and separated in a solvent system
containing chloroform:methanol:acetic acid:acetone:water (10:2:2:4:1).

Microinjections with Bacterial PLD—COS cells were transiently trans-
fected with the appropriate GFP construct and seeded onto glass cover-
slips or on glass bottomed dishes (World Precision Instruments) for 40 h.
3 units/ul Streptomyces sp. PLD with 2 mg/ml biotin dextran (M, 3000,
Molecular Probes) were microinjected using an Eppendorf Tranjector
coupled to a micromanipulator. For immunofluorescence, 100—-150 cells
on each coverslip were microinjected over a period of 15 min in a temper-
ature- and CO,-controlled chamber, fixed, and stained with Streptavidin-
Cy3. For live imaging, two or three cells were microinjected and imaged at
15- or 30-s intervals for 10—20 min. Imaging was carried out with a Zeiss
Axiocam camera and Axiovision software. In all imaging experiments, a
subset of cells was microinjected with vehicle alone plus dextran. This
treatment did not have any effects on the movement of SK1.

Measurement of PLD Activity in Vivo—RBL-2H3 cells were labeled
and stimulated as follows. [PH]Palmitate in ethanol was dried under a
stream of nitrogen and resuspended in dialyzed serum. Cells to be
labeled were washed with serum-free DMEM and incubated for 16 h in
DMEM containing 10% dialyzed serum, 2 mM L-glutamine, and 60
uCi/ml palmitate. 25 ng/ml anti-DNP IgE was included to sensitize the
FceRI. Subsequently, medium was replaced with fresh DMEM contain-
ing 10% serum, 2 mM L-glutamine, and, as indicated, 25 pg/ml DNP
conjugated with bovine serum albumin and 1% butanol. After 30 min of
incubation at 37 °C, lipids were extracted and resolved as described
above. Plates were then dried, sprayed with EN*HANCE (DuPont), and
exposed to film at —80 °C.

Expression of SK1 in RBL-2H3 Cells—RBL-2H3 cells were trans-
fected with 30 pg of pEGFP-C2-SK1 by electroporation using 0.4-cm
gap electroporation cuvettes (Bio-Rad) at 0.27 V and 960 microfarads
with a time constant approaching 30 ms (Bio-Rad GenePulser™). Cells
were seeded on glass coverslips to be ~70% confluent after 24 h. After
8 h cells were primed by the addition of fresh medium containing 25
ng/ml DNP IgE for 16 h to sensitize the FceRI. Cells were stimulated by
the addition of fresh medium containing 25 ug/ml DNP-bovine serum
albumin for 30 min and then fixed and stained with antibodies to myc.
For experiments done in the presence of alcohols, medium containing
either butanol or sec-butanol was used during the 30-min stimulation.

Reproducibility of Data—All data shown have been reproduced at
least three times. Experiments with SK1 activity and microinjections
were done such that the person measuring activity or microinjecting
cells did not know the identity of the samples until after the experiment
was finished.

RESULTS

Co-localization of SK1 with PLDI—Co-expression of SK1
with PLD1 under basal conditions resulted in some co-localiza-
tion of the two proteins, primarily on perinuclear vesicular
structures (Fig. 1A). This was consistent with the possibility
that SK1 becomes enriched in membranes containing increased
amounts of PA as a result of PLD1 overexpression. To examine
this possibility further we expressed SK1 in CHO cells that
were designed to overexpress PLD1 inducibly (Fig. 1B). With-
out PLD1 expression, SK1 was localized mainly in the cytosol
and in some perinuclear regions (Fig. 1B, upper three panels).
Upon PLD1 induction followed by stimulation with phorbol
ester (i.e. under conditions of maximal PLD1-derived PA for-
mation), SK1 accumulated in a perinuclear region that co-
localized very well with PLD1 (Fig. 1B, lower three panels). In
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FiG. 1. Co-localization of SK1 with PLD1 under basal and stim-
ulated conditions. A, plasmids expressing myc-tagged SK1 and un-
tagged PLD1 were co-expressed in COS or CHO cells as indicated. Cells
were fixed and stained with antibodies to the myc tag (mouse) and to
PLD1 (rabbit) followed by appropriate secondary antibodies. B, CHO
cells expressing PLD1 inducibly were transiently transfected with myc-
tagged SK1. Cells were either left untreated, or induced for 18 h for
PLD1 expression followed by 30-min stimulation with 100 nm phorbol
12-myristate 13-acetate (PMA) as indicated. At the end of treatments
cells were fixed and stained as in A.

addition to the perinuclear accumulation, some SK1 also be-
came enriched on the plasma membrane. In another set of
experiments we examined the relative contributions of PLD1
induction and phorbol ester stimulation on the perinuclear
accumulation of SK1 (Fig. 2A). Maximal SK1 translocation
required both PLD1 induction and phorbol ester stimulation,
although we frequently saw perinuclear accumulation of SK1
only with PLD1 induction or with phorbol ester stimulation
(Fig. 2B). Further experiments determined that the perinu-
clear locus of SK1 co-localized partially both with the endoso-
mal protein EEA1 and with the Golgi mannosidase 2 (data not
shown). Finally, by co-immunoprecipitation experiments under
a variety of conditions we obtained no evidence that SK1 and
PLD1 interact directly (data not shown).

SK1 Translocates to PA-enriched Membranes and Is Enzy-
matically Active—To test directly the idea that SK1 binds to
PA-enriched membranes we established an in vitro system.
COS cells were transfected with plasmids expressing myc-
tagged SK1, and a membrane-free cytosolic fraction was iso-
lated. At the same time, a cytosol-free light membrane fraction
was isolated from CHO cells that did not express myc-tagged
SK1. The cytosolic and membrane fractions were then mixed in
the presence of various added components at 37 °C, and the
membranes were re-isolated by centrifugation and analyzed for
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SK1 binding by SDS-PAGE and immunoblots (Fig. 3A). To
generate high levels of PA on the membranes, we used purified
bacterial PLD from S. chromofuscus, an enzyme that hydro-
lyzes PC to generate PA in the presence of micromolar amounts
of calcium (25). Simple addition of SK1 cytosol to membranes
resulted in minimal translocation (Fig. 3A, lane 2). Similarly,
the levels of SK1 found on membranes under most conditions of
varying calcium and ATP were low. However, a very dramatic
enhancement in the amount of translocated SK1 was obtained
under conditions of maximal PLD activity (Fig. 3A, lanes 7 and
8). Without membranes, only a small amount of SK1 was found
in the pellet fraction under fully activated conditions (Fig. 34,
lane 9). We then asked whether the SK1 that translocated to
membranes under these conditions was still enzymatically ac-
tive. At the end of a scaled-up binding experiment, the mem-
branes were re-isolated without detergent and were assayed for
SK1 activity (Fig. 3B). We found that SK1 translocation as
shown by immunoblots of the same experiment (Fig. 3B, inset)
was accompanied by an 8- to 10-fold increase in SK1 activity.
We note that the -fold translocation of the protein paralleled
the -fold increase in catalytic activity (both ~6- to 8-fold),
suggesting that PA probably influences this pathway only at
the level of membrane translocation.

Selective Binding of SK1 to Pure PA—Translocation of SK1
to PA enriched membranes as shown above could be indirect.
To examine this possibility we assayed binding of recombinant
SK1 to various lipids coupled covalently to Affi-Gel. These
reagents have proven extremely useful in identification and
characterization of various lipid binding proteins (22, 23, 26).
Incubation of COS cell lysates enriched for SK1 with a variety
of lipid-coupled beads showed specific binding of SK1 to PA
(Fig. 4A). Of all the other lipids tested, only phosphatidylinosi-
tol 3-phosphate showed weak (less than a tenth of that seen for
PA) binding. To examine the possibility that binding to PA
involved the kinase activity of SK1, we repeated the binding
experiment but using a catalytically compromised mutant of
SK1 (Fig. 4B). For both wild type and mutant SK1, we saw
strong and equivalent binding to PA and weaker binding to
phosphatidylinositol 3-phosphate. To provide evidence for the
specificity of the SK1-PA interaction, we carried out additional
binding experiments to PA-coupled beads in the presence of
various competitor lipids. Preincubation of SK1 lysates with
increasing amounts of soluble PA (either dioctanoyl, C:8 or
dipalmitoyl, C:16, which is the same species used for coupling)
reduced significantly binding of SK1 to the PA-coupled beads
(Fig. 4C). As we have reported before, the shorter chain ana-
logue of PA was more effective for competition (22). Signifi-
cantly, neither soluble sphingosine (the substrate of SK1) nor
soluble phosphatidylserine (an acidic phospholipid capable of
activating SK1 in vitro (16)) were able to compete for the
binding of SK1 to PA (Fig. 4D).

The above data establish that SK1 has specific affinity for PA
but do not rule out the possibility that this affinity is indirect,
perhaps via an associated protein. To examine this possibility
we purified recombinant SK1 from COS cells transfected with
plasmids encoding myc- and His-tagged SK1. In this prepara-
tion, SK1 was the major protein as shown by Coomassie stain-
ing (data not shown). Using this highly enriched SK1 sample,
we showed that binding to immobilized PA was still strong
(Fig. bA), at the expense of some additional bands that co-
purify with the protein but were much reduced from the PA-
enriched fraction (Fig. 5A, bands marked with asterisks). We
then examined binding of recombinant purified SK1 to pure
liposomes that were enriched for PA by incubation with bacte-
rial PLD. For these experiments we used a preparation of
Streptomyces sp. PLD that does not require calcium for activity
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Fic. 2. Translocation of SK1 to pe-
rinuclear membranes after PLD1 ac-
tivation. A, CHO cells expressing PLD1
inducibly were transiently transfected
with myc-tagged SK1 and treated in var-
ious ways. In one set, cells were induced
for PLD1 expression for 18 h followed by
30-min stimulation with 200 nm phorbol
12-myristate 13-acetate (+P+I). In the
other three sets, induction (/) and phorbol
12-myristate 13-acetate treatment (P)
were varied as indicated. At the end of
treatments, cells were fixed and stained
for SK1 using anti-myc antibodies. B,
cells from three independent experiments
as shown in A were counted to provide an
estimate of the extent of perinuclear ac-
cumulation of SK1 following various
treatments. On average, 300 transfected
cells were counted.

(see also Fig. 7D) to avoid potential artifacts caused by calcium
during liposome preparation. Translocation of SK1 to these
defined liposomes was dependent on active PLD (Fig. 5B), and
it occurred at the same concentration range of the enzyme that
gave measurable PA formation (Fig. 5C). We have done addi-
tional experiments varying the base composition of liposomes
(including ones made with PC only) but have never obtained
translocation of SK1 that was not dependent on PLD activity.
In addition, SK1 present in a cytosolic fraction translocated to
the PLD-treated liposomes with similar efficiency as the puri-
fied protein, indicating that the SK1-PA interaction is direct
(data not shown).

Binding to PA Does Not Involve the Diacylglycerol Kinase-
like Domain—The amino acid sequence of SK1 offers little
information on functional domains similar to other proteins,
with the exception of a diacylglycerol kinase-like region at the
N terminus (27). This region shares significant similarities
with diacylglycerol kinases from other species and contains the
residues that mediate catalytic activity of SK1 (27, 28). To
determine if this region is involved in PA recognition we cre-

SK1 Is a Phosphatidic Acid Effector

ated a full-length SK1 and two fragments of SK1 tagged with
the green fluorescent protein (GFP) as a reporter (Fig. 6A). The
full-length GFP-SK1 bound to PA as well as the myc-tagged
version (Fig. 6B in comparison to Fig. 4A). Interestingly, among
the two fragments examined, the majority of PA binding
mapped to the C-terminal half (Fig. 6, B and C). We concluded
from these results that SK1 binding to PA is independent of the
diacylglycerol kinase-like domain and involves sites at the C-
terminal half of the protein. Further mutagenesis of this region
has indicated that PA recognition probably involves more than
one sub-domain, and additional work is in progress to identify
precisely the PA binding determinant.

Dramatic Redistribution of SKI1 in Vivo after Rapid Eleva-
tion of PA Levels—The data described thus far suggest that
SK1 would respond very effectively to elevation of cellular PA
levels. To test this directly we sought to identify ways to pro-
duce a very rapid wave of PA in intact cells. Bacterial PLDs are
again an obvious choice based on their robust activity and their
non-reliance on cellular protein co-factors. However these en-
zymes must also be able to function in the known intracellular
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Fic. 3. PLD-dependent translocation of active SK1 to membranes. A, cytosol from COS cells expressing myc-tagged SK1 (input) was
incubated with a light membrane fraction from CHO cells not expressing myc-SK1. Incubations contained additional components as indicated and
were for 15 min at 37 °C. At the end of incubation, membranes were collected by centrifugation, and their SK1 content was analyzed by SDS-PAGE
and immunoblotting. Notice that addition of active PLD (i.e. in the presence of calcium) greatly stimulated translocation of SK1 to the membrane
fraction. The blot was also probed for glyceraldehyde-3-phosphate dehydrogenase (which is an abundant and slightly sticky protein) to give an
indication of levels of nonspecific binding to membranes. B, membranes and cytosol as in A were scaled up 10 times to produce sufficient material
for assaying SK1 activity after translocation. Only three conditions, varying calcium and PLD as indicated, were used. A portion of the membranes
after translocation was analyzed by SDS-PAGE and immunoblotting (inset gel). The rest was analyzed in duplicate for SK1 activity using
sphingosine and [y-*2P]ATP. SK activity data are combined from replicate experiments.

conditions of pH, ion concentration, etc. For example the S.
chromofuscus PLD will not work effectively in the low calcium
environment of the cytosol, whereas other PLD enzymes re-
quire low pH for activity. However, the Streptomyces sp. PLD
used in the liposome experiments (Fig. 5, C and D) did not
require calcium for activity. Indeed, side by side comparison of
this enzyme with the one from S. chromofuscus in the in vitro
translocation assay for SK1 showed that calcium was not re-
quired for translocation (Fig. 7D, compare lanes 4 and 6), and
in fact it was slightly inhibitory (Fig. 7D, compare lanes 6 and
7). This enzyme was therefore microinjected in intact cells
expressing GFP-SK1 to assess translocation. In all cells micro-
injected with PLD, the GFP-SK1 distribution was rapidly
changed from a cytosolic pattern to a reticular one that con-
tained a large proportion of perinuclear staining (Fig. 7A).
Additional experiments were performed with the N- or C-ter-
minal fragments of SK1 tagged with GFP, or with GFP on its

own as a negative control. Only the C-terminal fragment,
which was shown to bind to PA (Fig. 6), showed PLD-dependent
translocation (Fig. 7B). The N-terminal fragment and the GFP
control did not change their localization upon PLD microinjec-
tion (Fig. 7B). To gain a better understanding of the kinetics of
translocation, we microinjected GFP-SK1-expressing cells with
PLD and followed the SK1 movement by live imaging. Within
3 min of microinjection, SK1 started to concentrate in a perinu-
clear region and also redistributed to a reticular network very
reminiscent of the endoplasmic reticulum. Seven minutes after
microinjection were sufficient for the complete redistribution of
SK1 to membranes (Fig. 7C). The C-terminal fragment of SK1
showed a similar translocation but with slightly slower kinet-
ics, whereas the GFP control did not show any translocation
(data not shown).

Re-distribution of SK1 in Mast Cells after PLD Activation as
a Result of Fc Receptor Cross-linking—The data using PLD
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Fic. 4. Binding of SK1 to pure PA. A,
lysates from COS cells expressing myc-
tagged SK1 were mixed with Affi-Gel
beads covalently coupled to the lipids
shown. At the end of binding, the beads
were washed extensively, and bound ma-
terial was eluted and resolved by SDS-
PAGE. SK1 was detected after immuno-
blotting via the myc epitope. Note the
specific binding of SK1 to PA-coupled
beads. The band labeled with an asterisk
is recognized by the myc antibody non-
specifically. “lys” indicates total lysate
loaded at 5% of input. B, experiment as in
A but comparing binding to PA or phos-
phatidylinositol 3-phosphate of wild type
or catalytically inactive (KD: G81D muta-
tion) SK1. C, binding of SK1 to immobi-
lized PA was carried out in the presence of
the indicated amounts of soluble PA, ei-
ther dioctanoyl, C:8 or dipalmitoyl, C:16.
Notice that both PA species are capable of
reducing binding of SK1 to PA beads. D,
competition using sphingosine (upper
panel) or phosphatidylserine (lower
panel) at the same concentration range
shown for PA above (50, 100, 200, and 400
uM). In both experiments, C:8 PA at 400
uM was included as a positive control for
inhibition of binding.

microinjections provide a measure of the affinity of SK1 for PA
in intact cells but do not actually define the site(s) of SK1
translocation upon physiologically relevant PA formation. To
address this question we used the rat mast cell line RBL-2H3.
Primary mast cells exhibit a strong receptor-dependent PLD
activation (29), which is recapitulated in the established RBL-
2H3 cell line (30). For these experiments we used a sub-clone of
RBL-2H3 cells, which shows a good elevation of PLD activity
upon Fc receptor cross-linking (31). RBL-2H3 cells were trans-
fected with GFP-SK1 and incubated with IgE overnight. Under
these conditions, the majority of GFP-SK1 was found in a
cytosolic distribution (Fig. 8A, upper panel). Upon antigen ad-
dition and receptor cross-linking, a substantial portion of GFP-

SK1 Is a Phosphatidic Acid Effector

SK1 translocated to plasma membrane patches as well as to a
perinuclear area (Fig. 84, lower panel). Under exactly the same
conditions, we saw a 5-fold increase in the amount of PLD-
derived lipid product (phosphatidylbutanol) upon antigen stim-
ulation (Fig. 8B, compare lane labeled “+but-Ag” with lane
labeled “+but+Ag”). To test the idea that translocation of SK1
was in response to PLD activation, cells were treated with
primary or secondary alcohols during stimulation. Primary
alcohols inhibit formation of PA, whereas secondary alcohols do
not under these conditions (31). We saw that 1% butanol
blocked antigen-dependent SK1 translocation, whereas 1% sec-
butanol was without effect (Fig. 8C), arguing that translocation
depends on PA formation.
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Fic. 5. Purified recombinant SK1 binds to PA. A, purified SK1 (following expression in COS cells and affinity purification using the His tag)
was incubated with PA-coupled beads. After extensive washes, the bound fraction was resolved by SDS-PAGE and stained with silver. The bands
labeled with asterisks contaminate the starting population but are substantially reduced in the bound fraction. B, purified SK1 as shown in A was
incubated with liposomes of defined composition, in the presence of the indicated amounts of Streptomyces sp. PLD. Following binding at 30 °C,
the liposomes were re-isolated by centrifugation and analyzed for bound SK1 by SDS-PAGE and immunoblots. Note that boiled PLD (for 5 min at
95 °C) at the two highest concentrations used for the normal binding does not induce any SK1 translocation. C, liposomes as in B but containing
[**C]PC were incubated with the indicated amounts of PLD in the presence or absence of recombinant SK1 as shown. At the end of incubation as
in B, lipids were extracted and analyzed by TLC. *, boiled PLD as used in B.
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FiG. 6. Interaction of SK1 with PA maps to the C’ terminus and does not involve the diacylglycerol kinase-like domain. A, SK1 and
N- and C-terminal fragments were tagged with GFP at the N’ terminus as shown. The shaded region represents the diacylglycerol kinase-like
domain of SK1 and is drawn to scale (amino acids 25-127). The N-terminal fragment encompasses amino acids 1-169 and C-terminal fragment
amino acids 134-388 of SK1. B, lysates from COS cells expressing full-length or truncated versions of GFP-tagged SK1 as shown in A were mixed
with PA-coupled beads and allowed to bind. At the end of binding, the beads were washed extensively, and bound material was eluted and resolved
by SDS-PAGE. SK1 was detected after immunoblotting via the GFP epitope. C, quantification of the blot shown in B. The relative binding of wild
type GFP-SK1 to PA (the ratio of the band between lysate and PA fraction) was set to 100%. This was compared with the ratios of the N- and
C-terminal fragments.

DISCUSSION the known involvement of SK1 in immune cell signaling down-
Based on our initial observations that SK1 co-localizes with ~ stream of PLD, we explored the possibility that SK1 is a PA
PLD1, especially under conditions of PLD1 activation, and on  effector. We provide complementary evidence from in vivo and
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Fic. 7. Membrane translocation of SK1 in cells microinjected with PLD. A, COS cells expressing GFP-tagged SK1 were microinjected
with a solution of bacterial PLD (St¢reptomyces sp.) containing biotinylated dextran. After recovery at 37 °C for 15 min, the cells were fixed and
stained with avidin-Cy3 to mark the microinjected cells. Notice that PLD microinjection induces translocation of SK1 from the cytosol to
perinuclear membranes. B, similar experiment as in A, but cells were expressing either GFP alone or GFP-tagged SK1 fragments as shown in Fig.
5. Notice that only the GFP-tagged C-terminal fragment of SK1 responds to PLD microinjection. C, PLD-induced SK1 translocation is time-de-
pendent. The microinjected cell was observed by live imaging for 15 min. Two images immediately after microinjection and 7 min later are shown.
D, translocation of SK1 to PLD-treated membranes showing that, unlike the S. chromofuscus PLD, the Streptomyces sp. PLD does not require
calcium to induce translocation. This enzyme was used in all microinjections. Conditions for this binding experiment are as shown in Fig. 3A.

in vitro work to show that this is the case. From experiments
performed in vitro we show that SK1 translocates to isolated
cellular membranes or to liposomes of defined composition
upon PA formation, and it binds to pure PA matrices both in
complex lysate mixtures and in purified recombinant form.
From experiments using intact cells we show that GFP-SK1

translocates very rapidly from the cytosol to perinuclear mem-
branes upon microinjection of pure bacterial PLD. In addition,
GFP-SK1 becomes partially membrane-localized in RBL-2H3
mast cells upon receptor stimulation that elevates endogenous
PLD activity and PA levels. Although we do not yet know the
exact identity of the PA binding determinant on SKI1, our
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Fic. 8. Membrane translocation of
SK1 in cells following receptor acti-
vation of endogenous PLD. A, RBL-
2H3 cells were transfected with GFP-
tagged SK1. The FceRI was sensitized by
incubation for 16 h with 25 ng/ml anti-
DNP IgE. The following day, receptor
was cross-linked with 25 pg/ml DNP-
bovine serum albumin in some samples
(+Ag) or left untreated (—Ag) for 25 min
at 37 °C. At the end of treatments, cells
were fixed and examined for fluores-
cence. B, RBL-2H3 cells were labeled
overnight with [*H]palmitate in the
presence of 25 ng/ml anti-DNP IgE. The
following morning, labeling medium was
replaced with fresh solution that con-
tained 1% butanol (+but) and/or 25
png/ml DNP-bovine serum albumin (+Ag)
as indicated, for 30 min at 37 °C. At the
end of 30 min, lipids were extracted and
analyzed by thin layer chromatography
shown here. The position of phosphati-
dylbutanol (a signature PLD product) is
shown with an asterisk. C, RBL-2H3
cells were treated as in A, but before
antigen stimulation butanol or sec-buta-
nol at 1% was included in the medium as
indicated. Note that the primary alcohol
blocks SK1 perinuclear and plasma
membrane translocation.

experiments suggest that it is contained within the C-terminal
half of the protein, away from the diacylglycerol kinase-like
domain that is found within the catalytic region.

The membrane sites of SK1 translocation upon elevation of
PA are fairly heterogeneous and depend to some degree on the
method of PA elevation. When PA is elevated via activation of
endogenous PLD, most SK1 translocates to a perinuclear re-
gion (which co-localizes with endosomal markers and partially
overlaps with the Golgi) as well as to the plasma membrane.
This perinuclear and plasma membrane distribution is consist-
ent with previous reports on SK1 localization (18, 32). When
PA levels are elevated by PLD microinjection, we observed, in
addition to perinuclear sites, SK1 translocation to the ER. The
significance of this is unknown and may be an artifact of the
preferred site of action of the bacterial enzyme. We note, how-
ever, that the yeast equivalent of SK1 is an ER enzyme (33)
that the hydrolases, which degrade S1P, are also ER enzymes
(34, 35) and that S1P was able to mobilize calcium from iso-
lated microsomal membranes, which are derived from the ER
(36) or from thapsigargin-sensitive calcium ER stores (37). In
addition, immunofluorescence staining of endogenous SK1 un-
der basal conditions appears to partially localize the protein in
an ER-like compartment (18). Therefore, it is possible that both
the perinuclear/plasma membrane sites and the ER are bona
fide loci of SK1 translocation under some conditions.

Our recent focus on potential PA-binding proteins has al-
lowed us to examine simultaneously a large number of poten-
tial targets, and we are beginning to discern some differences
in PA binding among the different proteins. For example, most
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putative PA targets bind immobilized PA to a similar extent. In
a typical experiment, and for about 5 nmol of PA used, ~5% of
the input protein is found in the PA-bound fraction. The frac-
tion of SK1 that is bound to PA is 5- to 8-fold higher and
constitutes the highest we have seen among the potential PA
targets. In addition, when we labeled total cytosol with
[35S]methionine and then carried out a membrane transloca-
tion experiment such as shown in Fig. 3, none of the translo-
cated proteins showed as strong membrane enrichment as SK1
(data not shown). Based on these results, we suggest that the
affinity of SK1 for PA maybe one of the strongest among cel-
lular PA targets.

The Significance of the SK1 PA Interaction—S1P is elevated
in cells as a consequence of stimulation by a variety of growth
factors, bioactive lipids, and G protein-coupled receptor ago-
nists (reviewed in Refs. 38 and 39). Once formed, S1P can
either be secreted and activate cell surface receptors in an
autocrine/paracrine fashion or it can activate signaling path-
ways intracellularly without being exported (reviewed in Ref.
32). Both modes of S1P action result in distinct and important
physiological consequences. Binding of secreted S1P to its re-
ceptors can affect proliferation, migration, and differentiation,
whereas intracellular S1P regulates calcium homeostasis and
antagonizes apoptotic signals (32, 40). These properties of S1P
make the regulation of its formation of considerable interest.
Our finding that SK1 is a PA effector provides a potential
mechanism for the stimulation of SK1 by extracellular stimuli.
We propose that, in some cases, stimulation of PLD activity by
extracellular signals leads to elevated intracellular PA levels
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Fic. 9. The SK1-PA interaction in the context of two signaling pathways. A, for pathways where extracellular signals lead to elevated
levels of intracellular S1P, we propose that PLD activation is a potentially critical intermediate. In this model, extracellular signals activate
endogenous PLD (perhaps via a combination of the three known PLD protein activators, PKC, Arf, or Rho) leading to elevated PA levels at defined
sites either on the plasma membrane or on internal organelles. SK1 translocates from the cytosol to the PA-enriched membranes where it
encounters its substrate and forms S1P, leading to S1P-mediated downstream effects. B, in non-PLD-dependent pathways, the SK1-PA interaction
may constitute a way to reinforce survival signals as predicted by the sphingolipid rheostat hypothesis. In normally growing cells, phospholipid
biosynthesis would generate a constant flux of PA as an intermediate. This PA could also be used to attract SK1 to membranes for the generation
of S1P, a survival signal (left panel). Under conditions of cellular stress, cessation in phospholipid biosynthesis would deplete membranes of PA.
This may lead to cytosolic re-distribution of SK1, a reduction of S1P formation and an increase in the levels of SPH and ceramide, two lipids known
to constitute apoptotic signals (right panel).
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(either at the plasma membrane or internal compartments),
which would in turn lead to PA-mediated translocation of cy-
tosolic SK1 to membranes enriched in its substrate, sphingo-
sine (Fig. 9A). In this view, elevation of S1P levels by extracel-
lular stimuli would be a direct consequence of PA-induced
proximity of the enzyme to its substrate. For example, follow-
ing receptor cross-linking in immune cells, it has been reported
that PLD activation precedes and correlates well with SK1
activity (reviewed in Ref. 17). One way to explain this result
based on our observations is to hypothesize that receptor cross-
linking leads to elevated PLD activity, which in turn induces
membrane translocation of SK1. Although this general mech-
anism for translocation is lipid-based and need not involve
additional components, it is of course entirely likely that addi-
tional factors may enhance or confer specificity to the SK1
translocation. For example, calcium/calmodulin (41), PKC (18),
ERK 1/2 (42), TRAF2 (43), RPK118 (44), and a novel protein
related to protein kinase A-anchoring protein (45) have all been
shown to affect SK1 translocation and activity either via direct
protein-protein interactions or via phosphorylation.

The SK1-PA interaction may be relevant in both PLD-de-
pendent and independent settings, especially in the regulation
of growth and survival. The cellular balance between S1P and
SPH/ceramide has been proposed to constitute a “sphingolipid
rheostat” that regulates cell survival/death decisions with S1P
on the side of survival (46), and it is interesting that both PLD
and SK1 are implicated in cell survival (47, 40). It is possible
therefore that PLD activation in healthy cells results in in-
creased synthesis of S1P, thus reinforcing a survival decision.
Conversely, reduced PLD activity in dying cells would prevent
SK1 translocation to membranes, resulting in a drop in S1P, a
concomitant increase in the levels of apoptotic SPH/ceramide,
and a reinforcement of the death decision. However, the possi-
bility that SK1 translocates to PA-enriched membranes in set-
tings not involving PLD activation must also be considered. PA
is a major intermediate in phospholipid biosynthesis (48), and
its cellular levels may be used as an indicator of the physiolog-
ical state of a cell. In support of this, there is a strong correla-
tion between inhibition of phosphatidylcholine synthesis and
apoptosis in a variety of experimental systems (49-52). It is
possible that PA formation as part of normal lipid biosynthesis
would constitute a survival signal that enables membrane
translocation of SK1 and increased synthesis of S1P (Fig. 9B).
Conversely, cessation in phospholipid biosynthesis as part of a
death decision would deplete membranes of PA leading to SK1
redistribution to the cytosol and a drop in the levels of S1P. In
this model, the SK1-PA interaction would allow a functional
connection between the sphingolipid rheostat and the phospho-
lipid steady state.
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