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Sphingosine-1-phosphate (S1P) and phosphatidylinositol-4 phosphate [PtdIns(4)P]
are important second messengers in various cellular processes. Here, we show that
S1P and PtdIns(4)P are formed in purified basolateral membranes (BLM) derived
from kidney proximal tubules, indicating the presence of a plasma membrane associ-
ated SPK (BLM-SPK) and phosphatidylinositol-4 kinase (PI-4K). We observed that
S1P synthesis is linear with time, dependent on protein concentration, and saturable
in the presence of increasing concentrations of sphingosine. Different from the obser-
vations on cytosolic SPKs, the formation of S1P by BLM-SPK is Mg2+-independent and
insensitive to the classical inhibitor of the cytosolic SPKs, DL-threo-dihydrosphingo-
sine. With sphingosine as substrate, the enzyme shows cooperative kinetics (n = 3.4)
with a K0.5 value of 0.12 mM, suggesting that BLM-SPK is different from the previously
characterized cytosolic SPK. The formation of PtdIns(4)P markedly inhibits BLM-
SPK activity. Conversely, a strong activation of PtdIns(4)P synthesis by the formation
of S1P is observed. Taken together, these results indicate that (i) basolateral mem-
branes from kidney cells harbor a SPK activity that potentially regulates renal epi-
thelium function, and (ii) the formation of S1P mediated by SPK enhances PI-4K
activity, while PtdIns(4)P in turn inhibits SPK, suggesting an interplay between these
lipid signaling molecules. These findings suggest the possibility of crosstalk between
sphingolipids and glycerolipids, which might be involved in the regulation of tran-
sepithelial fluxes across the BLM of kidney cells.

Key words: basolateral membranes, kidney, phosphatidylinositol-4 kinase, sphingo-
sine kinase, sphingosine-1-phosphate.

Abbreviations: BLM, kidney basolateral membranes; BLM-SPK, sphingosine kinase from kidney basolateral
membranes; EGTA, ethylene glycol bis(�-amino-ethyl ether)N,N,N�,N�-tetracetic acid; GroPtdIns, glyceroinositols;
Hepes, N-2-hydroxyethylpiperazine-N�-2-ethanesulfonic acid; HPLC, high performance liquid chromatography;
NaN3, sodium azide; PI-4K, phosphatidylinositol-4 kinase; PtdIns(3)P, phosphatidylinositol-3-phosphate;
PtdIns(4)P, phosphatidylinositol-4-phosphate; 32Pi, radioactive orthophosphate; PMSF, phenylmethylsulfonyl flu-
oride; PKC, protein kinase C; Sph, sphingosine; SPK, sphingosine kinase; S1P, sphingosine-1-phosphate; TLC,
thin-layer chromatography.

Sphingolipids are well-recognized components of virtu-
ally all vertebrate and many invertebrate cells, and for
many years were viewed only as structural components
of cellular membranes. Nowadays, sphingolipids repre-
sent another growing class of lipid mediators that include
ceramides, sphingosine (Sph) and its phosphorylated
derivative sphingosine-1-P (S1P) that are reported to
have important cellular functions through different cell
signaling pathways (1–5). Earlier studies have demon-
strated the presence of cytosolic and microsomal bound
sphingosine kinase (SPK) activities in different tissues
(6, 7). Later, S1P was shown to be a potent signaling mol-

ecule since it promotes the rapid release of Ca2+ from
internal stores in an IP3-insensitive manner (1, 8, 9). S1P
also participates in many different cellular events includ-
ing cell proliferation (4, 10, 11), suppression of apoptosis
(12, 13), modulation of cell motility, tumor invasiveness
(14, 15), neurite retraction (16) and angiogenic vascular
maturation (17). This broad variety of physiological
effects is associated with the localization of the enzyme in
both the cytosolic and membrane compartments (and
also in the extracellular compartment), where different
forms of SPK exist (17–19).

Under basal conditions, S1P levels are very low; how-
ever, upon stimulation by growth factors or other ago-
nists, a transient increase in S1P levels can be detected
(2, 20). As it is a second messenger, its intracellular levels
must be under rigorous control. In addition to the partic-
ipation of SPKs (17–19), the synthesis of ceramide via the
fumonisin B1-sensitive ceramide synthase pathway may
contribute to the regulation of S1P levels (2), and at least
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two other enzymes are involved in the degradation of
S1P: a specific phosphatase and a lyase (21–24). The
discovery of a G-protein coupled S1P receptor super-
family, called endothelial differentiation gene 1 receptors
(Edgs) (5, 25–30), strongly suggests that S1P can act as a
dual messenger: an extracellular ligand for cell surface
receptors as well as an intracellular signaling molecule
(25–31).

Phosphoinositides are glycerophospholipids that are
also involved in different cell signaling pathways in
almost all cell types (for review see Ref. 32). In the last
fifteen years, it has become increasingly clear that
polyphosphoinositides cover a wider variety of functions
other than just their role as second messenger precursors
(33, 34). Such is the case of phosphatidylinositol-3-phos-
phate (35) and phosphatidylinositol-4-phosphate [Ptd-
Ins(4)P] (for review see Ref. 34).

Renal SPK was purified and characterized from total
homogenates of rat kidneys (36). Recently, Gijsbers et al.
(19) showed separated cytosolic and membrane-bound
SPK activities in rat kidney. In the present work, we
show the formation of S1P and PtdIns(4)P in purified
basolateral membranes obtained from pig kidney proxi-
mal tubules in which 75–80% of the glomerular filtrate is
reabsorbed. Our results also show crosstalk between the
SPK and PI-4K signaling pathways, indicating not only a
new biosynthetic pathway for S1P, but also suggesting
the possibility of new physiological roles for SPK/S1P and
PI-4K/PtdIns(4)P in the regulation of enzymes and trans-
porters present in renal basolateral plasma membranes.

EXPERIMENTAL PROCEDURES

Materials—Sphingosine [the naturally occurring D(+)-
erytro-trans-isomer], S1P standard, sphingosine kinase
inhibitor (DL-threo-dihydrosphingosine), buffers, bovine
serum albumin and protease inhibitors were obtained
from Sigma Chemical Co. (Saint Louis, MO). Percoll was
from Pharmacia (Uppsala, Sweden). Thin layer chroma-
tography (TLC) plates and all reagents used in the chro-
matographic procedures were from Merck (Darmstadt,
Germany). All solutions and films used in autoradio-
grams were from Kodak (Resende, Brazil). Distilled
water deionized with the Milli-Q system of resins (Milli-
pore, Marlborough, MA) was employed in the preparation
of all solutions. 32Pi was obtained from IPEN (São Paulo,
Brazil). [�-32P]ATP was prepared as described by Maia et
al. (37).

Pig kidneys were obtained from various slaughter-
houses under the supervision of licensed veterinarians.
Kidneys were rapidly removed after the animals had
been killed, cut into small pieces and transported in a
chilled solution of 250 mM sucrose, 10 mM Hepes-Tris
(pH 7.6), 2 mM EDTA, 1 mM PMSF, and 0.15 mg/ml of
soybean trypsin inhibitor. The external portion of the cor-
tex was carefully removed and immediately used for
membrane preparation.

Basolateral Membrane Isolation—Purified basolateral
membranes derived from proximal tubules were pre-
pared using the Percoll gradient method (38). The orien-
tations of the isolated membranes were right-side-out
�60%, inside-out �8% and unsealed fragments �32% (39).
Controls for enrichment and against contamination with

other membranes were carried out as previously
described (40, 41). The specific activity of the basolateral
membrane marker (Na++K+)ATPase measured in prepa-
rations selected at random (370 � 10.6 nmol mg–1 min–1)
was � 40-fold enriched as compared to that measured in
the starting kidney cortex homogenate. The membranes
were stored in 250 mM sucrose in liquid N2, which pre-
served marker activity for at least five months. Mem-
brane protein content was determined by the phenol
Folin reagent using bovine serum albumin as standard.

Phosphorylation Assay—We used the procedure previ-
ously described (42) except that detergents were not
employed. Briefly, the assay medium (1 ml) contained 30
mM MES-Tris (pH 7.0), 1 mM [�-32P]ATP (specific activ-
ity �2.2�108 cpm/�mol), 1.1 mM MgCl2 or 1 mM EDTA for
Mg2+-free conditions (when stated), 10 mM NaN3, 1 mM
ouabain, and 0.5 mM EGTA. The reaction was started by
adding [�-32P]ATP to the membranes (0.2 mg protein/ml).
Sph was dissolved in dimethyl sulfoxide (Me2SO) and
added directly to the reaction medium under intense vor-
texing. The maximal Me2SO concentration in the assay
(at 400 �M Sph) was 3%. DL-threo-dihydrosphingosine
was also dissolved in Me2SO. Except when noted, the dif-
ferent substances to be tested under each experimental
condition were added at the beginning of the reaction.

Lipid Analysis by TLC—Total lipids were extracted
after incubation of the membranes by adding 5 ml of
chloroform:methanol:HCl (2:1:0.075, v/v) as described by
Horwitz and Perlman (43). Lipids were separated and
first identified by TLC using chloroform:acetone:metha-
nol:acetic acid:water (120:45:39:36:24, v/v). Lipids phos-
phorylated by [�-32P]ATP were detected in auto-
radiograms of the TLC plates (42). Bidimensional
chromatography was performed as described (44). In the
experiments in which the phosphorylated lipids were
added back to the membranes, the lipids were eluted
from the silica with the same solvent employed for lipid
extraction (see above), dried under N2, and dissolved in
chloroform to prepare a solution of known concentration.
Aliquots were put in test tubes, dried again to remove the
solvent and sequentially supplied with reaction medium
and membranes under vigorous vortexing. The recovery
after elution (determined from the residual radioactivity
in the silica powder) ranged between 80 and 90%.

Identification of PtdIns(4)P and S1P by HPLC Analy-
sis—High performance liquid chromatography (HPLC)
was performed using a SCL-10AVP System (Shimadzu,
Tokyo) connected to a 20-�l loop (model LC-10AT). Radi-
olabeled PtdIns(4)32P detected on the TLC plates was
recovered by scraping the corresponding spots and re-
extracting from the silica as described above, deacylated,
and analyzed by HPLC according to Serunian et al. (45).
The retention time was compared with those of dea-
cylated [3H]PtdIns(4)P and PtdIns(3)32P standards pre-
pared as previously described (46). The column used was
a Partisphere Sax column (Whatman, Cliffton, NJ) and
the mobile phase was 1 M (NH4)2HPO4 (pH adjusted to
3.8 with phosphoric acid) (47). Samples were collected at
30 s intervals and radioactivity was measured in a liquid
scintillation counter.

To confirm the identity of S132P, the spot obtained after
bidimensional TLC was recovered by scraping and re-
extracting. HPLC analysis of this sample was carried out
J. Biochem.
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using a reverse phase column (LiChrosphere® 60 RP-18,
12.5 � 0.4 cm I.D., 5 �m, Merck, Darmstadt, Germany)
(47), eluted with an isocratic mobile phase (acetonitrile:
isopropanol: methanol:water, 50:27:18:5, v/v) at a flow
rate of 1.0 ml/min. The peaks corresponding to the stand-
ard S1P (Sigma Chemical Co., St. Louis, MO) or the S132P
synthesized by BLM were detected by absorbance at 205
nm. Samples were collected at 1 min intervals and
radioactivity was measured in a liquid scintillation
counter.

Measurement of Sphingosine Kinase and Phosphatidyli-
nositol-4 Kinase Activities—The S132P and PtdIns(4)32P
spots were detected by autoradiography, scraped from the
TLC plates, placed in vials, and measured in a liquid
scintillation counter. The kinase activities are expressed
as pmol [of S1P or PtdIns(4)P] [mg of membrane protein]–1

min–1.

Measurement of Remaining [�-32P]ATP—Aliquots of
samples were removed at different times, centrifuged to
sediment the membranes (15,000 �g), and quenched with
activated charcoal to adsorb the nonhydrolyzed [�-
32P]ATP. The liberated 32Pi was measured in a scintilla-
tion counter. The remaining [�-32P]ATP is expressed as
percentage of the control (at time zero).

RESULTS

Formation of Sphingosine-1-Phosphate mediated by
Sphingosine Kinase Activity in Basolateral Membranes of
Kidney Proximal Tubules—The presence of different
lipid kinase activities in purified BLM derived from prox-
imal tubule kidney cells has been reported (42). SPK has
been purified from rat kidney homogenates (36) and,
more recently, this activity was demonstrated in vesicles
derived from the endoplasmic reticulum and plasma
membrane of rat kidney (19). To determine whether the
purified BLM of kidney proximal tubules contain a SPK
activity, initial experiments were conducted to establish
assay conditions for quantifying S1P formation in these
membranes. As shown in Fig. 1, incubation of purified
BLM in the presence of 1.1 mM MgCl2 and 1 mM [�-
32P]ATP for 20 min led to the formation of PtdIns(4)32P
(Fig. 1A, lane 1). The presence of S132P, even in low
amounts (<1.0 pmol [mg protein]–1 min–1) was also
detected by TLC analysis of the reaction products. How-
ever, when 0.1 mM of the naturally occurring D(+)-
erythro-trans-isomer sphingosine was added to the assay
(Fig. 1A, lane 2), exogenous Sph was recognized by mem-
brane-associated SPK as judged by the significantly
increased formation of S132P (48.6 ± 4.6 pmol [mg pro-
tein]–1 min–1) (n = 4). Under experimental conditions (no
Sph added), the phosphorylation of endogenous phos-
phatidylinositol reached 10.3 � 1.1 pmol [mg protein]–1

min–1 (n = 4). Interestingly, when 0.1 mM Sph was added,
the formation of PtdIns(4)P increased to 32.5 � 2.4 pmol
[mg protein]–1 min–1 (n = 4) (see also below Fig. 6B).

Consistent with a previous report that PI-4Ks are
dependent on MgCl2 in the assay buffer (48, 49), the
removal of Mg2+ by adding 5 mM EDTA completely pre-
vented the formation of PtdIns(4)32P. In contrast, as seen
in Fig. 1A, lane 3, no inhibitory effect on SPK activity was
observed after the removal of Mg2+; indeed, the formation

Fig. 1. Presence of a sphingosine kinase (SPK) in basolateral
membranes (BLM) of kidney proximal tubules. A: Autoradio-
gram of a TLC plate showing the lipid phosphorylation pattern.
Lane 1: control; lane 2: BLM incubated with 0.1 mM Sph; lane 3: as
in lane 2 without Mg2+. B: Autoradiogram of BLM incubated with
0.1 mM Sph in the absence (lane 1) or presence of the inhibitor DL-
threo-dihydrosphingosine (1 mM) (lane 2). Lane 3 is a control to
which only the inhibitor was added. The data are representative of
TLC experiments on three different membrane preparations per-
formed in duplicate. The graph shows the fold increase in SPK
activity under the different conditions. SE was calculated from the
absolute values. PA: phosphatidic acid; S1P: sphingosine-1-phos-
phate; PtdIns(4)P: phosphatidylinositol-4-phosphate.

Fig. 2. Identification of Ptd-
Ins(4)P and S1P by HPLC.
Radiolabeled lipids that co-
migrated with the PtdIns(4)P and
S1P standards on TLC plates
were eluted, recovered, and ana-
lyzed by HPLC as described
under Experimental Procedures.
A: PtdIns(4)P. The continous line
shows the deacylated product of
the reaction catalyzed by BLM-
PI-4K obtained as described
under “EXPERIMENTAL PROCE-
DURES.” The single peak was
detected by scintillation counting.
Dotted line: glycero-inositol groups
(Gro) of deacylated PtdIns(3)32P and [3H]PtdIns(4)P standards. Inset: PtdIns(4)P levels in BLM before (continous line) or after (dashed line)
incubation with ATP, as detected by absorbance at 205 nm. B: S1P. Continous line corresponds to the synthesized S1P detected by absorbance
at 205 nm. Dotted line: S1P standard. Inset: S1P levels in BLM before (continous line) or after incubation with ATP (dashed line).
Vol. 134, No. 4, 2003
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of S132P was enhanced two-fold (Fig. 1A, lane 3). Thus,
the data indicate that basolateral membranes from kid-
ney cells phosphorylate Sph in the absence of Mg2+. The
enzyme activity was also insensitive to a classical inhibi-
tor of cytosolic SPK, DL-threo-dihydrosphingosine (19, 20,
36, 50), even at a high concentration (1 mM) as shown
(Fig. 1B), since it had no effect on BLM-SPK from kidney
cells (Fig. 1B, lanes 2 and 3).

To confirm the molecular identity of PtdIns(4)32P and
S132P obtained under the experimental conditions
detailed in Fig. 1A, the regions corresponding to their
migration (new radioactive region that appeared upon
the addition of 0.1 mM Sph) on unidimensional TLC
plates were scraped off, and the material was eluted from
the silica and separated by bidimensional chromatogra-
phy. The radioactive lipids purified by this procedure
were re-extracted from the silica and analyzed by HPLC
as described in “EXPERIMENTAL PROCEDURES” (Fig. 2).
Figure 2A shows that only PtdIns(4)32P was formed, since
neither radioactivity counting nor optical detection
revealed a product with a retention time corresponding to
that of the PtdIns(3)32P standard. Only a single radioac-
tive peak matched the commercial [3H]PtdIns(4)P stand-
ard. In addition, the inset to Fig. 2A shows that the
amount of PtdIns(4)P present in the membranes before
incubation with ATP is barely detectable.

Both the eluted sample with the greater mobility in
TLC and the standard S1P showed identical retention
times (Fig. 2B), confirming it to be the product of a BLM-
SPK. The single peak eluted from the HPLC column was
the only source of radioactivity. All other samples col-
lected during elution showed only background radioactiv-
ity. As in the case of PtdIns(4)P, there was a very small
peak of non-radioactive S1P in the membranes before the
phosphorylation assay (inset to Fig. 2B). Taken together,
the data from Fig. 1 and Fig. 2B show that a Mg2+-inde-
pendent SPK activity, unrelated to previously described
SPKs, mediates S1P formation in BLM of kidney proxi-
mal tubules.

Characterization of the Sphingosine-Kinase Activity in
Basolateral Membranes—To characterize the SPK activ-
ity in purified renal BLM, a number of experiments were
carried out to examine the enzyme kinetics. Fig. 3A
shows a linear time-dependent increase in BLM-SPK
activity up to 30 min. BLM-SPK activity was also
dependent on protein concentration, as shown in Fig. 3B,
with the maximal protein concentration tested being 0.15
mg/ml. It is important to note that the activity was com-
pletely lost after boiling, as expected (Fig. 3B). Interest-
ingly, as depicted in Fig. 3C, SPK activity with D(+)-
erythro-sphingosine as a lipid substrate showed typical
cooperative kinetics with K0.5 = 0.12 mM and a Hill
number (n) of 3.4. The latter kinetic property is also dif-
ferent from the Michaelian kinetics described for other
SPKs (36, 51).

Evidence of Crosstalk between the Sphingosine Kinase
and Phosphatidylinositol-4 Kinase Activities in Basola-
teral Membranes—As the action of BLM-SPK in phos-
phorylating Sph was more pronounced in the absence of
Mg2+ and the opposite behavior was observed for PI-4K
(Fig. 1A), we proceeded to investigate further the role of
Mg2+ on the modulation of these two enzymes. Figure 4A
shows that the addition of 1.1 mM MgCl2 to a membrane
preparation preincubated for 10 min with [�-32P]ATP led
to an immediate activation of PI-4K, with a consequent
yield of PtdIns(4)P. The formation of PtdIns(4)P was
accompanied by a decrease in S1P levels. It is important
to note that the observed decrease in S1P formation was
not due to a shortage of [�-32P]ATP as >80% remained
available at the end of the assay time, as depicted in Fig.
4B. The latter indicates that the decrease in S1P forma-

Fig. 3. Time course, protein concentration dependence and
Sph concentration dependence of BLM-SPK activity. A: Puri-
fied basolateral membranes were assayed as described in “EXPERI-
MENTAL PROCEDURES.” Aliquots were removed at the times indi-
cated on the abscissa to measure the amount of S132P formed. B:
Samples containing 0.1 mM Sph were incubated for 20 min in the
presence of the membrane protein at the concentrations shown on
the abscissa; open circle: boiled membranes. C: Samples containing
0.1 mg protein/ml were incubated for 20 min with the Sph concen-
trations shown on the abscissa. The line was fitted by nonlinear
regression according to the equation v = Vmax [Sph]n/(K�m + [Sph]n),
in which n = 3.4 is an index of cooperativity, and [Sph]0.5 = K�m

1/n =
0.12 mM is the concentration of Sph that gives half-maximal veloc-
ity. Results are expressed as the mean � SE of at least three differ-
ent experiments performed in triplicate.
J. Biochem.
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tion was not due to a decrease in ATP after the activation
of Mg2+-ATPases.

The role of Mg2+ was further investigated in a set of
experiments in which Mg2+ was removed by adding 5 mM
EDTA after a 10-min preincubation of the membranes
with [�-32P]ATP. Figure 5A shows that the EDTA chase
resulted in an increase in S1P production, while it
decreased the yield of PtdIns(4)P (Fig. 5B).

Next, we addressed the question of whether the
observed Mg2+ modulation of BLM-SPK and PI-4K was
effected by their products. Freshly phosphorylated
PtdIns(4)32P and S132P were collected by scraping from

TLC plates, as described in “EXPERIMENTAL PROCEDURES,”
re-extracted from the silica, and added directly to the
assay medium to determine their effects on the phospho-
rylation of plasma membrane lipids. The eluted lipids
were used instead of commercially obtained products to
ensure they would have exactly the same fatty acid com-
position as those present in the original membranes. Fig-
ure 6A shows that the addition of PtdIns(4)P to the reac-
tion led to a strong inhibition of SPK, while the addition
of S1P to the Mg2+-containing phosphorylation assay led
to a significant increase in the PI-4K (Fig. 6B), suggest-
ing crosstalk between these two signaling cascades.

Fig. 4. Effect of Mg2+ on PI-4K and SPK
activities. A: Time course of PI-4K and
SPK activities. Mg2+ was added 10 min
after the start of the reaction. Aliquots were
removed at the times shown on the abscissa
and the PI-4K (open circles) and SPK (�)
products were measured. B: ATP levels
during the assay time. The data are repre-
sentative of three different experiments
that agreed within 10%. solid circles: no
Mg2+; open squares: 1.1 mM MgCl2.

Fig. 5. Effect of an EDTA chase on the
PI-4K and SPK activities. A: SPK activity
(solid circles) was measured in the presence
of Mg2+ for 10 min as described in “EXPERI-
MENTAL PROCEDURES.” After this period, 5
mM EDTA was added to the assay medium
and the reaction was followed for an addi-
tional 20 min (open circles). B: PI-4K activ-
ity (solid and open squares) was measured
under the same conditions as described for
5A. Results are expressed as mean � SE of
the results of three different experiments
performed in triplicate. Standard errors
were calculated from the absolute values.

Fig. 6. Evidence of crosstalk between glyc-
ero- and sphingolipids in the renal basola-
teral plasma membrane. PtdIns(4)32P or
S132P produced in the basolateral membrane
fractions purified from kidney cells were re-
extracted from the silica plates (see “EXPERI-
MENTAL PROCEDURES”) and [�-32P]ATP was
added in the combinations as indicated on the
abscissa. SPK (A; no Mg2+) and PI-4K (B; with
Mg2+) activities were assayed in the presence or
absence of [�-32P]ATP, PtdIns(4)32P and S132P
in the combinations specified on the abscissa as
described under Experimental Procedures. The
concentrations of added PtdIns(4)32P and S132P
in the corresponding assays were 300 and 400
nM, respectively. Since there were very small
peaks of non-radioactive Ptdins(4)P and S1P in
non-incubated membranes (insets to Figs. 2, A
and B), endogenous lipids were not considered in calculating the concentrations in the reconstituted assays. Results are expressed as the
means of three determinations performed in duplicate, using different membrane preparations and lipid extracts. The corresponding meas-
urements agreed within 10%. The inset in B shows PtdIns(4)P formation by BLM in the absence (empty bar) and presence of 0.4 �M (filled
bar) or 0.1 mM (hatched bar) Sph.
Vol. 134, No. 4, 2003
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DISCUSSION

In this work, we used purified basolateral membranes
from proximal kidney tubule cells to demonstrate the
presence of membrane-associated SPK and PI-4K, as
judged by the formation of S132P and PtdIns(4)32P in the
phosphorylation assay described in Fig. 1. The BLM-SPK
described here displays properties different from those of
SPKs studied in other membrane fractions (18, 52) and,
especially, from that found in the cytosol, which has been
well characterized (36, 53). The phosphorylation of Sph to
S1P by the BLM-SPK can occur in the absence of Mg2+

(Fig. 1A, lane 3), an obligatory cofactor for the cytosolic
enzyme from different sources (36). This observation
means that different amounts of S1P can be readily
formed as a result of a local increase in Sph levels inde-
pendent of fluctuations in Mg2+.

Another unusual feature of kidney BLM-SPK is its
insensitivity (Fig. 1B, lane 2) to 1 mM DL-threo-
dihydrosphingosine, a potent competitive inhibitor of the
cytosolic form of SPK (19, 20, 36, 50), which usually dis-
plays a significant inhibitory effect at 10–20 �M. This
analog also was not a substrate for BLM-SPK (Fig. 1B,
lane 3). These results clearly show that the saturated iso-
mer is not recognized by the membrane-associated
enzyme in a productive form and reveal a fine-tuned,
stereospecific recognition mechanism not seen with the
cytosolic kinase. In several human SPKs cascades, DL-
threo-dihydrosphingosine is also an effective inhibitor in
the micromolar concentration range (18, 51–53). The dis-
parate responses to the inhibitor and Mg2+ found in this
work suggest the possibility that the renal basolateral
membrane-associated enzyme is not simply an isoform of
a broad SPK family.

An interesting feature of the BLM-SPK activity shown
in this study is the strong cooperativity of the substrate
curve (n = 3.4; Fig. 3C), suggesting that more than one
molecule of Sph is involved at several enzyme sites that
interact during catalysis, whereas other SPKs display a
typical Michaelian sphingosine dependence (36, 51).
Therefore, the cooperativity found for the renal enzyme
may indicate oligomeric association within the mem-
brane as described for other membrane-bound enzymatic
systems (54, 55).

A membrane localization would add support to the
view that S1P also plays an autocrine role (5, 26, 31).
After its formation within the membrane moiety, S1P
could easily be released to the external milieu, thus
allowing a faster interaction with its receptors. This view
is supported by two different kinds of evidence: (i) the
extracellular formation of S1P has been demonstrated
(17); (ii) extracellular G-coupled receptors for S1P have
been shown to exist in cell cultures and implicated in dif-
ferent physiological processes (5, 25–30). These receptors
have been described in a kidney cell line, where they
appear to be involved in transient cytosolic Ca2+ mobiliza-
tion (56), a phenomenon that plays a crucial role in the
regulation of the transepithelial fluxes of water and sol-
utes (57).

Another point disclosed in our work is the interplay
between the two signaling molecules S1P and PtdIns(4)P
and their respective kinases. As pointed out above, Mg2+

is not required for BLM-SPK activity whereas it is an

activator of PI-4K (Fig. 1A). Moreover, after the addition
of Mg2+, the decrease in S1P levels with time is the mirror
image of PtdIns(4)P synthesis (Fig. 4A) and the addition
of �300 nM PtdIns(4)P obtained from the same renal
membranes prior to the addition of ATP strongly inhibits
(by 75%) the initial rate of S1P formation in the absence
of Mg2+ (Fig. 6A). These findings show that it is likely
that the activation of the PI-4K pathway reduces tissue
S1P levels by inhibiting BLM-SPK activity. Although the
membrane-bound, type 2, lipid phosphohydrolases are
Mg2+-independent (24, 30, 58), it is also possible that a
different Mg2+-dependent degradation mechanism could
be activated under the experimental conditions described
for Fig. 4A.

Conversely, an opposite effect of S1P on the synthesis
of PtdIns(4)P was found. The addition of exogenous Sph
leads to a strong activation of PI-4K (Fig. 1A, lane 2), as
in the case of a membrane fraction from rabbit platelets
(59). Furthermore, the addition of �400 nM S1P formed
in and extracted from the renal membranes promotes the
stimulation of PI-4K to a similar extent as that observed
in Fig. 1A, lane 2, in contrast to a report by Hashizume et
al. (59), who did not observe an activation of PI-4K by
S1P. Presumably, kidney epithelial cells, but not circulat-
ing cells, such as platelets, can recognize S1P as a modu-
lator of PI-4K activity. The same three-fold increase in
PtdIns(4)P formation found with either 0.1 mM Sph or
0.4 �M S1P (Fig. 6, compare main panel and inset) sup-
ports the view that the latter is more effective for the
activation of PI-4K and, consequently, that the activation
of SPK is an earlier event in modulating the PI-4K cas-
cade. This conclusion is confirmed by the data also pre-
sented in the inset to Fig. 6B, showing that the addition
of 0.4 �M sphingosine has no effect on PtdIns(4)P forma-
tion (compare empty and filled bars). Interestingly, the
addition of Sph during the formation of S1P also reduces
the formation of phosphatidic acid (PA) (Fig. 1A, lane 2).
This is evidence that S1P formed in BLM also partici-
pates in another regulatory loop involving glycerolipids,
as recently demonstrated in a human embryonic kidney
cell line (60).

The mutual influence of PI-4K and SPK on one another
described in this manuscript is consistent with crosstalk
involving sphingolipids and glycerolipids in the basola-
teral aspect of renal proximal tubule cells. It may be,
therefore, that synchronized control mechanisms that
simultaneously regulate PtdIns(4)P and S1P levels exist
in the plasma membranes of kidney cells, and that these
mechanisms are relevant in physiological events such as
transepithelial fluxes. This view is supported by the
observation that PtdIns(4)P is a potent activator of the
ATP-dependent Ca2+ pumping mechanism present in dif-
ferent membranes (42, 61–63).

The interaction of sphingolipids with PKCs triggered
by hormones and autacoids (64), which play an important
role in the modulation of renal ion pumps such as the
(Ca2++Mg2+)ATPase (41), the (Na++K+)ATPase (57, 65),
and the ouabain-insensitive Na+-ATPase (66) in proximal
tubules is also well known. Therefore, the interaction
between the SPK and PI-4K pathways described in this
work may represent an important physiological mecha-
nism by which different processes involved in ionic home-
ostasis are switched on or off.
J. Biochem.
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