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It has been reported that compounds belonging to
It has been found that sphingosine and sphingosyl- cationic amphiphilic drugs (CADs) increase PS synthe-

phosphorylcholine (amphiphilic cations) have a stimu- sis in various cell lines [3-5]. CADs represent a large
latory, and cholesterol 3-sulfate (an amphiphilic number of effective therapeutic compounds character-
anion), an inhibitory, effect on [14C]serine incorpora- ized by two distinct hydrophobic and hydrophilic do-tion into phosphatidylserine in glioma C6 and rat liver mains and by a positively charged aminogroup at phys-microsomes. In glioma intact cells sphingosine stimu-

iological pH. Sphingosine and other sphingoid baseslates phosphatidylserine synthesis in a process inde-
(e.g. lysosphingolipid - sphingosylphosphorylcholine)pendent of protein kinase C, but suppressed by thapsi-
are natural long chain amino bases with a hydrophilicgargin. We suggest that the stimulation of the enzyme
positively charged aminogroup (headgroup) and a hy-occurs by the interaction of amphiphilic cations with
drophobic long carbon chain (tail), and therefore maythe membrane cosubstrate phospholipids, leading to a
be categorized as endogenous cationic amphiphilic mol-charge redistribution on their phosphate groups, and
ecules [6]. The main interest in possible functions ofhence facilitating the enzyme action. A new hypothesis
sphingosine stems from discovery that sphingosine isconcerning the mechanism of the serine base exchange
a potent inhibitor of protein kinase C (PKC) and inter-reaction is discussed. q 1997 Academic Press

feres with biological actions of PKC in multiple cell
systems [7]. Among many biological activities of sphin-
gosine, it has been also shown that it generates intra-

Phosphatidylserine (PS) synthesis in animal cells oc- cellular Ca2/ mobilization by release of Ca2/ from inter-
curs solely by the base exchange reaction in which ser- nal stores [8]. In a neuronal cell line [4] and rat brain
ine is directly exchanged for the ethanolamine moiety microsomal membranes [9] sphingosine has been
of phosphatidylethanolamine (PE), or choline moiety of shown to stimulate the serine base exchange activity,
phosphatidylcholine (PC). This reaction proceeds in the whereas cholesterol 3-sulphate and other amphiphilic
absence of metabolic energy, is characterized by a re- anions have an opposite effect. It was therefore of inter-
quirement for Ca2/ and occurs mainly in the endoplas- est to check whether similar effect of sphingosine,
mic reticulum [1,2]. Whereas different pathways exist sphingosylphosphorylcholine and cholesterol 3-sulfate
for the synthesis of PE and PC, the base exchange reac- could be observed in glioma C6 intact cells and micro-
tion may be the only pathway for PS synthesis. The somal membranes. To examine whether opposite ef-
molecular mechanism of this reaction remains, how- fects of cationic and anionic amphiphilic compounds
ever, obscure. might have a more general character, experiments on

rat liver microsomes were also performed. The present
study shows that amphiphilic cations have a stimula-1 Corresponding author. Fax: (48-22) 225342. E-mail: baranska@

nencki.gov.pl. tory, and anions an inhibitory, effect on the serine base
Abbreviations: BSA, bovine serum albumin; CADs, cationic amphi- exchange activity and provides an additional insight

philic drugs; DMSO, dimethylsulfoxide; LDH, lactate dehydroge- into unclear problem of the mechanism of the base ex-
nase; MEM, Minimum Essential medium; PBS, phosphate buffer change synthesis of PS. A new hypothesis concerningsaline; PC, phosphatidylcholine; PE, phosphatidylethanolamine;

the mechanism of the serine base exchange reaction isPKC, protein kinase C; PS, phosphatidylserine; TPA, 12-O-tetradeca-
noylphorbol 13-acetate. proposed.
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FIG. 1. Effect of various concentrations of sphingosine on [14C]serine incorporation into phosphatidylserine in glioma C6 cells. The cells
were incubated for 30 min under conditions as described in Materials and Methods. Results are expressed at % vs. control untreated cells,
taken as 100% ([14C]serine incorporation into phosphatidylserine in control cells amounted to 2880 { 167 dpm/106 cells). All values are the
mean { SEM of four (A) and two (B) experiments done in triplicate. Asterisks indicate statistical significance compared to the control group
(** põ 0.01; *** põ 0.001, Student’s t-test). (A) Sphingosine added in DMSO (DMSO concentration in the assay medium did not exceed
0.3%). (B) Sphingosine stabilized by a equimolar complex with BSA.

in the culture medium with L-[U-14C]serine (0.63 mM, 0.1 mCi/ml) inMATERIALS AND METHODS
the presence or absence of sphingosine and other agents prepared
in a stock solution in DMSO (the final concentration of DMSO neverChemicals. Minimum Essential Medium (MEM), calf serum, an-
exceeded 0.3%) or in the presence of sphingosine prepared in equimo-tibiotics and PBS were from Gibco BRL, UK. 12-O-tetradecanoyl-
lar concentration of BSA [13]. All incubations were carried out atphorbol-13-acetate (TPA), bovine serum albumin (BSA), EGTA,
377C. After an incubation, the medium was removed and the cellsNADH, D-(/)-erythro-trans-sphingosine, sphingosylphosphorylcho-
were washed, scraped off and collected as described [10]. Lipids wereline and cholesterol 3-sulfate were purchased from Sigma Chemical
extracted using methanol:chloroform (2:1 v/v) according to Bligh andCo., St. Louis, USA. Triton X-100 was from Romil Chemicals,
Dyer [14], and phospholipids were analyzed by two dimensional TLCShepsed, UK and thapsigargin from LC Services Corporation (Wo-
as described [10]. Phospholipid spots were visualized with iodineburn, USA). L-[U-14C]serine was purchased from Amersham, UK.
vapour and ninhydrin and scraped off for radioactivity counting.

Cell culture. Glioma C6 cells were cultured in MEM supple-
Assay for the serine base exchange in glioma C6 and rat liver micro-mented with 10% (v/v) calf serum and antibiotics (culture medium)

somal membranes. The serine base exchange reaction was carriedunder a humidified atmosphere of 5% CO2 at 377C as previously
out according to Hu et al. [15] with minor modifications. Briefly,described [10].
microsomal membranes (50 mg protein) were incubated for 20 min

Preparation of microsomal membranes from glioma C6 cells and in 40 mM HEPES (pH 7.45) and 1 mM CaCl2 in the presence of L-
rat liver. Microsomes from glioma C6 cells were prepared as de- [U-14C]serine (31.6 mM, 0.5 mCi) and other additions as described in
scribed by Rodriguez et al. [11]. Briefly, the cells were homogenized the text. The final volume was 100 ml and samples were incubated
in a buffer containing 0.32 M sucrose, 1 mM EDTA and 2 mM HEPES in a shaker bath at 377C. The reaction was terminated by adding 400
(pH 7.4) and centrifuged at 20,000 g for 20 min. Thereafter, the ml of methanol:chloroform (2:1, v/v) and phospholipids were extracted
supernatant was centrifuged at 100,000 g for 60 min to provide a according to Bligh and Dyer [14]. The washed chloroform phase was
pellet, referred to as the microsomal fraction. This pellet was then transferred to a scintillation vial, evaporated to dryness and mea-
resuspended in a buffer containing 40 mM HEPES (pH 7.45) and 1 sured for radioactivity. Radioactivity incorporated in the control zero
mM CaCl2, protein content measured, and stored at0707C until use. time samples was subtracted from others samples in each experi-
The microsomes from liver of Wistar male rats were prepared exactly ment. Phospholipids were analyzed by two dimensional TLC as de-
as described previously [12]. The microsomal pellet obtained by dif- scribed [10].
ferential centrifugations was resuspended in 40 mM HEPES (pH Assays of cell viability. Cell viability was assayed by Trypan Blue
7.45) and 1 mM CaCl2, protein content measured, and stored at exclusion and by release of the cytosolic enzyme, lactate dehydroge-
0707C until use. nase (LDH). The LDH concentration was determined after incuba-

tion of the cells without (control) or with sphingosine, and in theAssay for the serine base-exchange activity in glioma C6 cells. Con-
fluent cultures of cells (1.3-1.5 1 106 cells per dish) were incubated cells permeabilized with 1% Triton X-100 (final concentration) for
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complete release of cellular LDH. The cells were centrifuged and TABLE 1
LDH activity in the supernatants was monitored by following the Effect of Sphingosine on [14C]Serine Incorporation intooxidation of NADH at 340 nm [16]. Trypan Blue exclusion was deter-

Phosphatidylserine in Control (Untreated), PKC-Activated,mined microscopically.
PKC-Down-regulated, and Thapsigargin-Treated Glioma C6

Determination of protein content and statistical analysis. Pro- Cells
teins were quantified according to Bradford [17]. The results are
presented as mean values{ SEM. Statistical significances were eval-

[14C]serineuated by the Student’s t-test.
incorporation

Treatment dpm/106 cells %RESULTS

control cells, no addition 2866 { 119 100Figure 1 shows that the action of sphingosine on
/ sphingosine 5818 { 358 203the incorporation of radioactive serine into PS in / TPA (PKC activated cells) 1232 { 243 43

glioma C6 cells was concentration dependent. Dur- / TPA / sphingosine 5187 { 114 181
PKC down-regulated cells 1690 { 106 59ing 30 min of incubation, sphingosine increased
PKC down-regulated cells / sphingosine 4614 { 343 161[14C]serine incorporation twofold, with a maximal
/ thapsigargin 1010 { 93 35increase at 100 mM sphingosine added to the assay
/ thapsigargin / sphingosine 956 { 67 33medium in DMSO (Fig. 1A), or an increase of about

threefold at 200 mM sphingosine added as BSA com- Note. Cells were incubated for 30 min with [14C]serine as described
in Materials and Methods in the absence and presence of 100 mMplex (Fig. 1B), used to minimize the cytotoxicity [13].
sphingosine and 100nM TPA, a PKC activator. PKC-down regulatedThe decrease in the uptake of radioactivity, evident
cells were treated for 18 h with 100 nM TPA [18], washed and incu-at higher sphingosine concentration (300 mM, Fig.
bated with or without of 100 mM sphingosine. The effect of thapsigar-

1) is most likely due to the known cytotoxic effect of gin was measured in the cells incubated for 30 min in the presence
this compound [13]. However, we found that when or absence of 100 mM sphingosine and 100 nM thapsigargin. The data

are means { SEM of triplicate determination from three individualglioma C6 cells (1.3-1.5 1 106 cells per dish) were
experiments.incubated for 15 or 30 min in the absence of BSA

with 50 and 100 mM sphingosine, there was no effect
on cell viability. Trypan Blue exclusion showed 97%
viability and the release of LDH in both the absence
and the presence of sphingosine was lower than 5 gin, a selective inhibitor of the endoplasmic reticu-

lum Ca2/-ATPase (Table 1).%. Moreover, PS formation was similarly affected by
50 and 100 mM sphingosine added to the medium in To further investigate the effect of sphingosine on

serine uptake in an in vitro assay, the uptake of radio-form of DMSO solution or stabilized as BSA complex
(Fig 1, A and B). active serine was examined in microsomal membranes

from glioma C6 cells and rat liver. In both these sys-[14C]Serine was incorporated solely into PS and not
significantly into PE (not shown). The percentage of tems thin-layer chromatographic analysis demon-

strated that PS was the main phospholipid synthesizedPE formed after 30 min of incubation, in the control
cells, and in those incubated with sphingosine, in the microsomal fraction (above 90%, not shown) and

pointed out that the incorporation of [14C]serine intoamounted to 5 and 3 %, respectively. Since the cell
viability was preserved, these data indicate that sphin- total phospholipids could be regarded as a measure of

PS synthesis.gosine affects PS labelling at the level of PS formation
because of enhancement of the serine base exchange Figure 2 shows that in glioma C6 microsomal mem-

branes, sphingosine produced a dose-dependent in-activity.
To check whether the stimulatory effect of sphingo- crease in the serine base exchange activity. This in-

crease reached a maximum at 50 mM, followed by asine on PS synthesis may be PKC-dependent, we com-
pared the incorporation of [14C]serine into PS in the decline below the baseline activity at 300 mM sphingo-

sine (Fig. 2). Another amphiphilic cation, sphingosyl-presence and absence of sphingosine and phorbol es-
ter (TPA), a known PKC activator, in another set of phosphorylcholine had a similar effect, although the

profile of this increase was different than that observedexperiments (Table 1). This process was also investi-
gated in the cells exposed to TPA for 18h, the condi- for sphingosine. On the other hand, an amphiphilic

anion, cholesterol 3-sulfate, inhibited the serine basetion used for PKC down-regulation. As we have
recently reported [18], both PKC activation and exchange reaction (Fig. 2).

As above observations were done on the membranedown-regulation caused by TPA treatment (100 nM)
diminished PS formation. Table 1 shows that sphin- fraction composed of microsomes from glioma C6

cells, it was of interest to determine whether suchgosine was able to neutralize and reverse these ef-
fects, indicating that enhanced PS formation is a phenomenon could also occur in the microsomes of

different origin. Therefore, in the next set of experi-PKC-independent process. In contrast, stimulatory
effect of sphingosine was suppressed by thapsigar- ments we examined the effect of these amphiphilic
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bis(2-ethylhexyl)hydrogen phosphate diminished this
process [9]. The same relationships for sphingosine in
intact glioma C6 cells, and sphingosine, sphingosyl-
phosphorylcholine and cholesterol 3-sulfate in glioma
C6 and rat liver microsomal membranes were pre-
sented in this study. Thus, from the examples described
here, it can be generalized that with the serine base
exchange activity the amphiphilic cations are stimula-
tory and amphiphilic anions are inhibitory.

Emptying of the endoplasmic reticulum calcium
stores, either through agonist-receptor interactions, or
artificially, by the action of calcium ionophors or thapsi-
gargin, results in a decreased activity of the serine base
exchange enzyme system [10,12,20-22]. However,
sphingosine, proposed as a modulator of Ca2/ signals
in cell mediating Ca2/ release from intracellular stores
[8], increased PS synthesis. This discrepancy can be
explained by our recent observation [23] that in gliomaFIG. 2. Effect of sphingosine (j), sphingosylphosphorylcholine

(l) and cholesterol 3-sulfate (s) on serine incorporation into glioma C6 cells treated with 100 mM sphingosine, Ca2/ was
C6 microsomal phospholipids. Microsomal membranes were incu- not completely released from the intracellular stores
bated at 377C for 20 min in the presence of [14C]serine and the indi- and some amounts of these ions were trapped withincated concentration of the drugs. Results are the means of {SEM for

the endoplasmic reticulum. In contrast, thapsigargin,5 experiments (sphingosine and sphingosylphosphorylcholine) and 3
a specific inhibitor of the endoplasmic reticulum Ca2/-experiments (cholesterol 3-sulfate) using different microsomal prepa-

rations and are expressed as percentage of control untreated micro- pumping ATPase [24], completely depleted Ca2/ stores
somes taken as 100% ([14C]serine incorporation into phospholipids of in glioma C6 cells, that cannot be refilled again [23,25].
control microsomes amounted to 56 pmol/mg protein/min). Statistical The present study shows that the depletion of the endo-significance was assessed by Student’s t-test (** põ 0.01; *** põ

plasmic reticulum stores by thapsigargin suppressed0.001).
the stimulatory effect of sphingosine on PS synthesis.
These data demonstrate that the influence of sphingo-
sine on PS synthesis is secondary towards the action
of the base exchange enzyme that requires Ca2/ for itssubstances on PS synthesis in rat liver microsomes.
activity.Table 2 shows that in these membranes sphingosine,

sphingosylphosphorylcholine and cholesterol 3-sul-
fate behaved similarly as it was found in glioma mi-

TABLE 2crosomal membranes. Sphingosine and sphingosyl-
Effect of Sphingosine, Sphingosylphosphorylcholine andphosphorylcholine increased PS synthesis with a

Cholesterol 3-Sulfate on Serine Incorporation into Rat Livertwofold stimulation of serine base exchange activity
Microsomal Phospholipidsby 50 mM and 100 mM, respectively. Cholesterol 3-

sulfate, similarly to glioma microsomes, had the op- L-[U-14C]serine incorporation
posite effect. There was 40% and about 70% inhibi-

Additions pmol/mg protein/min %tion of the enzyme activity at 50 and 100 mM choles-
terol 3-sulfate, respectively (Table 2).

None 119 { 15 100
/ sphingosine

30 mM 165 { 6** 139DISCUSSION
50 mM 249 { 28*** 209
100 mM 175 { 22** 147

It has been demonstrated that a number of drugs / sphingosylphosphorylcholine
50 mM 189 { 14*** 159belonging to CADs stimulate the incorporation of la-
100 mM 207 { 12*** 174belled serine into PS in various cell lines: intact rabbit
150 mM 172 { 6** 145platelets [3], human neuroblastoma cell line LA-N-2 [4] / cholesterol 3-sulfate

and human Jurkat T cells [5]). The same phenomenon 50 mM 62 { 6*** 52
occurred in rabbit platelet microsomal membranes, 100 mM 29 { 2** 24
where the effect of calmoduline antagonists, chlorprom-

Note. Rat liver microsomes were incubated for 20 min with [14C]-azine and trifluoperazine was tested [19]. In rat brain
serine as described in Materials and Methods. The data are meansmicrosomal membrane fraction, PS synthesis was en- { SEM of triplicate determination from four experiments. Statistical

hanced by sphingosine and other amphiphilic cations, significance was assessed by Student’s t-test (**p õ 0,001; ***p õ
0,001).whereas amphiphilic anions, cholesterol 3-sulfate and

76

AID BBRC 7774 / 6941$$$261 11-17-97 09:07:51 bbrcg AP: BBRC



Vol. 241, No. 1, 1997 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

The physicochemical features of sphingosine, as well ylation of membrane proteins by protein kinases was
reported to alter surface potential and enzyme activi-as commercial amphiphilic drugs, allow them to inter-

calate into phospholipid bilayers of artificial and biolog- ties by changing the surface charge density [30].
Moreover, PS synthase I and II, two different en-ical membranes and to alter their properties affecting

fluidity, order and charge. The regulation of the serine zymes catalyzing the serine base exchange in Chinese
hamster ovary cells [31,32], encoded by pssA and pssBbase exchange activity by amphiphilic cations and

anions has been explained by Kanfer and McCartney genes, are composed of amino acid sequences that
possess C- and N-terminal fragments with high num-[9] as a result of change of the order of the endoplasmic

reticulum membrane. The authors have found that ber of positively charged amino acids. The amino acid
sequences of the pssB gene product, and the pssA geneboth stimulators and inhibitors have no effect on the

Km value towards serine but only on the Vmax value product, PS synthase I, show that both of them have
several potential membrane-spanning domains, andof the reaction and proposed that amphiphilic cations

enhance the interaction of the membrane-bound cosub- their N- and C-terminals are predicted to be situated
on the cytosolic side of the endoplasmic reticulum mem-strate (mainly PE) with the membrane bound enzyme,

while the amphiphilic anions prevent this interaction. brane, respectively. pssA protein has a unique double
lysine motif at its C-terminus, whereas pssB, at its N-According to this hypothesis, this interaction occurs by

exposing phospholipid headgroups into a more hydro- terminus, has a double arginine motif [32]. Both of
these motifs are known as the specific endoplasmic re-philic environment, accessible to the catalytic site of

the enzyme. ticulum targeting signals [33,34]. Therefore, we pro-
pose that these positively charged amino acid se-Amphiphilic cations can shift the surface charge of

artificial and natural membranes to less negative val- quences might play an important role in both the in
vivo and in vitro mechanisms of the serine base ex-ues [26]. It has been known that CADs possess special

properties to associate with negatively charged polar change reaction, interacting directly with the cosub-
strate phospholipid headgroups of the membrane andgroups of phospholipids and are able to prevent the

binding to the membrane of other positive molecules. causing a charge redistribution on their phosphate
groups. This change would facilitate the enzymatic re-It has been speculated that CADs might interact physi-

cally with membrane phospholipids by electrostatic action leading to the exchange of serine with the base
moiety of phospholipids. Ca2/ might act allostericallybinding with their head groups [27,28]. In 1995, Lopez-

Garcia et al. [29] have presented evidence that sphingo- through binding to the enzyme on the luminal side, but
influencing the active site localized on the cytosolic sidesine and stearylamine anchor to artificial membranes

containing dipalmitoylphosphatidylserine and interact of the membrane.
electrostatistically with the phospholipids. The authors
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