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Sphingosine Forms Channels in Membranes That Differ
Greatly from Those Formed by Ceramide
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Ceramide channels formed in the outer membrane of mitochondria have been proposed to be the
pathways by which proapoptotic proteins are released from mitochondria during the early stages of
apoptosis. We report that sphingosine also forms channels in membranes, but these differ greatly from
the large oligomeric barrel-stave channels formed by ceramide. Sphingosine channels have short open
lifetimes and have diameters less than 2 nm, whereas ceramide channels have long open lifetimes,
enlarge in size reaching diameters in excess of 10 nm. Unlike ceramide, sphingosine forms channels
in erythrocyte plasma membranes that vary in size with concentration, but with a maximum possible
channel diameter of 2 nm. In isolated mitochondria, a large proportion of the added sphingosine was
rapidly metabolized to ceramide in the absence of externally added fatty acids or fatty-acyl-CoAs.
The ceramide synthase inhibitor, fumonisin B1 failed to prevent sphingosine metabolism to ceramide
and actually increased it. However, partial inhibition of conversion to ceramide was achieved in
the presence of ceramidase inhibitors, indicating that reverse ceramidase activity is at least partially
responsible for sphingosine metabolism to ceramide. A small amount of cytochrome c release was
detected. It correlated with the level of ceramide converted from sphingosine. Thus, sphingosine
channels, unlike ceramide channels, are not large enough to allow the passage of proapoptotic
proteins from the intermembrane space of mitochondria to the cytoplasm.
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INTRODUCTION

Apoptosis, programmed cell death, is a physiologi-
cal process required for normal development and tissue
homeostasis in multicellular organisms. Deregulation of
apoptosis is fundamental to many diseases, such as can-
cer, stroke, heart disease, neurodegenerative disorders,
autoimmune disorders, and viral diseases. Mitochondria
are known to play a major regulatory role in apoptosis
(Crompton, 1999; Susin et al., 1998). Early in apopto-
sis, there is an increase in the permeability of the mi-
tochondrial outer membrane, that leads to the release of
intermembrane space proteins, including cytochrome c,
procaspases, apoptosis inducing factor (AIF), heat shock
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proteins, Smac/Diablo, and endonuclease G (reviewed in
Saelens et al., 2004). The release of intermembrane space
proteins into the cytoplasm is crucial for the activation of
specific caspases and DNases that are responsible for the
execution of apoptosis.

The mechanism for the increased permeability of
the mitochondrial outer membrane during the induction
phase of apoptosis is currently unknown and highly de-
bated. It is thought to occur by either the permeability
transition or the creation of a pore in the outer membrane.

Abbreviations used: AIF, apoptosis inducing factor; MAC, mi-
tochondrial apoptosis-induced channel; pS, picoSiemens; nS,
nanoSiemens; DiPyPC, diphytanoylphosphatidylcholine; FB;, fu-
monisin By; OE, N-oleylethanolamide; MAPP, D-erythro-2-(N-
myristoylamino)-1-phenyl-1-propanol; BSA, bovine serum albumin;
DNP, 2,4-dinitrophenol; PIPES: piperazine-N,N’-bis[2-ethanesulfonic
acid]; TLC, thin layer chromatography; Cjg-ceramide, N-hexadecyl-
D-erythro-sphingosine; PT, permeability transition; VDAC, voltage
dependent anion-selective channel.
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Several pathways have been proposed for this pore, in-
cluding channels formed by Bax oligomers (Antonsson
et al., 2000, 2001; Saito et al., 2000), the mitochon-
drial apoptosis-induced channel (MAC) (Pavlov et al.,
2001), Bax-induced lipidic pores (Basafiez et al., 1999),
BH3/Bax/lipid interactions that induce supramolecular
openings/lipidic pores (Kuwana et al., 2002; Terrones
et al.,2004), and ceramide channels (Siskind et al., 2002,
2003; Siskind and Colombini, 2000).

Ceramides form oligomeric barrel-stave channels
with estimated diameters larger than 10 nm in planar phos-
pholipid membranes (Siskind ez al., 2003). In mitochon-
drial outer membranes, ceramide channels allow the re-
lease of proteins up to 60kDa in size (Siskind et al.,
2002). Even though this cutoff was measured under de-
naturing conditions and thus is most likely an underes-
timate, it is still in line with the size of proapoptotic
proteins released from mitochondria during apoptosis (cy-
tochrome ¢ 12 kDa, (Dickerson et al., 1971); endonuclease
G 28 kDa, (Schafer et al., 2004); AIF 57 kDa, (Mate et al.,
2002); Smac/DIABLO 42kDa, (Chai et al., 2001)). In
addition, mitochondria contain enzymes capable of gen-
erating ceramide (ceramide synthase and reverse cerami-
dase) and several apoptotic stimuli have been shown to
cause an elevation of mitochondrial ceramide that pre-
cedes the mitochondrial phase of apoptosis (Bose et al.,
1995; Charles et al., 2001; Kroesen et al., 2001; Perry
et al., 2000; Raisova et al., 2000; Rodriguez-Lafrasse
et al., 2001; Thomas et al., 1999; Witty et al., 1996).
Ceramide-induced apoptosis and cytochrome ¢ release
are inhibited by antiapoptotic Bcl-2 proteins (Geley et al.,
1997; Ghafourifar er al., 1999; Gottschalk et al., 1994,
Wiesner et al., 1997; Zhang et al., 1996). Thus, ceramide
channels are indeed good candidates for the pathway by
which proapoptotic proteins are released into the cytosol
during apoptosis.

Ceramide is a sphingosine-based lipid that is not only
formed in mitochondria, but also broken down to sph-
ingosine by a mitochondrial ceramidase (Bionda et al.,
2004; El Bawab et al., 2000). Sphingosine itself has been
proposed to induce apoptosis (Cuvillier 2002; Cuvillier
et al., 2000, 2001; Hung et al., 1999; Jarvis et al., 1996;
Sweeney et al., 1998) independent of ceramide. We there-
fore wanted to determine if sphingosine forms channels
like ceramide that are large enough to allow the passage
of proapoptotic intermembrane space proteins or alterna-
tively if it acted through its conversion to ceramide. The
results of this paper show that while sphingosine does
form channels in membranes, these channels are not large
enough to be the pathway by which proapoptotic proteins
are released from the mitochondrial intermembrane space
to the cytoplasm.
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MATERIALS AND METHODS
Reagents

The following reagents were purchased from Avanti
Polar Lipids (Alabaster, AL): sphingosine, asolectin (po-
lar extract of soybean phospholipids), diphytanoylphos-
phatidylcholine (DiPyPC), C;¢-ceramide. Fumonisin B
(FB1), N-oleylethanolamide (OE), and D-erythro-2-(N-
Mpyristoylamino)- 1 -phenyl-1-propanol (MAPP) were pur-
chased from Biomol (Plymouth Meeting, PA). Fatty
acid depleted bovine serum albumin (BSA), horse heart
cytochrome ¢, sodium ascorbate, antimycin A, 24-
dinitrophenol (DNP), and cholesterol were purchased
from Sigma Chemical Co. (St. Louis, MO). [3-*H]-
sphingosine was purchased from American Radiolabeled
Chemical Inc. (St. Louis, MO).

Electrophysiological Recordings

Planar membranes were formed by the mono-
layer method (Montal and Mueller, 1972) as modified
(Colombini, 1987), across a 100-um diameter hole in a
Saran partition using 0.5% (w/v) asolectin, 0.5% (w/v)
DiPyPC, 0.2% (w/v) cholesterol in hexane to form the
monolayers. Except for the reversal potential experiments,
the aqueous solution contained 1.0 M KCl, 1 mM MgCl,,
5mM PIPES (pH 6.8). The voltage was clamped (trans
side was ground) and the current recorded. Sphingosine
or Cy-ceramide was stirred into the water phase from a
Me,SO solution to have a final concentration of vehi-
cle less than 0.5%. Conductance measurements were per-
formed in the voltage clamp mode. Data were filtered by
a low-pass 4-pole Bessel filter (Model LPF-202, Warner
Instrument Corp., Hamden, CT) at 1 kHz, recorded on a
chart recorder, and directly saved into computer memory
with a sampling frequency of 2 kHz.

Reversal Potential Measurements

Planar membranes were formed as above. The aque-
ous solutions were 100mM and 1.0 M KCl on the trans
and cis side, respectively. Both sides also contained 1 mM
MgCl,, and 5mM PIPES (pH 6.8). The reversal poten-
tial of sphingosine channels was determined by applying
continuous symmetrical triangular voltage waves at a fre-
quency of 0.1 Hz and the current was recorded both be-
fore and after the addition of sphingosine to the aqueous
phase on both sides of the membrane. The application
of triangular voltage waves enabled the recording of the
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current—voltage relationship as a function of time. From
the linear portions of the current—voltage relationship, the
conductance and reversal potential of the sphingosine-
induced conductances were determined from the slope
and intercept, respectively. All calculations were corrected
for the bias current, the electrode asymmetry, the conduc-
tance of the unmodified membrane, and the capacitive
current.

Erythrocyte Experiments

Erythrocytes were obtained from decapitated male
Sprague-Dawley rats in a solution of 150 mM NaCl, 4 mM
EGTA, 5mM HEPES pH 7.4 to prevent clotting. They
were used within 3 days. Erythrocytes were washed in
successive centrifugation steps followed by resuspension
in the above buffer. 50 uL of erythrocytes (40mg pro-
tein/mL stock) were added to 450 uLL of an equiosmolar
solution of the test nonelectrolyte or isolation buffer. We
used glucose, sucrose, raffinose, and polyethelene glycol
1500 with molecular weights of 180, 342, 504, and 1500,
respectively. Sphingosine was added at the indicated con-
centration (the final [DMSO] was less that 1%), incubated
for 15 min, and then the cells were sedimented (5 min at
12,000 x g). 400 uL of supernatant was added to 400 L
of Drabkin’s reagent (Sigma Technical Bulletin No. 525)
and the absorbance measured at 540 nm after 5 min. The
percent lysis of the erythrocytes was determined from
the maximum possible absorbance at 100% lysis obtained
after the addition of Triton X-100 (0.5% (w/v) final).

Mitochondrial Isolation and Cytochrome ¢ Release

Rat liver mitochondria were isolated by differential
centrifugation of tissue homogenate as described previ-
ously (Siskind et al., 2002). Mitochondrial intactness was
determined by the rate of oxidation of exogenously-added
cytochrome c as compared to the rate measured with mito-
chondria with hypotonically lysed outer membranes as de-
scribed previously (Siskind et al., 2002). The percent cy-
tochrome c release following incubation with sphingosine
was determined using a cytochrome ¢ ELISA test (R&D
systems). Briefly, mitochondria (0.6 mg/mL, 0.6 mL to-
tal volume) were incubated with a particular concentra-
tion of sphingosine (0.2-2 uM final concentration) for
5, 15, or 30 min (with and without inhibitors of sphin-
golipid metabolism). The mitochondria were pelleted and
the supernatant assayed for cytochrome c content. The
percent cytochrome c release was expressed as a percent
of the total cytochrome c released following rupture of
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the mitochondrial outer membrane by hypotonic shock as
described in Siskind et al. (2002).

Sphingosine Insertion

0.6 mL of isolated mitochondria (0.6 mg/mL) were
incubated with [3H]-sphingosine (final concentration
2uM) and 1 uM BSA (fatty acid depleted) for 5, 15,
or 30 min in the presence or absence of inhibitors of sph-
ingolipid metabolism. Half the mitochondria were then
pelleted (at 12, 000 x g for 5 min) and the other half left
unspun. 500 uL of supernatant was then subjected to scin-
tillation counting. Percent insertion of [*H]-sphingosine
was determined from the difference between total radioac-
tivity in the solution and that after removal of mitochon-
dria by centrifugation.

Sphingosine Metabolism in Isolated Mitochondria

Isolated mitochondria were treated as in the above
sphingosine insertion experiments except that after pel-
leting the mitochondria (12, 000 x g), the entire super-
natant was removed and the lipids were isolated from the
mitochondrial pellet according to the method of Bligh
and Dyer, 1959. Briefly, 0.6 mL H,O was added to the
mitochondrial pellet followed by the addition of 0.8 mL
CH30H and 1.6 mL CHCl;. The samples were vortexed
and put onto ice for 60 min. The aqueous phase was dis-
carded and the organic phase dried under N,. The lipids
were dissolved in 60 uL. CHCl53: CH30H (95:5, v/v) and
separated by silica gel thin layer chromatography (TLC)
with chloroform: methanol: acetic acid (65:15:5 v/v) and
then developed in I,. The bands comigrating with sph-
ingosine and N-hexadecyl-D-erythro-sphingosine (Cig-
ceramide) standards (and all other bands present) were
scraped into separate vials and analyzed by scintillation
counting.

RESULTS

Sphingosine Forms Channels in Planar
Phospholipid Membranes

The effect of sphingosine on membrane conductance
was monitored by utilizing the planar membrane tech-
nique. The addition of sphingosine (3 uM final) to the
aqueous phase on either one or both sides of the pla-
nar phospholipid membrane resulted in pore formation
(Fig. 1). These stepwise current increases are diagnostic
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Fig. 1. Sphingosine forms channels in planar phospholipid membranes.
Example of sphingosine channels following the addition of sphingosine
(3 uM final) to the aqueous phase on the cis side of a planar phospholipid
membrane with the voltage clamped at +10mV. The two insets are
enlarged sections of the main figure.

of sphingosine channel formation in the membrane. Sph-
ingosine conductance transitions varied in size from as
small as 50pS to as large as 6.5nS (Fig. 2). The range
of conductance transitions observed corresponds to esti-
mated channel diameters less than 2 nm.

The conductance formed by sphingosine is qualita-
tively very different from that formed by ceramide (com-
pare Figs. 1 and 3). The sphingosine conductance fluc-
tuates rapidly while that formed by ceramide tends to
increase much like a staircase. Previous work showed that
the discrete increments in ceramide conductance were
generally not the result of the formation of new chan-
nels but the growth in size of one individual channel. The
sphingosine conductance seems to be made up of mul-
tiple individual channels with a relatively short lifespan.
Because of the short open time of the sphingosine chan-
nels, the overall membrane conductance does not tend to
increase significantly as new channels form (Fig. 1) until
there are enough channels in the membrane so that multi-
ple channels are open at the same time. This rapid opening
and closing of individual channels results in a very noisy
conductance when many channels are present and this
too is distinct from what is observed with ceramide. Both
sphingosine and ceramide channels exhibit a range of con-
ductance increments and decrements. From the histogram
of conductance transitions it is obvious that the range
of conductance transitions observed with sphingosine
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Fig. 2. Distribution of conductance increments and decrements observed
after the addition of sphingosine to the cis side of a planar phospholipid
membrane. Increments and decrements are given positive and negative
signs, respectively. The range of conductance transitions corresponding
to channels less than 2 nm in diameter is indicated. Data are the combined
results from 11 experiments. The frequency was calculated by dividing
the number of observed conductance transitions within a particular bin
range by the total number of observed increments and decrements.
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Fig. 3. Two examples of a ceramide channel formed in planar phospho-
lipid membranes. Small (a) and large (b) conductance increments in the
growth of individual ceramide channels observed following the addition
of Cy-ceramide (5 uM final) to the aqueous phase bathing the cis side
of a planar phospholipid membrane.
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(0.05-6.5nS; Fig. 2) is significantly smaller than those
observed with ceramide (1-60nS; Siskind et al., 2003;
Siskind and Colombini, 2000). Thus, ceramide channels
are much larger and more stable than those formed by
sphingosine.

We have previously reported that ceramide channels
enlarge and shrink in size; individual conductance incre-
ments and decrements generally represent the enlarge-
ment and shrinkage of a single channel in the membrane
rather than the formation and dissolution of novel chan-
nels (Siskind et al., 2003). One evidence for this is the
observation that ceramide conductance decrements are
much larger in size than the largest observed increments
(Siskind et al., 2003). For sphingosine this is not the case.
Sphingosine increments mirror the observed decrements
(Fig. 2), indicating that the conductance transitions most
likely represent individual sphingosine channels acting in
parallel.

Sphingosine and ceramide channels also differ in
terms of their selectivities. Very small ceramide channels
are cation selective and this selectivity decreases drasti-
cally as the total membrane conductance increases un-
til the channel(s) are no longer selective (Siskind et al.,
2003). Sphingosine channels are weakly anion selective
and their selectivity does not change with increasing total
membrane conductance (Fig. 4). Increases in channel size
are usually accompanied by a decrease in ion selectivity,
whereas channels conducting in parallel have the same
selectivity. Thus, unlike ceramide channels, sphingosine
channels remain small and conductance increments rep-
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Fig. 4. Selectivity measurements indicate that sphingosine channels do
not enlarge in size. Experiments were performed in the presence of a
10-fold KCl gradient. The reversal potential was measured as a function
of increasing membrane conductance as described in the Methods. Data
are means & SD of results from three separate experiments.
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resent the formation of novel channels acting in parallel
in the membrane.

Sphingosine Forms Channels in Plasma
Membranes of Erythrocytes

Erythrocytes contain osmotically-active solutes, es-
pecially hemoglobin and its counterions that must be bal-
anced by extracellular solutes to prevent bulk water move-
ment and cell lysis. The insertion of a channel into the
erythrocyte membrane that allows extracellular solutes
to enter results in an osmotic influx of water, increasing
the cell volume and intracellular pressure until the cell
membrane tears and hemoglobin is released. Lysis of ery-
throcytes in the presence of a test channel-former can be
prevented by incubation in a medium that contains a solute
that is too large to enter the erythrocyte through the test
channels and thus there is no osmotic water flow and no ly-
sis. By suspending cells in isoosmotic solutions composed
of different size solutes, one can determine which solute is
permeable and consequently the size of the permeability
pathway in the erythrocyte membrane. This allows one not
only to detect the formation of channels in the erythrocyte
membrane but also to measure their size (Tejuca et al.,
2001). We therefore performed hemolysis experiments to
get an estimate of the diameter of sphingosine channels
formed in the plasma membranes of erythrocytes.

Erythrocytes were dispersed into media containing
either salt or nonelectrolytes of different sizes. Sphingo-
sine was added, the cells were separated from the medium
after incubation for a set time, and the percent of lysed ery-
throcytes (from comparing the amount of hemoglobin in
the supernatant to the total amount for 100% lysis) quanti-
tated. From time courses it was determined that hemolysis
was essentially complete after 15 min and this was used
as the standard time for testing.

At 20 uM sphingosine, the channels are permeable
to raffinose, but not PEG1500 (Fig. 5). There appears to
be a uniform population of channels present or at least
all the cells have some channels with diameters between
1.3 nm (based on the hydrated radius of raffinose; Schultz
and Solomon, 1961) and 2.4 nm (based on the hydrated
radius of PEG1500; Kuga, 1981). At 10 uM sphingosine,
all the cells have channels permeable to glucose but only
a portion of these have channels large enough to allow
sucrose and raffinose to permeate (Fig. 5). Likewise, at
5 and 3 uM sphingosine, the proportion of cells capable
of passing the larger nonelectrolytes is greatly diminished
yet all are able to allow NaCl to permeate. Thus, the size
of the channels formed varies over a narrow range de-
pending on the amount of sphingosine present: from 0.5
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Fig. 5. Sphingosine channels in erythrocyte plasma membranes have
diameters less than 2nm. In the main figure, erythrocytes (4 mg
hemoglobin/mL) were added to solutions equiosmolar in test nonelec-
trolytes or isolation buffer and incubated for 15 min with sphingosine at
the concentrations indicated. The percent lysis of the erythrocytes is the
amount of hemoglobin released expressed as a percentage of the total
hemoglobin released after addition of Triton X-100. The inset is a replot
of the data from the main figure portraying erythrocyte lysis as a function
of sphingosine concentration. The symbols in the inset are as follows:
filled circles, NaCl; open circles, glucose; filled triangles, sucrose; open
triangles, raffinose; filled squares, PEG-1500. The data are means & SD
of duplicates from three separate experiments (generally error bars are
smaller than the symbols). It was previously reported that sphingosine
causes hemolysis (52).

to 2nm in diameter. However, at levels of sphingosine
above 20 uM, the channel diameters do not increase any
further, indicating that there is a maximum channel diam-
eter. The maximal estimated pore size is in line with the
one calculated from the conductance transitions observed
in planar phospholipid membranes (2 nm; see Fig. 2).

The Action of Sphingosine on Isolated Mitochondria

In order to directly determine if sphingosine perme-
abilizes the mitochondrial outer membrane to cytochrome
¢, and thus causes its release, sphingosine was added di-
rectly to mitochondria isolated from rat liver. We were
unable to measure the permeability of the outer mito-
chondrial membrane by assaying the oxidation rate of
exogenously-added reduced cytochrome ¢ as was done
previously for ceramide channels (Siskind et al., 2003);
sphingosine, unlike ceramide, completely inhibits cy-
tochrome ¢ oxidase even at concentrations less than 1 uM
(data not shown and Igisu er al., 1988). The presence
of an intact outer mitochondrial membrane did not abro-
gate this inhibition. Instead, the amount of cytochrome ¢
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released by isolated mitochondria was measured using a
commercial ELISA assay (see Methods).

Sphingosine added to isolated mitochondria (2 uM
final) induced the release of only 14 £ 0.2% of the total
cytochrome ¢ as compared to 68 + 4% release induced by
the same amount of added C,-ceramide and 5 & 0.2% re-
lease from untreated mitochondria (Fig. 6(a)). This would
indicate that sphingosine induces a small, albeit statis-
tically significant, release of cytochrome c¢ from isolated
mitochondria. However, mitochondria are capable of con-
verting sphingosine to ceramide (Bionda et al., 2004).
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Fig. 6. Sphingosine added to isolated mitochondria induces a small
percent of release of cytochrome ¢ and is converted to ceramide. (a)
Cytochrome c release from 0.6 mL mitochondria (0.6 mg/mL) untreated
(control), or incubated with 2 M sphingosine or ceramide for 15 min
was measured and expressed as a function of the total cytochrome ¢
released from mitochondria with ruptured outer membranes. (b) Iso-
lated mitochondria were incubated with [3H]—sphingosine (final con-
centration 2 uM) and 1 uM BSA (fatty acid depleted) for 15min in
the presence or absence (Sph) of inhibitors of sphingolipid metabolism
(5 uM; FB1, fumonisin By; MAPP, D-erythro-2-(N-myristoylamino)-1-
phenyl-1-propanol; OE, N-oleylethanolamide). The percent conversion
to ceramide and the corresponding level of ceramide are displayed on
the two y axes. Data are means =+ SD of triplicates from three separate
experiments. The levels of statistical significance from control (Sph) are:
**P <0.01; ***P < 0.001.



Sphingosine Channel Formation

Indeed, even in the absence of added cosubstrates, fatty
acids and acyl-CoA, (and the presence of fatty-acid free
BSA in the mitochondrial isolation medium to remove
endogenous fatty acids), a large fraction of the added sph-
ingosine was converted to ceramide (Fig. 6(b)). When
2 uM [*H]sphingosine was added to isolated mitochon-
dria, 42 £ 2% (5.1 £ 0.2 pmol ceramide/nmol phospho-
lipid) was converted to [*H]ceramide (Fig. 6(b)). Incuba-
tion of mitochondria with the ceramide synthase inhibitor
FB,; (5 uM) before the addition of 2M sphingosine in-
creased the conversion to ceramide to 55 & 2% (6.7 pmol
ceramide/nmole phospholipid) (Fig. 6). Ceramidase in-
hibitors, MAPP or OE, decreased the conversionto 36 + 2
(4.3 £ 0.2 pmol ceramide/nmol phospholipid) and 23 +
2% (2.9 pmol ceramide/ nmol phospholipid), respectively
(Fig. 6). Preincubation of mitochondria with MAPP and
OE together did not completely block conversion of sph-
ingosine to ceramide (data not shown).

Addition of sphingosine to isolated mitochondria re-
sulted in small amounts of cytochrome ¢ release. How-
ever, this release could be attributed to the conversion of
sphingosine to ceramide because there was more release
of cytochrome c at lower levels of sphingosine and at
higher levels of ceramide in the membrane (Fig. 7(a)). In-
deed, the percent release of cytochrome c¢ in Fig. 7(a) was
lower than expected given the levels of ceramide formed
from the added sphingosine. The exogenous addition of
2 uM C,-ceramide (Fig. 6(a)) to isolated mitochondria
corresponded to 5.3 pmol ceramide inserted/nmol phos-
pholipid and there was no conversion of C,-ceramide
to sphingosine detected (data not shown). This level of
C,-ceramide resulted in the release of 68 4+ 4% of the
cytochrome c. However, 6.7 pmoles of ceramide (con-
verted from sphingosine)/nmole phospholipid only re-
sulted in 14.6 = 0.1% cytochrome c release (Fig. 7(a)).
This difference is not due to the type of ceramide used
as Cjg-ceramide added to isolated mitochondria at only
4-8 pmole of ceramide per nmole mitochondrial phos-
pholipid forms channels large enough for cytochrome ¢
to permeate (manuscript in preparation). Moreover, we
find that the percent of cytochrome c release is inversely
proportional to the ratio of sphingosine to ceramide in the
mitochondrial membranes (Fig. 7(b)). This suggests that
sphingosine inhibits or antagonizes the ability of ceramide
to form protein permeable channels. Alternatively, these
differences could also be due to the particular membrane
in which the ceramide generation occurs. Bionda et al.
(2004) showed that both mitochondrial outer and inner
membranes contain ceramide synthase. Thus, ceramide
generation in the mitochondrial inner membrane could
also account for these differences. Regardless, the results
with isolated mitochondria argue strongly that sphingo-
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Fig. 7. The percent cytochrome ¢ released from isolated mitochon-
dria correlates with the level of ceramide converted from sphingosine.
Isolated mitochondria were incubated with varying concentrations of
[3H]-sphingosine (0.2-2 uM) for 15 min, and some of the sphingosine
was converted to ceramide. (a) Cytochrome c¢ release as a function of
radiolabeled sphingosine or ceramide present. The percent cytochrome ¢
release is statistically different from the control in the following manner
(given in order of the level with the highest cytochrome ¢ release to the
lowest): P < 0.001, P < 0.001, P <0.01, P < 0.001. (b) Data from
section (a) expressed as the ratio of unconverted sphingosine to ceramide
converted from sphingosine. The negative correlation between the per-
cent cytochrome c release and the ratio of sphingosine to ceramide is
statistically significant at the level of <0.01. Data are means + SD of
triplicate samples from three separate experiments.

sine does not form channels large enough to allow proteins
to cross membranes.

DISCUSSION

In this study, we demonstrated for the first time
that sphingosine forms channels in planar phospholipid
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membranes and erythrocytes. Characterization of sphin-
gosine channels in these systems and in isolated mitochon-
dria indicates that they are too small to allow proteins to
cross membranes. Sphingosine channels have character-
istics that differ greatly from ceramide channels. In pla-
nar phospholipid membranes, sphingosine channels have
short open lifetimes, do not enlarge in size, and have diam-
eters less than 2 nm, whereas ceramide channels have long
open lifetimes, enlarge in size, and can reach diameters
in excess of 10 nm. Sphingosine channels are somewhat
anion selective and the selectivity does not vary with in-
creasing total membrane conductance. Very small initial
ceramide channels are cation selective and the selectiv-
ity decreases drastically with increasing total membrane
conductance, indicating channel growth (Siskind et al.,
2003). Our previous work with ceramide channels has
shown that they form large barrel-stave channels that en-
large and shrink in size in a defined manner; the individual
conductance increments do not represent the formation
of novel channels, but rather the enlargement of preex-
isting channels (Siskind et al., 2003). Our current work
with sphingosine channels indicates that these channels
do not exhibit such behavior; the conductance increments
and decrements represent the formation and dissolution of
separate channels conducting in parallel. The data indicate
that it is the amide linkage and its capacity to form hy-
drogen bonds that allows ceramide channels to enlarge to
sizes that allow proteins to permeate. With free amino
groups, sphingosine molecules are unable to form the
columns that are predicted to make up the ceramide an-
nuli (Siskind et al., 2003; Siskind and Colombini, 2000).
Thus, it is not surprising that sphingosine channels are not
as stable or large as those formed by ceramide.
Sphingosine does form channels in erythrocyte
plasma membranes similar in size to the ones formed
in planar phospholipid membranes. In erythrocyte plasma
membranes the diameter of the channels depends on the
sphingosine concentration with the maximum achiev-
able diameter around 2nm. Unlike sphingosine, ce-
ramides do not form channels in erythrocyte plasma mem-
branes, regardless of the concentration in the membrane
(manuscript in preparation). We found no conversion of
sphingosine to ceramide in erythrocytes (data not shown).
The data on sphingosine action on isolated rat liver
mitochondria indicates that sphingosine channels are too
small to allow cytochrome c to permeate. Because the per-
cent of cytochrome c release increased with the proportion
of sphingosine converted to ceramide and decreased with
the proportion of unconverted sphingosine, it is highly
unlikely that sphingosine channels are responsible for the
release of cytochrome c. In addition, the estimates of sph-
ingosine channel diameter, 2nm, is too small to allow
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cytochrome c to permeate (the estimated diameter of cy-
tochrome c is 3.4 nm (Dickerson et al., 1971)). Thus sph-
ingosine channels are indeed too small to allow proteins
to permeate. Instead, it is the conversion of sphingosine to
ceramide and ceramide channel formation that is respon-
sible for the formation of channels large enough to allow
proapoptotic intermembrane space proteins to be released
into the cytosol.

We were surprised by the percent of sphingosine that
was converted to ceramide (over 40% of the sphingosine
that inserted into the mitochondria) and the rapid manner
in which it was converted (leveled off within 15 min). In
addition, we were unable to completely inhibit the con-
version of sphingosine to ceramide even in the presence
of inhibitors of ceramide synthase (FB;) and ceramidase
(MAPP and/or OE) alone or in combination. Bionda ef al.
(2004) found that FB, actually activated mitochondrial
ceramide synthase when sphingosine and palmitoyl-CoA
were used as substrates. This could explain the increased
conversion of sphingosine to ceramide we observed in iso-
lated mitochondria incubated with FB; and sphingosine.

It has been proposed that sphingosine plays a role
in apoptosis induction independent of ceramide. Clearly,
many studies have indicated an elevation in cellular sph-
ingosine levels following an apoptotic stimulus and sph-
ingosine added to cell cultures induces apoptosis (for
example, Cuvillier, 2002; Cuvillier et al., 2000, 2001;
Nava et al., 2000; Sweeney et al., 1998). However, many
studies depend on inhibitors of sphingosine metabolism to
conclude that sphingosine itself, and not one of its metabo-
lites, is apoptotic (Cuvillier et al., 2000, 2001; Hung et al.,
1999; Jarvis et al., 1996; Ohta et al., 1995; Sweeney et al.,
1998). It is clear from our results and the results of Bionda
et al., 2004 that mitochondrial ceramide synthase is not
inhibited by FB1 and is in fact activated when sphingo-
sine (as opposed to sphinganine) is used as a substrate.
In addition, isolated mitochondria are capable of con-
verting sphingosine to ceramide via reverse ceramidase,
which can at least be partially inhibited by MAPP and
OE. There are many complicating factors that make inter-
pretation of whole cell studies difficult. These include the
multiple subcellular locations of sphingosine generation
and/or metabolism (Riebeling et al., 2003; Venkataraman
et al.,2002), the specificity of inhibitors, and the ability of
exogenously-added inhibitors to reach a given subcellular
location. Thus, the conclusion that sphingosine induces
apoptosis is on shaky ground.

Bionda et al. (2004) studied ceramide synthase or
reverse ceramidase activity in isolated mitochondria by
adding both sphingosine and palmitate (or palmitoyl-
CoA) and measuring ceramide generation. It was sur-
prising to us that isolated mitochondria could convert
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exogenously-added sphingosine to ceramide in medium
not supplemented with fatty-acyl CoAs or fatty acids as
ceramide synthase requires fatty acyl CoAs and reverse
ceramidase requires fatty acids. The conversion of sphin-
gosine to ceramide in isolated mitochondria was partially
inhibited by ceramidase inhibitors. Reverse ceramidase
utilizes fatty acids and not fatty acyl-CoAs as substrates
for the acylation of sphingosine (Okino ez al., 2003). How-
ever, the mitochondria were isolated in the presence of
bovine serum albumin (fatty acid free) and thus it is doubt-
ful that there is a large enough source of free fatty acids to
accommodate the level of conversion to ceramide that was
achieved here. This indicates that there could be an addi-
tional source of fatty acids and/or an unknown mechanism
for the acylation of sphingosine to ceramide.

Sphingosine channels are not large enough to re-
lease proteins from mitochondria during the induction
phase of apoptosis. However, sphingosine channels could
influence the apoptotic process in a variety of ways. Sph-
ingosine channels in the inner membrane could induce the
permeability transition (PT), a process believed to initiate
mitochondria-mediated apoptosis. Sphingosine inhibition
of cytochrome ¢ oxidase could lead to the production of
reactive oxygen species, which could also lead to the in-
duction of apoptosis. Alternatively, sphingosine channel
formation in the outer membrane could serve an antiapop-
totic role. Closure of VDAC and the subsequent failure
to exchange metabolites between mitochondria and the
cytosol has been proposed to be an early step in the ini-
tiation of apoptosis. In addition, the antiapoptotic protein
Bcl-xL has been shown to promote VDAC’s open configu-
ration (Vander Heiden et al., 2001) while the proapoptotic
protein, cut Bid, has been shown to promote VDAC clo-
sure (Rostovtseva et al., 2004). Thus sphingosine channels
could inhibit apoptosis by restoring metabolite flux when
VDAC channels are closed.

Sphingosine could also protect cells from the lethal
action of ceramide channels by interacting with ceramide
and thus depleting the pool of ceramide available to form
channels. In addition, sphingosine and ceramide could
interact and form hybrid channels that are too small to
allow the release of proapoptotic proteins from mitochon-
dria, but large enough to allow metabolites to exchange.
Indeed, as Fig. 7(b) indicates, the percent cytochrome ¢
release declines as the ratio of sphingosine to ceramide
increases. Thus, whether or not sphingosine is anti- or
proapoptotic most likely depends on the submitochondrial
location in which it is generated and the local concentra-
tion of sphingosine (and ceramide).

Bionda et al. (2004) recently showed that ultrapure
isolated rat liver mitochondria (free from contamination
with microsomes and the mitochondrial associated mem-
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brane/endoplasmic reticulum-related compartment) pos-
sessed ceramide synthase and reverse ceramidase activi-
ties (Bionda et al., 2004). They found ceramide synthase
activity in both the outer and inner membranes (Bionda
et al., 2004). 1t is still unknown in which mitochondrial
membrane ceramidase is located. The local environment
may play a role in regulating whether ceramidase or re-
verse ceramidase activity is favored. For example, Okino
et al., 2003 found that cardiolipin is potent inhibitor of
reverse ceramidase activity and activator of ceramidase
activity. Thus, the presence of cardiolipin in the inner mi-
tochondrial membrane would favor sphingosine forma-
tion. The fact that the ceramidase inhibitors partially in-
hibited the conversion of sphingosine to ceramide implies
that mitochondrial reverse ceramidase activity is indeed
present in at least the outer membrane.

The results of this paper show that sphingosine forms
channels that are characteristically very different from
ceramide channels. Unlike ceramide channels, sphingo-
sine channels are too small to be the pathway by which
proapoptotic intermembrane space proteins are released
from mitochondria during apoptosis. However, sphingo-
sine channels may directly influence the apoptotic process
depending on the location in which they are formed.
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