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ABSTRACT The n-type K* channel (n-K*, K;1.3) in lym-
phocytes has been recently implicated in the regulation of
Fas-induced programmed cell death. Here, we demonstrate that
ceramide, a lipid metabolite synthesized upon Fas receptor
ligation, inhibits n-K* channel activity and induces a tyrosine
phosphorylation of the K,1.3 protein in Jurkat T lymphocytes.
Tyrosine phosphorylation of the n-K* channel correlated with
an activation of the Src-like tyrosine kinase p56lck upon cellular
treatment with the ceramide analog C6-ceramide. Because ge-
netic deficiency of p56lck or inhibition of Src-like tyrosine
kinases by herbimycin A prevented ceramide-mediated n-K*
channel inhibition and tyrosine phosphorylation, we propose a
ceramide-initiated activation of p56lck resulting in tyrosine
phosphorylation and inhibition of the n-K* channel protein.

The cellular homeostasis of the immune system is regulated by
the balance between cell proliferation and programmed cell
death. Programmed cell death or apoptosis has been shown to
be a fundamental, evolutionary conserved process involved in
development and regulation of the immune response (1-4).
Apoptosis of several cell types can be induced by a variety of
physiological or pathophysiological stimuli, including TNF,
Fas/Apol/CD95, ceramide, reactive oxygen intermediates,
ionizing radiation, heat shock, or treatment with some cyto-
static drugs (5-16).

The Fas/Apo-I/CD95 receptor has been shown to be a
highly important receptor in the regulation of apoptosis in
mature lymphocytes (4). The major function of the Fas recep-
tor seems to be the regulation of the peripheral immune
response (4). Thus, mutations in the Fas receptor or its ligand
result in the defects of Ipr and gld mice characterized by
lymphadenopathy, lymphoaccumulation, and autoimmune or-
gan failure (17-19).

Recent studies suggest that the synthesis of ceramide has an
important function for Fas-triggered programmed cell death
(20, 21). Ceramides are known stimuli of apoptosis and are
synthesized by activation of an acidic and/or neutral sphingo-
myelinase (20-22). Both enzymes have been shown to be
activated by the Fas receptor (20-22). The regulatory mech-
anisms of sphingomyelinase activation by the Fas receptor are
completely unknown; however, a recent report suggested that
the synthesis of ceramides depends on the function of ICE-like
proteases in cells transfected with the reaper protein (23).
Ceramides have been shown to stimulate a variety of enzymes,
including a ceramide-activated proline-directed protein kinase
(24), a phosphatase (25), Jun N-terminal kinase (12, 26),
Raf-K (27), and tyrosine phosphorylation (28).

We and others have previously suggested that protein
tyrosine kinase activation is an essential event in Fas-induced
apoptosis because inhibition of protein tyrosine kinases (29,
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51) and expression of the tyrosine phosphatase FAP (30)
prevent Fas-induced cell death. The Src-kinase p59fyn has
been shown to associate with the Fas receptor; however, the
function of this association is unknown (31, 32). Evidence for
a crucial function of Src-like tyrosine kinases for Fas-induced
apoptosis is also provided from knock-out mice of Fyn and Lyn
showing a deficiency of programmed cell death in peripheral
B and T lymphocytes (31, 33).

Other molecules activated by the Fas receptor include the
small G protein p21Ras (21), phospholipase A, (22), a serine/
threonine kinase (34), Jun N-terminal kinases (35), and several
members of the ICE-like protease family (36-39). We have
previously demonstrated that Fas receptor ligation also results
in a tyrosine kinase-dependent inhibition of the n-type K*
(n-K*) channel (40). The interaction of these molecules with
ceramide has to be determined.

In the present study, we demonstrate an inhibition of the
n-K* channel (K,1.3) in Jurkat T lymphocytes upon treatment
of the cells with synthetic C6- or C2-ceramide. The inhibitory
effect of ceramide correlated with tyrosine phosphorylation of
the n-K* channel and an activation of the Src-like tyrosine
kinases p56lck and was absent in p5S6lck genetically deficient or
in herbimycin A-pretreated Jurkat cells. The results point to a
signaling cascade from ceramides via tyrosine kinases to the
n-K* channel.

MATERIALS AND METHODS

Cell Culture and Stimulation. Jurkat and p56lck-deficient
JCaM1.6 cells were obtained from American Type Culture
Collection (Bethesda). All cells were grown in RPMI 1640
medium supplemented with 10% fetal calf serum, 10 mM
Hepes (pH 7.4), 2 mM L-glutamine, 1 mM sodium pyruvate,
100 uM nonessential amino acids, 100 units/ml penicillin, 100
pg/ml streptomycin (all purchased from GIBCO/BRL), and
50 uM 2-mercaptoethanol. pS6lck-reconstituted JCaM1.6 cells
were maintained in 250 ug/ml hygromycin.

For activation, cells (2 X 10° or 20 X 10° per sample for cell
lysates or immunoprecipitations, respectively) were washed
twice in sterile Hepes/saline (132 mM NaCl/20 mM Hepes/5
mM KCl/1 mM CaCl,/0.7 mM MgCl,/0.8 mM MgSO,) and
stimulated at 37°C with 10 uM synthetic C6- or C2-ceramide,
inactive stereoisomer dihydro-C2-ceramide, sphingosine (Bi-
omol, Hamburg, Germany), or the solvent dimethyl sulfoxide
for the indicated times. Src-like tyrosine kinases were inhibited
by 8-h incubation with 10 uM herbimycin A.

Immunoprecipitation and Immunoblotting. Cell stimula-
tion was terminated by lysis in 25 mM Hepes, pH 7.4/0.1%
SDS/0.5% sodium deoxycholate/1% Triton X-100/125 mM
NaCl/10 mM each NaF, Na;VO,, and sodium pyrophos-
phate/10 ug/ml each aprotinin and leupeptin (lysis buffer) for
total cell lysates and for immunoprecipitation of p56lck or the
n-K* channel protein. Agarose-coupled anti-p56lck-
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antibodies were purchased from Upstate Biotechnology (Lake
Placid, NY), and the antiserum to the n-K* channel protein
has been described (40). For control immunoprecipitates,
normal rabbit immunoglobulins were used as indicated. After
lysis, DNA and cell debris were pelleted by centrifugation at
20,000 X g for 15 min, and the supernatants were added to 5X
SDS sample buffer and 5% 2-mercaptoethanol (total cell
lysates) or subjected to immunoprecipitation overnight at 4°C.
After addition of protein A/G-coupled agarose, incubation
was continued for at least 60 min. Immunocomplexes were
washed six times in lysis buffer, applied to kinase assays, or
resuspended in SDS sample buffer (60 mM Tris, pH 6.8/2.3%
SDS/10% glycerol/5% 2-mercaptoethanol). Proteins were
separated by SDS/PAGE, followed by electrophoretic transfer
to Immobilon filters (Millipore). Phosphotyrosine blots were
performed using the monoclonal 4G10 antibody (Upstate
Biotechnology). Blots were incubated overnight at 4°C with
4G10 (diluted to 1 pg/ml in Tris-buffered saline, supple-
mented with 0.1% Tween 20). Immunoblots were developed by
incubation with horseradish peroxidase-conjugated protein G
(Bio-Rad) and use of a chemoluminescence kit (Amersham).
The blots were stripped for 45-min incubation in 20 mM Tris,
pH 6.8/2% SDS/70 mM 2-mercaptoethanol at 70°C after
primary analysis and reprobed with the immunoprecipitating
antibody to test for equal amounts of immunoprecipitated
protein.

p56lck Assay. The activity of Src kinases was determined by
autophosphorylation. The kinase p56lck was immunoprecipi-
tated by using agarose-coupled anti-p56lck (Upstate Biotech-
nology). Immunoprecipitates were incubated overnight at 4°C
as described above and washed four times in lysis buffer and
twice in kinase buffer (25 mM Hepes, pH 7.0/150 mM
NaCl/10 mM MnCl,/1 mM Na3zVO,/5 mM DTT/0.5% Non-
idet P-40). Samples were resuspended in 40 ul of kinase buffer.
The reaction was initiated by addition of 10 uCi of [y-3*P]ATP
(DuPont/Nen; 3,000 Ci/mmol; 1 Ci = 37 GBq) and ATP (10
uM) in kinase buffer. The samples were incubated at 30°C for
20 min, the reaction was stopped with 8 ul of reducing 5X SDS
sample buffer, and SDS/PAGE was performed, followed by
autoradiography. An aliquot of the immunoprecipitates was
analyzed by Western blotting for the amount of p56lck in the
immunoprecipitates.

Electrophysiology. Whole-cell patch-clamp experiments
(41) were performed at 30°C in a 0.4-ml perfusion chamber.
The bath solution contained 150 mM NaCl, 5 mM KCIl, 1 mM
MgCly, 2.5 mM CaCl,, and 10 mM Hepes (pH 7.4 with NaOH),
and patch electrodes of 3- to 7-M() resistance were filled with
134 mM KCI, 2 mM MgCl,, 1 mM CaCl,, 10 mM EGTA (10
nM free Ca’* concentration), 10 mM Hepes, and 1 mM ATP
(pH 7.4 with KOH).

An EPC-9 (HEKA Electronics, Lambrecht/Pfalz, Ger-
many) amplifier was used for voltage clamping and current
amplification. Records were low-pass filtered at a corner
frequency of 3 kHz and transferred to an Atari computer by
using an E9Screen data acquisition system at a sampling rate
of 10 kHz and an ITC-16 interface (Instrutech, Mineola, NY).
Whole-cell data were analyzed with REVIEW software (In-
strutech). Cations leaving the cell correspond to outward
current and are reported as upward deflections. Membrane
potentials are reported as intracellular with respect to ground.

RESULTS

Previous studies from our group (40) showed a tyrosine
kinase-dependent inhibition of the n-K* channel upon Fas
receptor ligation. Ceramide has been shown to be important in
the mediation of Fas-induced programmed cell death (20, 21).
To analyze the function of ceramides for n-K* channel inac-
tivation by the Fas receptor, we stimulated Jurkat human T
lymphocytes with a synthetic ceramide (C6-ceramide) and
performed whole-cell patch-clamp experiments. Fig. 14 Upper
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shows that depolarizing voltages elicited whole-cell outward
currents exhibiting kinetics typical for n-K* channels in lym-
phocytes. The current was selective for K* and sensitive to
nanomolar concentrations of the well known inhibitors charyb-
dotoxin and margatoxin (data not shown; refs. 42 and 43). Fig.
1A Lower displays outward currents from the same experiment
after incubation of Jurkat cells with 10 uM C6-ceramide.
Stimulation of Jurkat cells with C6-ceramide resultedina 41 +
5% (n = 9) decrease of the current in 15 min and in a 67 * 6%
(n = 4) decrease 25 min after incubation of C6-ceramide.
Ceramide was added to the patches between 6 and 15 min after
formation of the seal. Washing the cells with control solution
after stimulation with C6-ceramide did not result in recovery
of channel activity (n = 3), indicating an irreversible inhibition
within the experimental period. Fig. 1B shows that the whole-
cell current significantly decreased for all voltages of =10 mV
after 15 min of C6-ceramide incubation (n = 6). No sponta-
neous rundown of the current could be observed in 34 control
experiments. Application of the lipid solvent dimethyl sulfox-
ide (0.1%) did not affect the channel activity.

Similarly to the effect of Fas stimulation (40), C6-ceramide
also caused a decrease of the open probability of the n-K*
channel without affecting the unitary current in the outside-
out excised patch configuration (n = 2).

To assess the specificity of the effect of C6-ceramide, experi-
ments were performed by incubating the cells with 10 uM
C2-ceramide, a second, active ceramide analog, and 10 uM
dihydro-C2-ceramide, an inactive stereoisomer of C2- and C6-
ceramides. dihydro-C2-ceramide induced a slight (not significant
in respect to control cells) 14 * 5% or 19 * 5% reduction of
whole-cell currents 15 or 25 min, respectively, after addition of the
drug. Fig. 1C shows representative current traces before and after
20 min of incubation with dihydro-C2-ceramide from the same
experiment. The whole-cell currents as a function of the time after
C2- or C6-ceramide and dihydro-C2-ceramide incubation as well
as under control conditions are reported in Fig. 1D. In summary,
these results show a specific inhibition of the n-K* channel by C6-
or C2-ceramide. Furthermore, 10 uM sphingosine, which has
similarity to ceramide and structurally inhibits K* channels in
smooth muscle cells (44), did not have a significant inhibitory
effect on n-K* channel currents (21 + 12%; n = 2; data not
shown).

Because tyrosine phosphorylation of the n-K* channel seems
to inhibit the current of the channel (40), we tested whether C6-
or C2-ceramide induces cellular tyrosine phosphorylation and
phosphorylation of the n-K* channel protein. To this end,
phosphotyrosine blots of whole-cell lysates were performed (Fig.
24). The data show a tyrosine phosphorylation of at least 12
proteins upon cellular treatment with C6-ceramide, whereas the
inactive stereoisomer dihydro-C2-ceramide did not induce cellu-
lar tyrosine phosphorylation (Fig. 24). Tyrosine phosphorylation
of the n-K* channel by Cé6-ceramide was directly tested by
immunoprecipitation of the n-K* channel protein. The results
(Fig. 2B) show an approximately 10-fold increase of tyrosine
phosphorylation of the n-K* channel protein upon treatment of
the cells with C6-ceramide, whereas no increase of tyrosine
phosphorylation of the n-K* channel protein could be detected
after addition of the inactive stereoisomer dihydro-C2-ceramide
(Fig. 2B). A similar tyrosine phosphorylation of the n-K* channel
was observed upon treatment of Jurkat cells with 10 uM C2-
ceramide (data not shown). The increased tyrosine phosphory-
lation in whole-cell lysates and of the n-K* channel protein
correlated with a stimulation of the Src-like tyrosine kinase
p56lck upon stimulation of the cells with C6-ceramide (Fig. 2C),
whereas incubation with the inactive stereoisomer dihydro-C2-
ceramide did not result in a significant stimulation of p56lck (Fig.
2C).

Because inhibition of n-K* channels by Fas stimulation was
prevented in p56lck-deficient or herbimycin A-treated Jurkat
cells (JCaM1.6 cells; refs. 40 and 45), we tested the effect of
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Fic. 1. Co6-ceramide (10 uM) specifically inhibits voltage-gated
n-K* channels of Jurkat lymphocytes. (4) Shown are outward whole-
cell currents elicited by 200-ms voltage pulses (from —110 to 70 mV,
in 20 mV steps) delivered at 30-s intervals from a Vhoia of =70 mV.
(Upper) Currents in control condition. (Lower) Currents 17 min after
incubation with 10 uM C6-ceramide. (B) Current-voltage relationship
of whole-cell currents in control conditions (n = 6), 10 min (n = 6) and
15 min (n = 3) after incubation with 10 uM Cé6-ceramide, respectively.
Similar to the results in 4, the current was significantly decreased upon
cellular incubation with C6-ceramide. Currents are expressed as the
percent of the peak currents at +70 mV under control conditions
before addition of C6-ceramide. All data are expressed as arithmetic
means * SE. The differences in currents between control and incu-
bated cells are significant at —10 mV after 15 min of incubation
(two-tailed f test for independent samples was higher than 2.9; P <0.02;
degree of freedom = 7). (C) In contrast to C6-ceramide, the
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C6-ceramide on the function and the phosphorylation status of
the n-K* channel in these cells. Fig. 34 illustrates n-K*-current
traces from an experiment on JCaM1.6 cells before (current a)
and after (current b) 20 min of incubation with 10 uM
Co6-ceramide and shows that the inhibition of the currents in
these cells is significantly less than in normal Jurkat lympho-
cytes (see also Fig. 4). Reconstitution of the non-receptor
membrane-bound tyrosine kinase p56lck into JCaM1.6 cells
partially restored the ability of C6-ceramide to inhibit n-K*
channels as shown in the original traces of Fig. 3B (see also Fig.
1D). Fig. 4 illustrates the percentage of whole-cell K* currents
in Jurkat, JCaM1.6, pS6lck-reconstituted JCam1.6 (JCaM1.6/
Lck™), and herbimycin A-treated cells after 20-min incubation
with 10 uM Cé6-ceramide or 10 uM dihydro-C2-ceramide.
Differences are statistically significant (P values are <0.01 in
two-tailed Student’s ¢ test) between the effect of Co6-ceramide
and dihydro-C2-ceramide on Jurkat lymphocytes and between
the effect of C6-ceramide on Jurkat and JCaM1.6 cells or
herbimycin A-treated Jurkat cells. The extent of n-K* channel
inhibition by C6-ceramide was significantly different (P val-
ues = 0.05) between JCaM1.6 and JCaM1.6/Lck™ cells,
whereas no significant difference of n-K* channel inactivation
in Jurkat and JCaM1.6/Lck™ cells could be measured. The
data also show that C6-ceramide and C2-ceramide induce a
very similar inhibition of n-K* channels.

The experiments using p56lck-deficient JCaM1.6 and her-
bimycin A-treated Jurkat cells point to an important function
of Src-like tyrosine kinases in the mediation of the inhibitory
effect of C6-ceramide on the n-K* channel. The lack of
inhibition of the n-K* channel by C6-ceramide in JCaM1.6
cells correlated with a failure to significantly increase tyrosine
phosphorylation in whole-cell lysates (Fig. 54) and the ty-
rosine phosphorylation of the n-K* channel protein itself (Fig.
5B). A similar inhibition of C6-ceramide-induced n-K* chan-
nel tyrosine phosphorylation was observed after pretreatment
with herbimycin A (data not shown). In accordance with the
data obtained in the patch-clamp experiments, retransfection
of p56lck into JCaM1.6 cells restored the tyrosine phosphor-
ylation of cellular proteins (Fig. 54), including the n-K*
channel protein (Fig. 5B). Cellular tyrosine phosphorylation in
JCaM1.6/Lck™ correlated with a restored activation of p56lck
in the retransfected cells (Fig. 5C), indicating normal expres-
sion and function of the reconstituted kinase.

DISCUSSION

The present study identifies a new target for ceramide, i.e., the
n-K* channel. Cellular stimulation with ceramides induces the

treatment of Jurkat cells with dihydro-C2-ceramide did not result in a
significant change of the current. Shown are outward currents elicited
by 200-ms depolarizing pulses to +40 mV from Vpoq at —70 mV in
100-s intervals in the control condition (current a) and 20 min after
incubation of Jurkat cells with 10 uM dihydro-C2-ceramide (current
b). (D) C6- and C2-ceramides, but not dihydro-C2-ceramide, induce a
rapid and sustained inhibition of n-K* channel currents. Peak currents
at +40 mV are expressed as the percent of the respective currents at
zero time (corresponds to the time of the addition of the substance).
The pulse protocol described for C was applied in all experiments. All
data are expressed as arithmetic means + SE. O, Currents in control
conditions (n = 34, 30, 25, 22, and 18); ® and A, currents after
incubation with 10 uM C6-ceramide (n = 11, 10, 9, 5, and 4) or
C2-ceramide (n =5, 5, 5, 4, and 4), respectively, for the indicated times.
Differences between these groups are already significant 5 min after
C2- or C6-ceramide addition (two-tailed ¢ tests were higher than 3.7;
P < 0.0034). a, Currents in Jurkat cells after incubation with 10 uM
dihydro-C2-ceramide (n = 12, 11, 12, 9, and 7). Differences between
currents after incubation with C2 or C6-ceramide and dihydro-C2-
ceramide, respectively, are already significant 5 min after starting the
stimulation (¢ test were higher than 2.7; P < 0.013), whereas differ-
ences between control condition and dihydro-C2-ceramide-treated
cells are not significant during the whole experimental period (P <
0.085).
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FiG. 2. (A) Stimulation of Jurkat with C6-ceramide results in an
increase of cellular tyrosine phosphorylation. Cellular treatment with
dihydro-C2-ceramide did not trigger cellular tyrosine phosphoryla-
tion. Jurkat cells were stimulated with 10 ug/ml C6-ceramide for the
indicated time, and the lysates were centrifuged and resuspended in 5X
SDS sample buffer. Samples were separated by 10% SDS/PAGE and
blotted, and the blots were analyzed for tyrosine phosphorylation by
using monoclonal anti-phosphotyrosine-antibodies 4G10. (B) C6-
ceramide induces tyrosine phosphorylation of the n-K* channel
protein. The K,1.3 protein was immunoprecipitated from C6-ceramide
stimulated or unstimulated cells and the immunoprecipitates were
analyzed for tyrosine phosphorylation as described above. The band at
approximately 50 kDa is due to a reaction of the heavy chain (H.C.)
of the immunoprecipitating antibody with the protein G-horseradish
peroxidase complex used for enhanced chemiluminescence develop-
ment. Stimulation of the cells with dihydro-C2-ceramide does not
result in a significant increase of n-K* channel tyrosine phosphory-
lation showing the specificity of the stimulation. The blots were
stripped after primary analysis and reprobed with the immunopre-
cipitating antibody, i.e., anti-K,1.3, to show similar amounts of protein
in all lanes (small blots). (C) Stimulation of Jurkat cells with 10 uM
C6-ceramide induces an activation of the Src-like tyrosine kinase
p56lck, which is not activated by the inactive stereoisomer dihydro-
C2-ceramide. Lck was immunoprecipitated from stimulated or un-
stimulated cells by using anti-p56lck coupled to agarose, the immu-
noprecipitates were incubated with 10 nCi per sample of [y-32P]ATP,
and the autophosphorylation was determined by blotting and autora-
diography. Reprobing the blots with anti-p5S6lck shows similar amounts
of immunoprecipitated kinase in all lanes.

activation of the Src-like tyrosine kinase p56lck, resulting in a
tyrosine phosphorylation of the n-K* channel protein. This
tyrosine phosphorylation seems to inhibit the current of the
n-K* channel.

A similar inhibition of the n-K* channel function was
observed after stimulation of Jurkat T lymphocytes by the Fas
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F1G.3. Deficiency of p56lck in JCaM1.6 cells prevents inhibition of
n-K* current by C6-ceramide. Retransfection of p56lck reconstitutes
the inhibitory effect of synthetic ceramides. (4) Outward currents
elicited by 200-ms depolarizing pulses to +40 mV delivered from Viola
—70 mV at 100-s intervals in control conditions (current a) and after
20-min incubation with 10 uM C6-ceramide (current b) in JCaM1.6
cells. (B) Representative traces of n-K* currents elicited by the pulse
protocol described in 4 under control conditions (current a) and after
15-min (current b) or 25-min (current c) incubation with 10 uM
C6-ceramide in JCaM1.6/Lck™ cells.

receptor (40). Fas-mediated inhibition of the n-K* channel was
also prevented by genetic deficiency of p56lck or after inhibi-
tion of Src-like tyrosine kinases using the pharmacological
inhibitor herbimycin A. Because Fas receptor ligation has been
shown to induce the synthesis of ceramide through an activa-
tion of acidic and/or neutral sphingomyelinases (20-22), our
experiments using synthetic ceramides, which mimic endoge-
nous ceramides, point to a signaling cascade from the Fas
receptor through the activation of sphingomyelinases and the
synthesis of ceramide to the stimulation of Src-like tyrosine
kinases and the inactivation of the n-K* channel. The effects
of synthetic ceramides on the n-K* channel are almost iden-
tical to the effect of Fas receptor ligation pointing to the crucial
role of endogenous ceramides for the regulation of n-K*
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FiG. 4. Genetic or pharmacological inhibition of p56lck prevents
inactivation of the n-K* channel by synthetic ceramides. The figure
shows alterations of peak currents in percent of control peak currents
(at +40 mV) 20 min after addition of 10 uM C6- or C2-ceramide or
10 uM dihydro-C2-ceramide in Jurkat cells, in p56lck-deficient
JCaM1.6 cells, in p56lck-reconstituted JCaM1.6 cells, or in herbimycin
A-pretreated Jurkat cells. Differences are significant (two tailed ¢
tests) between the groups Jurkat + C6/C2-ceramide and Jurkat +
dihydro-C2-ceramide and between Jurkat + Co6-ceramide and
JCaM1.6 + Cé6-ceramide or Jurkat + herbimycin A + C6-ceramide,
respectively. The differences are also significant between JCaM1.6 +
C6-ceramide and JCaM1.6/Lck™ + C6-ceramide. No significant dif-
ference could be detected among the groups Jurkat + C6-ceramide,
Jurkat + C2-ceramide, and JCaM1.6/Lck* + Cé6-ceramide.
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Fi1G. 5. (A) Genetic deficiency of p56lck prevents cellular tyrosine
phosphorylation upon treatment with 10 uM C6-ceramide, whereas
retransfection of p56lck restores the tyrosine phosphorylation of
cellular proteins by C6-ceramide. JCaM1.6 or JCaM1.6/Lck™ cells
were stimulated with C6-ceramide and lysed, and the whole-cell lysates
were analyzed for tyrosine phosphorylation as above. (B) Tyrosine
phosphorylation of the n-K* channel by C6-ceramide depends on the
functional expression of p56lck in JCaM1.6/Lck™ cells and is absent
in p56lck-deficient JCaM1.6 cells. JCaM1.6/Lck* or p56lck-deficient
JCaM1.6 cells were stimulated with 10 uM C6-ceramide for the
indicated time, and the n-K* channel protein was immunoprecipitated
and tested for tyrosine phosphorylation by Western blotting. The strips
show similar amounts of K,1.3 protein in all lanes (small blots). (C)
The tyrosine kinase p56lck is stimulated by C6-ceramide in JCaM1.6/
Lck™ cells, whereas no signal could be detected in the p56lck genet-
ically deficient JCaM1.6 cells. Kinase activity was determined by
autophosphorylation as above.

channels by the Fas receptor. The specificity of the observed
inhibitory effects is indicated by the finding that the structur-
ally similar molecules dihydro-C2-ceramide or sphingosine did
not affect n-K* channel open probability or tyrosine phos-
phorylation. Furthermore, dihydro-C2-ceramide or sphin-
gosine did not significantly inhibit n-K* channels in JCaM1.6
or herbimycin A-treated cells, excluding a direct, structural
inhibition of n-K* channels by ceramide.

The molecular mechanism of the regulation of n-K* channel
function by ceramides seems to involve Src-like tyrosine
kinases, which have been recently shown to be activated by
ceramides (28). An important function of Src-like tyrosine
kinases for the inhibition of the n-K* channel by ceramides is
indicated by the experiments showing tyrosine phosphoryla-
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tion of the n-K* channel protein upon cellular treatment with
ceramides and the almost complete abrogation of the inhibi-
tory effect of ceramides in the genetically p56lck-deficient
JCaM1.6 cells or after treatment with herbimycin A. The
reconstitution experiments with p56lck-retransfected JCaM1.6
cells show that the activation of the kinase by ceramide and the
inhibition of the channel by p56ick are due to the defect of
kinase expression. This model permits an exact correlation
between the activation of p56lck by ceramides and the inhi-
bition of n-K* channel currents, whereas pharmacological
inhibition of tyrosine kinases is always hampered by (un-
known) side effects of the inhibitor. The kinase p56lck is the
major tyrosine protein kinase expressed in Jurkat and
JCaM1.6 cells, whereas p59fyn is expressed at much lower
levels than p56Ick (45). An activation of p59fyn may explain
the residual inhibition of the n-K* channel by C6-ceramide in
JCaM1.6 cells; however, the activity and/or expression level
may not be high enough to induce a detectable increase of
tyrosine phosphorylation of the n-K* channel in the short
experimental time of 20 min. The molecular mechanism of the
activation of Src-like tyrosine kinases by ceramides has to be
elucidated; however, a direct activation of p56lck by ceramides
seems to be unlikely because p56lck does not contain a known
lipid binding motif. It is also unknown whether p56lck directly
tyrosine phosphorylates the n-K* channel protein or whether
other kinases, in particular p70zap, which has been shown to
function downstream of Src-like tyrosine kinases, mediate the
phosphorylation of the n-K* channel. The molecular mecha-
nism of tyrosine phosphorylation-mediated inhibition of n-K*
channels is unknown. Phosphorylation of a very conserved
tyrosine in the H5 domain of voltage-gated K* channels,
including K, 1.3, may inhibit the current of n-K* channels upon
Fas receptor ligation or ceramide treatment (46—48). Our
notion of n-K* channel regulation by tyrosine phosphorylation
is supported by recent findings of Holmes et al. (49) showing
that tyrosine phosphorylation of the n-K* channel, in partic-
ular at the tyrosine residue 449, suppresses the current.

This study used a concentration of 10 uM C6- or C2-ceramide,
which results in an intracellular concentration of 10-100 pmol/
nmol lipid (50). These intracellular concentrations are physio-
logically relevant because they are obtained upon Fas receptor
ligation or serum deprivation (50).

Several studies suggested an important function of ty-
rosine phosphorylation and activation of Src-kinases in
Fas-induced apoptosis (29-33). In particular, a reduction of
Fas-triggered apoptosis in pS9fyn- or p58lyn-deficient mouse
lymphocytes could be recently demonstrated (32, 33). Fur-
ther, incubation of lymphocytes with the tyrosine kinase
inhibitors herbimycin A or tyrphostin B66 almost completely
prevented Fas-mediated programmed cell death, pointing to
an essential function of Src-like tyrosine kinases and tyrosine
phosphorylation for Fas-induced apoptosis (48). Atkinson et
al. showed an association of the Src-kinase p59fyn with the
Fas receptor (31). However, p56lck-deficient JCaM1.6 cells
show a slower but almost normal rate of apoptosis after
stimulation by the Fas receptor (51). JCaM1.6 cells express
predominantly p56lck; however, they also express p59fyn
(45). Thus, p59fyn may replace at least partially p56lck, and
the remaining signal via p59fyn may be strong enough to
signal apoptosis after long-term incubation with anti-Fas
receptor antibodies. However, p59fyn may not be able to
fully compensate for p56lck deficiency during the short
experimental period used for the patch-clamp experiments
and analysis of phosphorylation, a finding that explains the
failure of JCaM1.6 cells to respond with inactivation and
tyrosine phosphorylation of the n-K* channel in the first few
minutes after Fas receptor ligation or ceramide treatment.
This notion is supported by the inhibitor studies blocking all
Src-like tyrosine kinases, which showed a clear inhibition of
Fas-induced programmed cell death (29, 51).
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The voltage-gated n-K* channels have been shown to be
responsible for the maintenance of the resting membrane
potential in lymphocytes because their inhibition by the spe-
cific inhibitors margatoxin and noxiustoxin leads to marked
depolarization (52). Changes in membrane potential seem to
be an early and important event involved in activation of
lymphocytes (53, 54). Because the margatoxin-induced depo-
larization of Jurkat cells correlates with a block of proliferation
(55), an inhibition of lymphokine synthesis (55), and a slight
increase of Fas-induced DNA fragmentation (40), it might be
possible that the regulation of the membrane potential has a
crucial function for Fas-triggered programmed cell death.
However, the exact molecular role of n-K* channels for
Fas-induced apoptosis has to be determined; in particular it
has to be determined whether n-K* channel inhibition is
directly involved in apoptosis or is secondary to the generalized
process of cell death.

The data of the present study provide evidence for a
signaling cascade from the Fas receptor through sphingomy-
elinases and ceramides to the stimulation of Src-like tyrosine
kinases and the inactivation of the n-K* channel protein. They
provide evidence for a complete new function of ceramides,
i.e., the (indirect) regulation of ion channels during pro-
grammed cell death.
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