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Enlargement and Contracture of C,-Ceramide Channels
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Department of Biology, University of Maryland, College Park, Maryland 20742 USA

ABSTRACT Ceramides are known to play a major regulatory role in apoptosis by inducing cytochrome c release from
mitochondria. We have previously reported that ceramide, but not dihydroceramide, forms large and stable channels in
phospholipid membranes and outer membranes of isolated mitochondria. C,-ceramide channel formation is characterized by
conductance increments ranging from <1 to >200 nS. These conductance increments often represent the enlargement and
contracture of channels rather than the opening and closure of independent channels. Enlargement is supported by the
observation that many small conductance increments can lead to a large decrement. Also the initial conductances favor cations,
but this selectivity drops dramatically with increasing total conductance. La™2 causes rapid ceramide channel disassembly in
a manner indicative of large conducting structures. These channels have a propensity to contract by a defined size (often
multiples of 4 nS) indicating the formation of cylindrical channels with preferred diameters rather than a continuum of sizes. The
results are consistent with ceramides forming barrel-stave channels whose size can change by loss or insertion of multiple

ceramide columns.

INTRODUCTION

Apoptosis, programmed cell death, is a physiological pro-
cess required for normal development and tissue homeostasis
in multicellular organisms. Disregulation of apoptosis is
fundamental to many diseases, such as cancer, stroke, heart
disease, neurodegenerative disorders, autoimmune disorders,
and viral diseases. Mitochondria have been shown to play
a major regulatory role in apoptosis (for review see Bernardi
et al. (1999); Crompton (1999); Kroemer et al. (1998); Susin
et al. (1998); Green and Reed (1998)). Early in apoptosis,
there is an increase in the permeability of the mitochondrial
outer membrane that leads to the release of intermembrane
space proteins, including cytochrome c, apoptosis-inducing
factor (AIF), procaspases, and heat shock proteins (Bernardi
et al., 1999; Crompton, 1999; Kroemer et al., 1998; Susin
et al., 1998; Narula et al., 1999). The release of mitochon-
drial 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(s) by which proapoptotic intermembrane space
proteins are released from mitochondria is a topic of much
debate. Several mechanisms have been proposed, includ-
ing the permeability transition (Crompton, 1999), channels
formed by Bax oligomers (Antonsson et al., 2000, 2001;
Saito et al., 2000), the mitochondrial apoptosis-induced
channel (MAC) (Pavlov et al., 2001), Bax induced lipidic
pores (Basafiez et al., 1999), BH3/Bax/cardiolipin interac-
tions that induce supramolecular openings/lipidic pores
(Kuwana et al., 2002), an interaction between Bax and
ceramide (Lee et al., 2002; Belaud-Rotureau et al., 2000;
Pastorino et al., 1999), and ceramide channels (Siskind and
Colombini, 2000; Siskind et al., 2002).
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Ceramide, a sphingosine-based lipid, is known to be
involved in the regulation of apoptosis (for a review see
Radin, 2001; Kolesnick et al., 2000; Kolesnick and Hannun,
1999; Kolesnick and Kronke, 1998; Ariga et al.,, 1998;
Hannun, 1996). Ceramide can be generated in cells via de
novo synthesis from sphingosine and acyl-CoA or hydrolysis
of sphingomyelin. Several inducers of cellular stress leading
to apoptosis have been shown to cause a net increase in
cellular ceramide levels (Kolesnick and Kronke, 1998; Ariga
et al, 1998; Hannun, 1996) that often precedes the
mitochondrial phase of apoptosis (Bose et al., 1995; Witty
et al., 1996; Thomas et al., 1999; Raisova et al., 2000; Perry
et al., 2000; Charles et al., 2001; Rodriguez-Lafrasse et al.,
2001; Kroesen et al., 2001). Addition of ceramide to whole
cells (Zamzami et al., 1995; Castedo et al., 1996; Susin et al.,
1997a,b; De-Maria et al., 1997; Zhang et al, 1997,
Amarante-Mendes et al., 1998) or isolated mitochondria
(Arora et al., 1997; Di Paola et al., 2000; Ghafourifar et al.,
1999) induces cytochrome c release. However, the molecular
mechanism by which ceramide induces cytochrome c release
is still under intense investigation.

We propose that ceramide channels forming in the outer
mitochondrial membrane are responsible for the ceramide-
induced cytochrome c release. We have previously shown
that short- and long-chain ceramides form large and stable
(nontransient) channels in membranes, whereas the bi-
ologically inactive dihydroceramides do not (Siskind and
Colombini, 2000). The addition of either N-acetyl-p-erythro-
sphingosine (C,-ceramide) or N-palmitoyl-pD-erythro-sphin-
gosine (C;4-Ceramide) to the aqueous phase on either one or
both sides of a planar phospholipid membrane results in pore
formation as indicated by discrete stepwise current increases
(Siskind and Colombini, 2000; Siskind et al., 2002). These
discrete increments in conductance are, by definition,
channels, reflecting the formation of continuous water-filled
pathways through the membrane. Others have reported
ceramide-induced increases in the permeability of liposomes
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(Ruiz-Argiiello et al., 1996; Simon and Gear, 1998; Montes
et al., 2002).

We proposed a structural model to explain the ability of
ceramides, despite being lipids, to form large channels in
membranes (Siskind and Colombini, 2000). This model is
based on the formation of intermolecular hydrogen bonds
between hydrogen bond donating and accepting groups in
the ceramide molecule. The number of ceramides molecules
making up the pore determines the pore size. Because the
ceramide channels are composed of many ceramide mono-
mers, their formation is exceedingly sensitive to the free
ceramide concentration in the membrane. According to
a mathematical model, both the individual conductance of
the channels and the overall membrane conductance are
directly related to the overall concentration of ceramide
in the membrane (Siskind and Colombini, 2000). Slight
changes in concentration have dramatic effects on the size of
the channels formed (Siskind and Colombini, 2000). De
novo synthesis (ceramide synthase) and hydrolysis (ceram-
idase) enzymes are found in mitochondria (Shimeno et al.,
1998; El Bawab et al., 2000). Altering the activity of one or
both of these enzymes would change the steady-state level
of ceramide, increasing or decreasing the propensity for
channel formation and regulating the permeability of the
outer membrane to small proteins.

It has been suggested that C,-ceramide can cause
unspecific increases in membrane permeability in a de-
tergent-like manner (Radin, 2001; Di Paola et al., 2000;
Simon and Gear, 1998; Hofmann and Dixit, 1999). How-
ever, our studies utilizing isolated mitochondria have shown
that the ceramide-induced increase in the permeability of the
outer mitochondrial membrane is due to ceramide channels
and not a detergent-like effect (Siskind et al., 2002). Both
C,- and C;4-ceramide channels allow the bidirectional flux of
cytochrome c across the outer mitochondrial membrane, not
just cytochrome c release (Siskind et al., 2002). C,-ceramide
channels can be reversed with bovine serum albumin thus
restoring the permeability barrier of the outer mitochondrial
membrane (Siskind et al., 2002). In addition, C,- and C4-
ceramide channels allowed the release of other intermem-
brane space proteins, not just cytochrome c, and had a distinct
molecular weight cutoff of 60,000 (Siskind et al., 2002). This
sharp cutoff is diagnostic of a channel and distinguishes
ceramide channels from a detergent-like effect. In addition,
the fact that ceramides do not destabilize solvent-free planar
membranes and form channels in said membranes (Siskind
and Colombini, 2000) also demonstrates that they are not
detergent-like.

The distinct molecular-weight cutoff for ceramide chan-
nels in the mitochondrial outer membrane (Siskind et al.,
2002) differs from the behavior of ceramide channels in
planar membranes where a wide range of single channel
conductances is thought to be observed (Siskind and
Colombini, 2000). In this study, we performed a detailed
analysis of C,-ceramide channel formation and disassembly
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in planar membranes to explore the possibility that the
conductance transition increases often represent enlarge-
ments of preformed ceramide channels, rather than the
formation of new ceramide channels.

MATERIALS AND METHODS
Materials

The following reagents were purchased from Avanti Polar Lipids (Alabaster,
AL): N-acetyl-p-erythro-sphingosine (C,-ceramide), asolectin (polar extract
of soybean phospholipids), and diphytanoylphosphatidylcholine (Di-
PhyPC). All other reagents were purchased from either Fischer Scientific
(Pittsburgh, PA) or Sigma Chemical Co. (St. Louis, MO).

Electrophysiological recordings

Planar membranes were formed by the monolayer method (Montal and
Mueller, 1972) as modified, (Colombini, 1987), across a 100-um-diameter
hole in a Saran partition using a solution of either 1% (w/v) asolectin
(soybean phospholipids), 0.2% (w/v) cholesterol; 0.5% (w/v) asolectin,
0.5% (w/v) DiPhyPC, 0.1% (w/v) cholesterol; or 1% (w/v) DiPhyPC, 0.1%
(w/v) cholesterol in hexane to form the monolayers. Except for the reversal
potential experiments, the aqueous solution contained 1.0 M KCI, 1| mM
MgCl,, and SmM HEPES (pH 7.0) or 5SmM Tris (pH 7.5). The voltage was
clamped (trans side was ground) and the current recorded. C,-ceramide was
stirred into the water phase from a Me,SO solution to have a final
concentration of vehicle not >0.5%.

Reversal potential measurements

Planar membranes were formed as above using a 0.5% (w/v) asolectin, 0.5%
(w/v) DiPhyPC, 0.1% (w/v) cholesterol in hexane solution. The aqueous
solution on the trans side contained 100 mM KCl, 1 mM MgCl,, and 5 mM
PIPES (pH 7.0) and on the cis side 1.0 M KCI, 1 mM MgCl,, and 5 mM
PIPES (pH 7.0). The voltage was clamped at 10 mV and the current
recorded. C,-ceramide was stirred into the water phase on the cis side to
achieve a final concentration of 5 uM. As the ceramide channels started to
insert, the voltage required to achieve a zero net current across the membrane
was frequently measured.

La™3 reversal experiments

Planar membranes were made as above using 0.5% (w/v) asolectin, 0.5%
(w/v) DiPhyPC, 0.1% (w/v) cholesterol in hexane solution. The aqueous
solution contained 1 M KCl, 1 mM MgCl,, 5 mM HEPES or Tris (pH 7.5).
C,-ceramide (5 uM) was added to the cis side. After the ceramide channels
formed and reached a total membrane conductance that remained constant
for several minutes, LaCl; or a La™ buffer (see below) was added to the cis
side of the membrane. When a known free [La™>] was not required, LaCl;
was added to the cis side of the membrane (from a stock solution of LaClj
made up in the same aqueous solution bathing the membrane) to achieve
a final total [La™®] of 1-35 uM. After the La™® induced complete
disassembly of the C,-ceramide channel(s) (the membrane conductance
returned to the baseline level), additional buffer was added to the aqueous
solution to increase the concentration to 10 mM so that EDTA could be
added to chelate the La™? without a change in pH (protons are released when
EDTA chelates La™> or Mg ™2). Throughout the experiment, the voltage was
held constant at 10 mV and the current recorded.

La™*? is known to bind to phospholipids and surfaces (Reed and Bygrave,
1974; Hammoudah et al., 1979; Akutsu and Seelig, 1981; Seelig et al., 1987,
Bentz et al., 1988; Petersheim and Sun, 1989; Tanaka et al., 2001). Thus
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when LaClj; is added to the aqueous solution bathing the planar membrane,
the actual free [La*>] is lower than the total La™> concentration. When
aknown and constant free [La™>] was desired, a La™*? buffering solution was
employed using the chelator ethylene diamine-n,n’-diacetic acid (EDDA).
See appendix for details on the calculations and binding constants required
for preparing the stock solutions of this La**-buffer system to achieve
a given free [La™?] at a particular pH. The La™>-buffer EDDA exists in
different protonated forms and binds other cations such as Mg "2 Thus, the
free [La™?] is extremely sensitive to pH and the [Mg™?] must be accurately
known. Upon completion of the experiment, the pH of the aqueous solution
bathing the membrane was measured to verify that in fact it was at the level
used in the calculations of free [La*>]. The pH was occasionally different. In
those cases, the free [La™>] was recalculated at the final pH of the medium.

RESULTS

We have previously reported that C,- and C,4-ceramides
form large channels in solvent free phospholipid membranes
(Siskind and Colombini, 2000), whereas the biologically
inactive C,- and C;g-dihydroceramides do not (Siskind and
Colombini, 2000). Addition of 5 uM C,-ceramide to the
aqueous phase on one side of a planar phospholipid
membrane results in pore formation as indicated by discrete
stepwise current increases (Fig. 1 and see Siskind and
Colombini, 2000; Siskind et al., 2002). These discontinuous
changes, diagnostic of channel formation, have a wide
distribution of conductance values (Siskind and Colombini,
2000; Siskind et al., 2002; and Fig. 1), ranging from 1 nS to

C,-ceramide

‘l’ 10 nS

‘"‘_| 1\ 1 min
12 min
FIGURE 1 A wide range of discrete conductance increases observed after

the addition of C,-ceramide (25 nmol into 5 ml) to the aqueous solution on
the cis side of a solvent-free planar phospholipid membrane as described in
Materials and Methods. The monolayers were formed using 1% (w/v)
asolectin, 0.2% (w/v) cholesterol in hexane and the aqueous buffer consisted
of 1.0 M KCI, 1 mM MgCl,, 5 mM Tris (pH 7.5). The applied voltage was
clamped at 10 mV (frans side is ground).
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>200 nS, which, according to the bulk electrolyte properties,
would have estimated diameters ranging from 0.4 to 11.4
nm, respectively. Some of these are likely to be large enough
to allow cytochrome c (3.4 nm in diameter) to cross the
membrane. Small channels are seen early on when the total
membrane conductance is low. With time, larger discrete
conductance increases are evident, which suggests the
formation of larger structures (The possibility that many
channels are inserting simultaneously is statistically in-
significant). The conductance increments do not increase
monotonically indefinitely with time. Eventually the con-
ductance grows with fluctuations of current overlapping into
current noise. Depicted in Fig. 1 are representative examples
of discrete conductance increases observed with C,-
ceramide.

Evidence for channel expansion

Originally, it was thought that each conductance increment
represented the formation of a distinct ceramide channel and
that sizes of the ceramide channels could be directly
estimated from the distribution of conductance increments
(Siskind and Colombini, 2000; Siskind et al., 2002).
However, more detailed examinations indicate that this
straightforward interpretation is probably incorrect. At least
some of these increments represent the increase in size of
previously formed channels. For example, we have at times
observed a series of small increases in conductance followed
by one large conductance drop (Fig. 2). Either all the
channels are cooperatively closing simultaneously or they
are, in fact, one channel and the increments are merely
ceramide aggregates combining with an already-formed
channel, resulting in a sudden increase in size and therefore
conductance. Although it is possible that ceramide forms

10 nS jv

—>
30 sec

25nS

30 sec

FIGURE 2 Evidence of channel enlargement from observations of small
increases in conductance followed by one large conductance drop. The
conditions were the same as in Fig. 1 except for the lipid composition used to
form the monolayers was 0.5% (w/v) asolectin, 0.5% (w/v) DiPhyPC, and
0.1% (w/v) cholesterol in hexane.
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arrays of small channels that gate cooperatively, it seems
more likely that the individual conductance increments were
enlargements of a single ceramide channel that subsequently
disassembled.

Certain types of distributions of conductance increments
and decrements can only be explained by enlargement and
contracture of channels, not by channels opening and clos-
ing through the same states. Presented in Fig. 3 are the
distributions of conductance increments and decrements
observed for C,-ceramide channel(s). The mean conductance
increment is smaller than the mean conductance decrement
(Fig. 3). This is what would be expected if some of the
conductance increments represented the enlargement of
preexisting ceramide channels. In order for the mean
decrement to be larger than the mean increment, some
increments would have to add to existing channels, not
simply create new ones. If each conductance increment
represented the opening of a new channel, then the dis-
tribution of decrements could contain only steps equal to
or less than the steps seen in the distribution of increments.
Rather, the larger decrements are more prevalent than the
larger increments and many of the steps seen in the
distribution of decrements are larger than the steps seen in
the distribution of increments (Fig. 3). Therefore, the de-
crements, in addition to representing the collapse of cera-
mide channels, also represent the disassembly of ceramide
channels that previously enlarged or the shrinkage of larger
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FIGURE 3 A comparison of the distribution of conductance increments
and decrements observed after the addition of C,-ceramide to the aqueous
solution bathing planar phospholipid membranes. Conductance changes
<20 nS are depicted in the larger figure, whereas the larger ones are depicted
in the inset. Conditions were identical to those in Fig. 2. The bin size was 0.5
nS for the main figure and 1.5 nS for the inset. The data was compiled from
18 separate experiments. The vertical dotted lines are placed at conductance
values that are multiples of 4.0 nS (20, 24, 28 nS, etc.).
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ceramide channels to smaller sizes (see next section). The
ceramide channels are at least as large as the decrement
sizes indicate; although it is possible that even larger chan-
nels are forming that do not disassemble. Note that the
mean conductance increment presented in the distribution
in Fig. 3 is somewhat smaller than the one previously re-
ported (Siskind and Colombini, 2000). This is most likely
due to the fact that the membrane and aqueous solutions
had different compositions. We are currently exploring the
influence of lipid composition, cholesterol content, pH, and
Mg *? on the ceramide channels.

Indications of channel shrinkage

Some of the decrements could also represent the shrinkage of
larger ceramide channels to smaller sizes. We have at times
observed an increment in conductance that is followed by
a decrement to a lower conductance level (Fig. 4). The initial
conductance increments presented in the example traces in
Fig. 4, a and b, originated from the baseline conductance
and thus represent the formation of new channels. The sub-
sequent conductance decrements must therefore represent
the shrinkage in size of the channel. Alternatively, the initial
conductance increment may represent multiple channels
simultaneously inserting and the subsequent smaller decre-
ments may represent the collapse of one of these channels. A
more likely explanation is that the decrements represent the
shrinkage of a ceramide channel. This is consistent with
a multimeric channel that can shrink in size as well as
enlarge.

Note in Fig. 3 that some of the decrements often occur at
very distinct conductance values. Because of the highly
complex nature of ceramide channel assembly and disassem-
bly, one would expect that, after combining data from
eighteen separate experiments, the decrements would occur
over a broad range of conductance values. However, the larger
decrements (=16 nS) tend to occur at distinct conductance
values (Fig. 3). The decrements of a particular transition size
(conductance) were observed in several experiments and thus
are not repeats from the same experiment. Most of these
decrements are higher in conductance than the largest
increment. In addition, notice in the inset of Fig. 3 that many

a
2”31\ FIR | R

b

5n8/r aild

FIGURE 4 Evidence of channel shrinkage from observations of a single
conductance increment from baseline and subsequent decrement(s) to
a lower conductance level. The conditions were identical to those in Fig. 2.

\J

1 min
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of these larger decrements are of conductance values that are
multiples of 4.0 nS (i.e., 16, 20, 24 nS, etc.). These distinct
decrement sizes indicate that the ceramide channels enlarge to
certain sizes that are particularly energetically stable. The
decreases in conductance of defined sizes may represent
losses of monomers in large domain-like units or structural
deformations to specific energy-favorable states of lower
conductance (more in discussion).

Evidence of channel expansion from selectivity
measurements

From the observed conductance increments, channel growth
seems to be an important process in ceramide channel
formation. The alternative, although less likely possibility,
that individual channels are cooperating and gating in
unison, can be tested by monitoring channel selectivity at the
same time as channel insertion. By performing the record-
ings in the presence of an ion gradient one assesses
selectivity by measuring the reversal potential (zero-current
potential). This can be measured frequently as the recorded
current changes to detect changes in selectivity. Increases in
channel size are usually accompanied by a decrease in ion
selectivity whereas channels conducting in parallel have the
same selectivity. (If the channels are very close there is the
possibility of cross talk between them but effects on se-
lectivity in these cases are minor.).

We have recorded significant cation selectivity in small
C,-ceramide channels in the presence of a 10-fold KCl
gradient (Fig. 5). With increasing total membrane conduc-
tance, the reversal potential of the membrane became less
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FIGURE 5 Evidence of channel expansion from selectivity measurements
made after C,-ceramide addition as the conductance increased. Experiments
were performed in the presence of a 10-fold KCl gradient (see Materials and
Methods). The monolayers were formed with 0.5% (w/v) asolectin, 0.5%
(w/v) DiPhyPC, 0.1% (w/v) cholesterol in hexane. The reversal potential
(zero-current potential) was frequently measured as the recorded current
changed to detect changes in selectivity. Results are representative of
combined data from three separate experiments.
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negative and eventually approached zero (Fig. 5). This
change in reversal potential with increasing total membrane
conductance demonstrates a decrease in the selectivity of the
channel(s) with increased conductance and thus an increase
in their diameter. At large total membrane conductances, the
C,-ceramide channel(s) are no longer selective.

An alternative interpretation might be that the first channels
formed are small due to the low free ceramide concentration in
the membrane and subsequent channels are larger as more
ceramide monomers insert. The larger channels are both more
conductive and have lower selectivity resulting in a rapid
decline in the overall membrane selectivity. We measured the
reversal potential following each of a series of conductance
increments and calculated the reversal potential for each
increment assuming they were independent channels. The
total current, /, is given by:

I= ZGi(V —E),

where G; and E; are the conductance and reversal potential
of the ith event respectively and V is the transmembrane
potential. These calculations showed that the selectivity was
not related to the magnitude of the conductance increment,
but rather that the most selective channels always insert first
irrespective of their conductance. In one case it would have
required a channel with anion selectivity to insert into the
membrane to account for the sudden decrease in selectivity.
Because no single anion selective ceramide channel has been
observed, channel expansion must have taken place.

La*3-induced channel disassembly

If the ceramide conductance increments reflect the enlarge-
ment of one or a few ceramide channels, then the addition of
agents that caused channel closure or disassembly may
reveal the presence of one or a few large channels. La*? is
a known inhibitor of various types of channels and
transporters (Takata et al., 1966; Reed and Bygrave, 1974;
Armstrong and Cota, 1990; Sparagna et al., 1995; Colvin,
1998; Colvin et al., 2000; Gincel et al., 2001). La*?
eliminates ceramide conductance (Fig. 6, a and c¢). The
inhibition by La™? is reversible because removal of La** by
addition of the chelator, EDTA, allows for the reformation of
the ceramide channels (Fig. 6 »). In addition, La™? inhibition
of ceramide channels was not dependent on the membrane
composition; we observed inhibition in membranes using
solutions of 0.5% (w/v) DiPhyPC, 0.5% (w/v) asolectin,
0.1% (w/v) cholesterol; 1% (w/v) DiPhyPC, 0.2% (w/v)
cholesterol; and 1% (w/v) asolectin, 0.2% (w/v) cholesterol
in hexane to form the monolayers (data not shown). We
interpret this inhibition by La*? as channel disassembly.
To observe, in more detail, the process of channel
disassembly after Lat3 addition, lower amounts of La*3
were added so that the process could proceed at a slower
rate. However, La™> is known to bind to phospholipids
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and various types of surfaces (Reed and Bygrave, 1974;
Hammoudah et al., 1979; Akutsu and Seelig, 1981; Seelig
et al., 1987; Bentz et al., 1988; Petersheim and Sun, 1989;
Tanaka et al., 2001). Therefore, the free concentration of
La*? in the chamber was both unknown and, worse still,
probably changing during the experiment. This sometimes
resulted in channel reassembly presumably as the [La*”]
dropped below the effective value. To maintain a constant
and known free [La*?], we developed a La*>-buffering
system utilizing the compound ethylene diamine-n,n’-
diacetic acid (EDDA; see appendix for details of pK values
for binding constants and calculations).

Using the La™? buffer, we found that 75-225 nM of free
La*? (depending on the experiment) was sufficient to totally
or almost totally eliminate the ceramide conductance. These
experiments revealed evidence of the disassembly or closure
of large structures. As depicted in Fig. 6 ¢, addition of the

20 nS
1 min

EDTA

FIGURE 6 La*® eliminates C,-ceramide conductance. (a—c) Planar
phospholipid membranes were formed from monolayers using a solution
of 0.5% (w/v) asolectin, 0.5% (w/v) DiPhyPC, 0.1% (w/v) cholesterol in
hexane, and the aqueous solution consisted of 1 M KCl, 1 mM MgCl,, 5 mM
HEPES (a, b) or Tris (¢) pH (7.0). Cy-ceramide (5 M) (25 nmol into 5 ml)
was added to aqueous solution on the cis side of the membrane and the
voltage was held constant at 10 mV. (@) LaCl; added to the cis side (10 uM
final) rapidly eliminated the C,-ceramide-induced conductance. (b) EDTA
addition (10 uM final) restored ceramide conductance (HEPES concentra-
tion increased to 10 mM before addition of EDTA). (¢) C,-ceramide-induced
conductance is eliminated by a 150-nM free La™> concentration. The free
[La™3] was held constant by the La*3-buffer EDDA as described in the
Materials and Methods section and the Appendix.
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La*3-buffering system (addition is made while solution is
being stirred) is followed by a brief delay, in which the total
membrane conductance remains essentially constant, and
then a sudden decrease in the total conductance to baseline.
This is distinctly different from the exponential conductance
decrease that is expected for the inhibition of a population of
channels. In addition, the observed delay times ranged from
8 to 60 s; these delay times are much longer than the time it
takes for diffusion through the unstirred layer in these
chambers (estimated at 3.5 s for the measured thickness of 55
um; Negrete et al., 1996). It is highly unlikely that many
ceramide channels would be inhibited synchronously by
La®? (i.e., disassemble simultaneously). It is much more
likely that the total membrane conductance is comprised of
only one or a few large channels rather than many small
ones. Although individual experiments do not show an
exponential conductance decrease after La*> addition,
pooling the results from many experiments leads to an
exponential decay. As illustrated in Fig. 7, the observed
likelihood of the conductance being unchanged after La™>
addition (the open channel probability) decayed essentially
in an exponential manner when the data was pooled from
several experiments.

In addition, a comparison of the distributions of
decrements observed after the La*> addition for low (<25
nS), medium (>25-100 nS), and high (>100 nS) total
membrane conductances (at the time of the La™3 addition) is
made in Fig. 8. When the La*? is added at higher total
membrane conductances, the decrements are significantly
larger (Fig. 8 ¢) than when it is added at medium (Fig. 8 b) or
low (Fig. 8 a) total membrane conductances. If at higher total
membrane conductances there is an increase in the number of
channels rather than an increase in the size of preexisting
channels, then after the Lat? addition, the mean decrement
in the distribution would be of similar size to the mean
decrement size of the distributions at low and medium total
membrane conductances. However, this is not the case (Fig.
8), further confirming ceramide channel enlargement. Note
that the larger decrements (>16 nS; Fig. 8§ ¢) are consistent in
size with the ones observed earlier (Fig. 3) in that they occur
at very distinct conductances that are often multiples of
4.0 nS.

DISCUSSION

The conductance increments in a phospholipid membrane
after ceramide addition are not multiples of a fundamental
conductance. A broad range of events is observed. (Siskind
and Colombini, 2000; Siskind et al., 2002). It was originally
thought that each discrete conductance increase represented
the formation of a new ceramide channel and that the size of
ceramide channels could be directly estimated from the sizes
of the discrete conductance increases (Siskind and Colom-
bini, 2000). However, the results of this study show that
this straightforward interpretation was incorrect. Ceramide
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FIGURE 7 The observed likelihood of the C,-ceramide-induced con-
ductance being unchanged after La™> addition decays in essentially an
exponential manner. For each time point after the addition of La™>,
experiments were given ratings of one or zero, indicating no change or
a decrease in conductance respectively. The values for each particular time
point were combined between experiments and plotted against time. Results
are a combination of data from 31 separate experiments. The vertical dashed
line at 3.5 s represents the calculated diffusion time through the unstirred
layers. The dashed line through the data is an exponential fit through data.
The time constant is 29 s.

channels enlarge in size; the size of the channels is much
larger than can be predicted by the individual conductance
increments. The discrete conductance increases and de-
creases represent, in addition to the formation and disas-
sembly of novel channels, the enlargement and shrinkage of
these channels. The results of this paper show that channel
enlargement is a fundamental process in ceramide channel
assembly.

Structure of the ceramide channel

The primary evidence for channel enlargement is the
observation of multiple conductance increments followed
by a large conductance decrement. This is supported by
histograms of all the increments and decrements observed
under a given set of conditions showing that the mean
decrement size is of larger conductance than the mean
increment size. The reduction in selectivity with increased
conductance also shows that the ceramide channels are
enlarging. Finally, La"’-induced channel disassembly
shows the type of cooperativity expected for the disassembly
of large channels.

The ability of ceramide channels to enlarge and shrink in
size can be explained by our previously proposed ceramide
channel structural model (Siskind and Colombini, 2000; and
see Fig. 9). Each ceramide molecule contains several
hydrogen bond donating and accepting groups, namely the
two hydroxyls (on carbons 1 and 3 of the sphingoid base
backbone), the amide nitrogen, and the carbonyl group (see
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Fig. 9 a for ceramide structure). The molecular model for
ceramide channels is based on the ability of ceramide
molecules to form intermolecular hydrogen bonds (Pascher,
1976; Moore et al., 1997). We propose the formation of
columns of ceramides on the membrane surface held to-
gether by intermolecular hydrogen bonds between amide
nitrogens and carbonyl groups located on opposite surfaces
of the ceramide molecule (Fig. 9 b). These columns could
swing into the membrane, forming an annulus stabilized by
hydrogen bonding of the hydroxyl groups lining the channel
(Fig. 9, ¢ and d). This hydrogen-bonded network would be
similar to the structure of ice and thus should form a good
interface between the water in the channel and the nonpolar
portion of the ceramide molecule (Fig. 9, ¢ and d, for a
top and a cut-away longitudinal view, respectively). Each
transmembrane column would consist of six to seven
individual ceramide molecules (sufficient to span the
membrane). This column has a dipole moment due to the
alignment of the amide linkages and thus we propose that
adjacent columns are oriented in opposite directions so that
the dipoles attract. The number of columns in the annulus
determines the size of the channel. This is essentially a barrel-
stave model for the channel; the insertion or removal of
columns or groups of columns would result in channel
enlargement or contracture, respectively. We propose that
the curvature of the headgroups of the surrounding phos-
pholipids at the outer edge of the channel is such that they
minimize the exposure of the hydrophobic regions of the
channel edge (Fig. 9 d).

Ceramide channel formation is similar to a polymerization
process and, like the polymerization of actin or tubulin, there
seems to be a kinetic barrier to nucleation. After the addi-
tion of C,-ceramide to the aqueous solution bathing the
membrane, there is a long delay period before the appearance
of the first channel (ranging from ~2 to 45 min) followed by
a lag period in which total membrane conductance initially
increases at a very slow rate (Fig. 1). During this period,
small channels often form and disassemble multiple times.
The conductance then increases at a faster rate with
a concomitant increase in the size of the increments and
decrements. The slow initial progression may indicate both
a slow rate of formation of the initial channel(s) and an
inherent instability of small channels. The faster subsequent
increase in conductance may reflect the faster rate of channel
growth. Channel growth beyond a certain size may be a much
faster process that competes effectively with the formation of
new channels. This may explain why the disassembly of
channels after La™> addition indicates the presence of only
a single large channel (Figs. 6, 7, and 8). The long delay time
(long compared to the diffusion time through the unstirred
layer) before disassembly (Figs. 6 and 7) demonstrates the
cooperative nature of the process and is best explained in
terms of one or a few large structures.

Larger channels must be either kinetically or energetically
favored over the formation of new channels. The interaction
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FIGURE 9 Structural model for ceramide channels. (@) C,-ceramide
structure. (b) A column of ceramide residues held together by intermolecular
hydrogen bonds between amide nitrogens and carbonyl groups. This column
would span the hydrophobic portion of the membrane and in association
with other columns would form pores of varying sizes. (¢) Top view of
a ceramide channel, consisting of 14 columns of ceramide molecules.
Adjacent columns are oriented in an antiparallel fashion so that amide
dipoles attract. The columns are held together via intermolecular hydrogen
bonds between hydroxyl groups proposed to line the channel lumen. (d) A
longitudinal cutaway of a ceramide channel, consisting of 14 columns of
ceramide molecules, where four columns have been removed to show the
interior of the channel. The curvature of the phospholipids of the membrane
at the channel interface would minimize the exposure of the hydrophobic
regions of the outer surface of the channel to the aqueous solution.

energy of the proposed hydrogen-bonded network lining the
pore (hydrogen bond lengths and angles) may depend on the
radius of curvature of the wall of the pore which, in turn,
depends on the number of columns forming the channel.
Thus, the orientation of ceramide molecules in larger
channels may allow for the formation of stronger hydrogen
bonds. In addition, the packing of the ceramide hydrocarbon
chains may favor larger channels. At some point, however,
the wedge-shaped structure of ceramide may limit the size
of the pore. The repulsive forces between the ceramide
hydrophobic chains may lead to an optimal size range for
these channels.

Indeed, the data supports the notion that certain sizes/
conformations of ceramide channels are preferred over
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others. Fig. 3 shows that the larger decrements occurred
predominantly at distinct conductance levels. Similarly, the
larger decrements (>16 nS) that were observed after the
addition of La™* at high total membrane conductance (>100
nS; Fig. 8 ¢) also occurred with high frequency at distinct
conductance levels. Interestingly, the majority of these high
frequency decrements are of conductances that are multiples
of 4 nS (Figs. 3 and 8 ¢).

Multiplicity of 4.0 nS and the mechanism of
channel contracture

A visual inspection of the histograms in Figs. 3 (spontaneous
decrements) and 8 ¢ (La+3—induced decrements) shows that
the large decrements (>12 nS) tend to occur at multiples of
4 nS. To confirm and amplify this unusual observation,
a fast Fourier transform analysis of the channel size distribu-
tions was performed using Origin software. The conduc-
tance replaced the time axis and the smallest resolvable unit
was taken as 0.25 nS. The power spectra (Fig. 10) show a
sharp peak at 0.25 Hz. There are other peaks including
higher harmonics (not shown). The peak at 0.25 Hz is indeed
so sharp as to justify the use of two significant digits, i.e.,
4.0 nS, demonstrating a remarkably precise multiplicity (i.e.,
12, 16, 20 nS, etc.).

This multiplicity of 4 nS demonstrates that the disassem-
bly process occurs by means of multiples of a fundamen-
tal structural unit. The structural unit cannot be a single
ceramide molecule. However, a barrel-stave model of the
ceramide channel presents a larger unit, the single ceramide
column or perhaps a pair of columns. This unit could
naturally slide out of the channel to the membrane surface.
However, one expects that the conductance is related to the
area of the channel, not the circumference. As we shall see,
this expectation disappears for large channels. We used
a theoretical model to test whether a mechanism, where
channel disassembly consists of removal of columns, could
result in conductance decrements that are multiples of 4 nS.

For large channels, the conductance (G) of a channel can
be calculated from the radius and length of the channel as
follows (Hille, 1992):

G = (kymr”) /(L + 0.57r), (D)

where r is the radius of the channel, kg, the specific
conductance (equal to 112 for 1.0 M KCI; Robinson and
Stokes, 1965), and L the length of the channel (estimated at
~5 nm). The channel length (L) is increased by 0.5 (7 r) to
take into account the access resistance. Thus, the conduc-
tance in nS (+ in nm) is:

G=224r/(3.18 +r). )

The radius can be replaced by (n d) / (2 ), where n is the
number of columns and d the thickness of a column or
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FIGURE 10 A fast Fourier transform analysis of conductance decrements
=12 nS from the distributions in Fig. 3 (panel a) and in Fig. 8 ¢ (panel b).
The power spectrum of the fast Fourier transform (using the program Origin
6.1) was performed on all observed decrements =12 nS. Only a portion of
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fundamental column multiple (in nm). Thus, the change in
conductance (in nS) becomes:

2244 n’ m’

- 3)
4IT? nd md |’
A8+ — 318+ —
318 211 318 211

AG

where m represents the number of columns remaining in the
channel after the decrease in conductance. For very large
channels, 3.18 is small compared to the radius and can be
eliminated. This approximation has a 10-fold smaller impact
when changes in conductance are calculated. Using this
approximation, the change in conductance (in nS) is:

AG =3.56d(n — m). “4)
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Because term (n — m) must always be an integer, AG
would occur as multiples of 4.0 nS if d were equal to 1.12
nm. This size is compatible with the dimension of two
ceramide columns indicating that the fundamental unit of
disassembly is a two-column unit. This is consistent with two
columns interacting by the favorable dipole-dipole interac-
tion of adjacent amide linkages oriented in opposite
directions (Fig. 9 c¢).

The elimination of 3.18 from the denominator would only
be valid for large channels. For channels less than ~100 nS,
this simplification results in a >10% error. If the large-
channel assumption is eliminated and a theoretical model
channel of 150 columns is employed, then calculations,
using Eq. 3 above, of all possible decrements from the
disassembly of the channel by the removal of two-column
units results in the distribution presented in Fig. 11 a. This
theoretical model assumes that the smallest possible channel
consists of six columns and utilizes a fixed column width of
0.586 nm. Notice that this theoretical distribution presented
in Fig. 11 a differs greatly from that which is observed in
Figs. 3 and 8 c. A broad range of conductance decrements is
observed in the theoretical distribution in Fig. 11 @ and the
decrements do not occur as multiples of 4.0 nS. This is
distinctly different from that which is experimentally
observed in the distributions of spontaneous (Fig. 3) and
La">-induced decrements (Fig. 8 ¢). However, the model
assumes that there is no upper limit to the number of two-
column units that can be removed in a single event in the
disassembly process. When the model was constrained by
assuming that the maximum number of two-column units
that can be removed from a channel in any one event is one-
third of the total columns in the channel, the decrements in
the distribution sharpen at multiples of 4.0 nS (Fig. 11 b).
However, the peaks are not as distinct as in the experimental
results. A further refinement would be to allow the column
width to vary. It may be that the column thickness changes as
the radius of curvature of the channel changes in the
disassembly process yielding the observed multiplicity of
exactly 4.0 nS. When the column width was allowed to vary,
exact multiples of 4.0 nS could be generated (Fig. 11 ¢). Fig.
11 d depicts the relationship between the column width and
the radius/conductance of the channel that generates
a periodicity of 4.0 nS. Note that as the channel radius (or
conductance) decreases, the column width required to
achieve decrements with a periodicity of four, increases.
This is somewhat counterintuitive in that one would expect
the column width to decrease, rather than increase, as the
channel radius decreases. The answer may lie in the structure
of the hydrogen-bonded network. Molecular dynamic sim-
ulations may provide insight into this issue.

Small ceramide channels may disassemble by a more
complicated process than the constraints placed on the
model. The data show a continuum in the size of small
decrements (<12 nS). For channels with smaller radii of
curvature single columns, rather than pairs of columns, may
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come out of the channel. In addition, the length of the
channel has a much greater impact on the conductance of
channels with smaller radii than it does for channels with
larger radii. If the disassembly process included changes in
channel length, this would result in conductance changes
more easily detected with small channels. These processes
would result in a broad distribution of decrements for smaller
channels, as is observed (Figs. 3 and 8).

A major difference between the decrements in the
theoretical distribution and that obtained experimentally is
that the larger decrements of Fig. 11 ¢ occur at every multiple
of 4.0 nS, whereas the decrements that are observed
experimentally occur preferentially at particular multiples
of 4.0 nS and not at others. This theoretical model does not
include the energetics of the channel disassembly process.
Regardless, the larger decrements occurring at conductance
values that are multiples of 4.0 nS are evidence of a barrel-
stave model for ceramide channel structure. Indeed, the
model requires that the channel be essentially a perfect
cylinder rather than a defect in the membrane.

Ceramide channel enlargement

Ceramide channel enlargement could also occur by the
addition of columns or pairs of columns even though the
increments do not appear to be of conductances that are
multiples of 2.0 or 4.0 nS. This is most likely due to the fact
that the increments are smaller in size than the decrements,
which indicates that the channels increase by smaller
changes in size. In addition, it is interesting that after a given
decrement when a segment comes out of the channel an
equal-sized increment is not usually observed, reflecting the
reinsertion of the segment into the channel. (Rarely one sees
conductance oscillations between two levels.) This fun-
damental asymmetry can be explained in terms of the
difference between the radius of curvature of the inside of the
channel and the membrane surface.

According to a simple barrel-stave arrangement of
columns, the channel could theoretically grow indefinitely
with the size limited only by the concentration of ceramide
monomers in the membrane. However, the observations
indicate some upper limit to the channel size. This is in
agreement with the previous work on intact mitochondria
(Siskind et al., 2002). Clearly, as the channel grows, the
radius of curvature of the channel also grows. The energetics
of the hydrogen-bonded network lining the channel and the
steric nature of the ceramide packing may depend on the
radius of curvature resulting in an optimal size. Therefore,
when a multicolumn segment leaves the channel, the infinite
radius of curvature on the surface may break up the seg-
ment into smaller units (fewer columns). This would make
conductance increments smaller than decrements. Future
molecular modeling simulations will hopefully provide
insights into the energetics behind this process.
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Channel budding and fusion?

An alternative model for the origin of conductance changes
is channel fusion and budding. Two channels could fuse to
become one larger channel. The intermediate structure would
initially have an oblong/oval shape before becoming
a circular pore. This oblong-shaped channel would be of
lower conductance than the final circular cylinder. In fact,
just before a large increment in conductance, we often
observe a smaller decrement (for example in Fig. 1). This
could be evidence for a fusion model for channel en-
largement. The reverse process, budding (several columns
could bud off a large channel, leaving two smaller channels),
could account for conductance drops. However, theoretical
calculations show that a budding process does not yield
conductance drops that are multiples of a fundamental unit.
Needless to say, other models that propose that ceramides act
by simply disrupting the membrane or forming rafts that
result in defects between these and the surrounding
phospholipids are all in sharp disagreement with the findings
of this paper. Indeed, the results strongly argue that the
channels are not flaccid structures but rather rigid cylinders
whose structure is determined by the hydrogen-bonded
network forming the inner lining of the channel.

La*3-induced channel disassembly

We hypothesize that La™**-induced disassembly of ceramide
channels occurs through interaction with hydroxyl and/or
carbonyl oxygen atoms of the ceramides causing disruption
of hydrogen bonds that hold the channel together. An
alternative hypothesis involves an effect of lanthanides on
the phospholipids thereby indirectly inducing channel
disassembly. The high-affinity binding of lanthanides to
negatively charged phospholipid headgroups has been
shown to affect the physical properties of phospholipid
membranes (Ermakov et al., 2001; Tanaka et al., 2001).
Lanthanides have been reported to cause phase transitions
(Hammoudah et al., 1979; Li et al., 1994; Verstraeten et al.,
1997; Tanaka et al., 2001), vesicle fusion (Hammoudah et al.,
1979; Bentz et al., 1988; Petersheim and Sun, 1989),
conformation changes in the headgroups of phosphatidyl-
choline membranes (Akutsu and Seelig, 1981; Seelig et al.,
1987), and even pore formation in erythrocytes (Cheng et al.,
1999). Lanthanides have been shown to interact with and
inhibit a variety of membrane proteins and ion channels,
including mechanogated channels (Gustin et al., 1988; Yang
and Sachs, 1989; Zhou and Kung, 1992; Hamill and
McBride, 1996; Caldwell et al., 1998; Lee et al., 1999),
the voltage-gated sodium channel (Takata et al., 1966;
Armstrong and Cota, 1990), the mitochondrial outer mem-
brane channel, VDAC (Gincel et al., 2001), the nonselective
cation channel, from human placental microvillous mem-
branes (Grosman and Reisin, 2000), the mitochondrial Ca™?
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uniporter (Nicholls and Akerman, 1982) and the plasma
membrane zinc exporter (Colvin, 1998; Colvin et al., 2000).
It has been proposed that lanthanide binding to membrane
lipids indirectly influences the properties of membrane
proteins (Tanaka et al., 2001; Ermakov et al., 2001). Because
we observed La™> disassembly of ceramide channels in
membranes composed of only uncharged lipids at a total
concentration of 3 uM, we are leaning toward a direct action
of La*? on the channels.

Irrespective of lanthanum’s mechanism of action, the
results of the lanthanum experiments strongly support the
conclusion that single large channels grow in size rather than
the formation of many small channels. The observed long
delay period (nonexponential decay for the individual ex-
periments) before a decrease in conductance indicates the
disassembly of a single structure. When the results from
many experiments were pooled, an exponential decay was
observed as expected for a population of channels. The
lanthanum results also argue that the observed conductance
arises from an organized ceramide channel structure rather
than ceramide-induced structural changes in the phospho-
lipid membrane. Note that La*> has been shown to induce
the L, to Hyy phase transition and stabilize the hexagonal 11
(Hypp) phase (Tanaka et al., 2001). However, ceramide alone
has been shown to facilitate the lamellar-to-hexagonal
transition in lipid bilayers (Ruiz-Argiiello et al., 1996; Veiga
etal., 1999). It has been proposed that the ability of ceramide
to induce lamellar-to-hexagonal transitions in lipid bilayers
explains its ability to increase the permeability of membranes
(Ruiz-Argiiello et al., 1996; Veiga et al., 1999; Montes et al.,
2002). However, the ability of La™? to disassemble ceramide
channels, given its effects on the physical properties of
membranes, argues against this possibility.

As with any effector, the potency of La®* is related to
the free concentration required to achieve a half-maximal
response. With La®*, this is difficult to determine because
La*? binds to surfaces in general and phospholipids in
particular (Reed and Bygrave, 1974; Hammoudah et al.,
1979; Akutsu and Seelig, 1981; Seelig et al., 1987; Bentz
et al., 1988; Petersheim and Sun, 1989; Tanaka et al., 2001).
In some of our experiments, the free La™3 concentration was
held at a constant known level by the use of a La™> buffer
system. As far as the authors are aware, this is the only
method to date that allows for a constant and known free
concentration of La*? in the nanomolar range. Existing
methods for the measurement of the free [La”] are not
sensitive enough. For example, the metallochromic dye
murexide spectrophotometrically detects changes in [Ca™?]
or [La™?] in the presence of subcellular particles (Lehninger
and Carafoli, 1971; Reed and Bygrave, 1974; Tapia et al.,
1985), but is limited to the micromolar range. This new
method may allow the determination of the potency of the
effects of La™ and help distinguish between direct effects on
channels as opposed to indirect effects on membrane
properties.
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Comparison with other channels formed from
many monomers

Ceramide is not the only channel to exhibit nonintegral
conductance increments nor is it the only channel that can
enlarge in size. Extensive studies utilizing membrane-active
peptides have increased our understanding of ion-channel
structure, self-assembly of inactive monomers into active
channel-forming aggregates, and peptide-lipid interactions
and the role that these interactions play in biological function
(for review see Sansom (1993); Shai (1999); Chugh and
Wallace (2001)). Many membrane-active peptides are am-
phipathic in nature, which allows them to self-oligomerize
into channel-forming assemblies that span the width of
phospholipid membranes. In addition, many membrane-
active peptides form pores of varying conductance whose
size depends on the number of aggregates making up the
pore, including alamethicin (e.g., Hanke and Boheim, 1980;
Fox and Richards, 1982; Spach et al., 1989; Sansom, 1991,
1993; Woolley and Wallace, 1992; Keller et al., 1993;
Vodyanoy et al., 1993; Bezrukov and Vodyanoy, 1993;
Cafiso, 1994; Helluin et al., 1997) subtilin (Schuller et al.,
1989), melittin (Hanke et al., 1983), pardaxin (Ehrenstein
and Lecar, 1977; Rapaport and Shai, 1992; Shai, 1994), the
pore-forming protein from Entamoeba histolytica (Keller
et al.,, 1989), and several members of the trichorzianine
family (Molle et al., 1987). These channels are thought to
have ‘“‘barrel-stave’’ arrangements; peptide monomers oligi-
merize to form a helix bundle surrounding a central aqueous
pore whose size depends on the number of helices in the
bundle (Shai, 1999).

CONCLUSION

From the results of this paper, it is evident that channel
enlargement is a fundamental process for ceramide channel
formation. It is clear that the channels are distinct structures
with preferred sizes; enlargement and contracture allow
channels to preferentially adopt low energy states. The sizes
of ceramide channels in planar phospholipid membranes
cannot be directly estimated from individual conductance
increments and decrements. The channels may enlarge to
optimal sizes that may correspond to the 60,000 molecular
weight cutoff observed in isolated mitochondria (Siskind
et al., 2002). It is evident that ceramide channel Kinetics is
complex and requires further investigation for increased
understanding.

Recent studies of ceramide channel formation in isolated
mitochondria showed that ceramide channels have the right
biophysical properties to be responsible for the release of
proapoptotic factors from mitochondria (Siskind et al.,
2002). When added to isolated mitochondria they increase
the permeability of the outer membrane in a way that is
consistent with the formation of dynamic channels. The
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appropriate enzymes capable of regulating ceramide levels
are located in mitochondria. There is evidence that the
activity of synthetic enzymes is elevated early in apoptosis
(Kroesen et al., 2001; Lee et al., 2002). Because ceramide
channels are good candidates for the pathway in the outer
membrane that is responsible for the release of proapoptotic
factors leading to irreversible apoptosis, an understanding of
the energetics and kinetics of ceramide channels is essential.
Further understanding of ceramide channel energetics and
kinetics will allow us to investigate and understand how
biologically relevant external factors influence channel
enlargement or disassembly. A full understanding of the
energetics, kinetics, and mechanics of ceramide channels is
thus essential for the development of pharmacological tools
that can be used to promote either ceramide channel en-
largement or disassembly for the control of apoptosis and
hence treatment of disease.

APPENDIX

Calculations of the free lanthanum ion
concentration using the binding constants of the
compound, ethylene diamine-n,n’-diacetic acid

The buffer ethylene diamine-n,n’-diacetic acid (EDDA) was utilized to
maintain a constant and known free La™ concentration. The binding
constants for the EDDA complexes were obtained from a program put out by
the National Institute of Standards and Technology (NIST), namely the
NIST Standard Reference Database 46, NIST Critically Selected Stability
Constants of Metal Complexes: Version 6.0. The pK values for the binding
constants of relevant complexes are listed in Table 1. These pK values were
used to calculate the concentrations of the complexes between EDDA and
H*, Mg™?, and La™? (ions designated as “A’") according to the following
relationship:

[EDDA % A] _ lO(pKHog[EDDA]Hog[A]). (Al)

A spreadsheet program was used to calculate the concentrations of all
involved species to find conditions that would yield the desired free
concentration of La*? at the desired pH. The free concentrations of Mg ™*?
and EDDA™? were adjusted to yield the total concentrations of MgCl,,
EDDA, and LaCl; that would result in the desired conditions. To gener-
ate a free [La”] of 149 nM, the final concentrations of the ingredients
were: 6.02 mM EDDA, 1.27 mM MgCl,, 0.596 mM LaCl; neutralized
with potassium hydroxide to a final concentration of 7.55 mM. The pH was
8.0. A concentrated solution was produced and an appropriate aliquot added
to the chamber to achieve the indicated final concentrations.

TABLE 1 Stability constants for the relevant EDDA complexes
Complex pK Value
LaEDDA™ 6.95
LaHEDDA 2 45
LaEDDA, ™~ 11.56
LaH,EDDA*? 10.7
HEDDA™ 9.64
H,EDDA 6.7
H;EDDA ™" 2.35
H,EDDA "2 1.75
MgEDDA 3.95
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Note that in our experimental conditions, we used an aqueous buffer bathing
the planar membranes that consisted of 1 M KCI, 1 mM MgCl,, 5 mM Tris
(pH 7.5). The concentration of Mg*? already present is taken into
consideration as part of the total [Mg*?]. The pH was measured at the
end of the experiment and the [La™*]gee recalculated. We used Tris buffer
even though it has been suggested that Tris has an affinity for La™>. A
literature search revealed no evidence for such an affinity.

This work was supported by National Institutes of Health grant NS042025,
a National Institutes of Health predoctoral fellowship to L.S., and an
undergraduate fellowship to A.D. from a Howard Hughes Medical Institute
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