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Abstract

A ceramide commonly found in mammalian cells, C1g-ceramide (N-palmitoyl-D-
erythrosphingosine), is capable of forming large, protein-permeable channels in the mitochondrial
outer membrane (MOM). However, C1g-ceramide is unable to permeabilize the plasma membrane
of erythrocytes. This specificity is unexpected considering that ceramide forms channels in simple
phosphoglycerolipid membranes. Synthetic analogs of C1g-ceramide with targeted changes at each
of the functional regions of the molecule including methylation, altered hydrocarbon chain length,
and changes in the stereochemistry, were tested to probe the role of ceramide's molecular features
on its ability to form channels in these two different membrane types. The ability to permeabilize
the MOM was relatively insensitive to modifications of the various functional groups of ceramide
whereas the same modifications resulted in plasma membrane permeabilization (a gain of function
rather than a loss of function). Some analogs (ceramine, NBD-labeled ceramide, Cyg 1 ceramide)
gained another function, the ability to inhibit cytochrome oxidase. The gain of deleterious
functions indicates that constraints on the structure of ceramide that is formed by the cell's
synthetic machinery includes the avoidance of deleterious interactions. We propose that the
specific structure of ceramide limits the size of its interactome (both proteins and lipids) thus
reducing the likelihood of unwanted side effects.
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Introduction

Ceramides (N-acylated sphingosines) are members of a structurally diverse family of lipids
known as sphingolipids: chemical structures based on sphingosine (Zheng et al., 2006).
Mammalian cells can synthesize a variety of different structural forms: over 50 have been
demonstrated (Hannun and Obeid, 2008, 2011) not including the specialized ceramides that
form part of the permeability barrier of skin (Meckfessel and Brandt, 2014). Different forms
are generated at different times in different cellular locations (Hannun and Obeid, 2011) and
it is clear that many of the different structural forms serve different functions. One may well
conclude that the cellular chemical pathways have evolved to produce the appropriate
structures for the various functions. Being water-insoluble, ceramides are membrane
embedded and thus compartmentalized in different cellular membranes and so distinct
functions may also be influenced by the membrane environment.

Ceramides are known to be involved in many critical cellular tasks including differentiation,
growth suppression, cell senescence, and apoptosis (Zheng et al., 2006; Hannun and Obeid,
2008). Many of these functions involve ceramides acting on proteins to modify their
function and activity. However, one form of ceramide, C1g-ceramide (N-palmitoyl-D-
erythro-sphingosine, Figure 1), has been shown to be able to act, without the need for
proteins, (Siskind and Colombini, 2000; Siskind et al., 2003) to form large stable channels in
the mitochondrial outer membrane (MOM), permeabilizing this membrane to proteins
(Siskind et al., 2002, 2006; Ghafourifar et al., 1999; DiPaola et al., 2000). The channels
formed in the MOM are not due to Bcl-2 family proteins because the same permeability is
produced in mitochondria from the yeast, S. cerevisiae, which lacks these proteins (Siskind
et al., 2008). The proteins on the MOM are not required for this permeabilization because
ceramide forms these channels also in planar phosphoglycerolipid membranes (Siskind and
Colombini, 2000; Siskind et al., 2003) and in liposomes (Stiban et al., 2006). That the
permeability pathways formed in isolated mitochondria are the same as those produced in
phosphoglycerolipid membranes, is supported by the fact that both are regulated by the
proteins, Bcl-xL, CED-9, and Bax (Siskind et al, 2008; Ganesan et al., 2010), and the
regulation displays he same features. The channels in the MOM and in planar membranes
are also destabilized in the same was by sphingosine (Elrick et al., 2006) and
dihydroceramide (Stiban et al., 2006). In addition ceramide channels were visualized by
negative stain electron microscopy (Samanta et al., 2011). The sizes of the visualized
channels matched the sizes calculated electrophysiological recordings of channels formed in
planar membranes. In both experimental systems the channels show the same wide range of
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sizes with a most frequent size of 10 nm in diameter (Samanta et al., 2011). Further studies
using microfluidic systems (Shao et al., 2012) showed that the ceramide channels could be
distorted by applying lateral pressure and they would restore their shape when the pressure
was reduced. Molecular dynamic simulations (Anishkin et al., 2006) indicate that the
channels are stable structures. Thus, although the formation of large, stable channels in
membranes by the self-assembly of hundreds of ceramide monomers is novel, the evidence
for the formation of these channels is overwhelming.

Since ceramide channels form not only in the MOM but also in phosphoglycerolopid
membranes lacking proteins, it is striking that C;g-ceramide fails to permeabilize the plasma
membrane of erythrocytes even just to small ions (Siskind et al., 2006). From a
physiological perspective, this is important because under certain conditions,
sphingomyelinase activity converts sphingomyelin (a major component of the outer leaflet
of the plasma membrane of mammalian cells) to ceramide in the plasma membrane
(Bollinger et al., 2005; Stiban et al., 2008) and the formation of ceramide channels would
permeabilize that membrane. Such a permeability would be disastrous for mammalian cells
resulting in the dissipation of the Na* gradient, a major source of energy and essential for
maintenance of cell volume. This manuscript investigates the possibility that this selective
permeabilization by ceramide might lie, in part, in the particular structure of C1g-ceramide.

To appreciate what might influence the ability to form ceramide channels, it is useful to
have some insight into their structure. Except for electronmicroscopic observations, the
structure of ceramide channels has been deduced from functional studies (Siskind et al.,
2003) and supported with insights by the use of molecular dynamic simulations (Anishkin et
al., 2006). The working model (Siskind et al., 2003; Colombini, 2013) is a barrel-stave
structure where the staves are columns of six ceramide monomers linked together by
hydrogen bonding of the amine linkages, similar to the bonding that forms the secondary
structure of proteins. The columns are arranged in an anti-parallel fashion, allowing for
favourable dipole-dipole interactions between adjacent columns. The twin hydroxy! groups
of each ceramide molecule contribute to the polar inner surface of the channel forming a
hydrogen-bonded network with water.

In order to understand the molecular basis underlying the surprising ability of ceramide to
self-assemble into such a large structure synthetic analogs of ceramide were used to assess
the importance of each of the features of Cqg-ceramide in channel formation (Perera et al.,
2012a). With the indispensable aid and skills in chemical synthesis and chemical insights of
Robert Bittman, Zdzislaw M. Szulc, and Alicja Bielawska, chemical analogs of ceramide
were assessed for their ability to form channels in the MOM and planar phosphoglycerolipid
membranes. Extensive discussions with Dr. Bittman were extremely useful in both analog
design and in the interpretation of the results. Interesting and insightful differences were
demonstrated between the chemical features that are reported as important in one or another
cellular function of ceramide and the features important in channel formation and stability.
The length of the acyl chain is critical to the physiology and this is emphasized by the chain
length specificities of the various ceramide synthases found in mammalian cells (Stiban et
al., 2010). In contrast acyl chain length had little effect on ceramide's channel-forming
ability (Perera et al., 2012a). Similarly the C4-C5 trans double bond could be replaced by
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other features, such as a cis double bond or a hydroxyl group (phytoceramide) and still
retain channel-forming ability. Methylation of the C1 hydroxyl resulted in inability to form
stable channels whereas methylation of the hydroxyl at C3 had no detectable effect. The
mirror image of natural C,g-ceramide (2R3S vs 2S3R) formed channels that were rather
unstable. Other changes that strengthened the hydrogen-bonding capability of ceramide
resulted in a stronger channel-forming ability and the reverse was also true. Overall,
channel-forming ability was less sensitive to chemical modification than expected. This is
partly compensated by the specificity shown by Bcl-xL and Bax in regulating ceramide
channel formation. Using the same set of ceramide analogs, the molecular features important
for channel regulation by these proteins was identified (Perera et al., 2012b). For example,
Bcl-xL's ability to destabilize ceramide channels was insensitive to changes made in
ceramide's polar groups but very sensitive to changes in the hydrocarbon chains. The
strongest inhibitory action was on channels made with ceramides of acyl chain length
between C16 and C20. By contract MOM permeabilization by ceramide and Bax synergy
was very sensitive to modification of ceramide's polar regions and insensitive to changes in
the hydrocarbon chains.

Here we report on the use of ceramide analogs to explore the features of Cqg-ceramide that
are important in selective channel formation in different cellular membranes.

Materials and methods

Reagents

C16- and Cqp-ceramide(#1 and 14) and analogs #13 and #16 were purchased from Avanti
Polar Lipids. The analogs of D-e-Cqg-ceramide (# 2 to #11 and # 15 to #17)were
synthesized by Lipidomics Core, MUSC as described previously (Usta et al., 2001; Chalfant
et al., 2003). Analog # 12 was synthesized as previously described (Brockman et al, 2004;
Karasavvas et al., 1996; Chun et al., 2002; He et al., 2000a, 2000b). All the ceramides were
dissolved in 2-propanol for use in the experiments.

Isolation of mitochondria—Rat liver mitochondria were isolated essentially as
previously described (Siskind et al., 2002). These were suspended in sucrose-free medium
(280 mM mannitol, 0.1 mM EGTA, 2 mM HEPES, pH 7.4), typically to a protein
concentration of 4-5 mg/mL and stored on ice. The intactness of the mitochondria was more
than 85%. The animal use protocols were approved by the Institutional Animal Care and
Use Committee. The animals were euthanized by a procedure consistent with the Panel on
Euthanasia of the AVMA. The animal facility used to house the animals is accredited by
AAALAC.

Measurement of the permeabilization of the mitochondrial outer membrane to cytochrome

Cc

The permeability of the MOM to cytochrome ¢ was measured by using the cytochrome ¢
accessibility assay as previously described (Siskind et al., 2002; Wojtczak et al., 1972). The
MOM is normally impermeable to proteins. If it becomes permeable by the formation of
large channels by ceramide or its analogs, exogenously added reduced cytochrome ¢ can
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cross the outer membrane and be oxidized by cytochrome c oxidase, found on the
mitochondrial inner membrane. The rate of cytochrome ¢ oxidation is a measure of the
MOM permeability. The stock mitochondrial suspension was diluted to 0.2 mg/mL of
mitochondrial protein right before use. Then, 50 pL of this was dispersed in 650 pL of the
mitochondrial isolation buffer (210 mM Mannitol, 70 mM Sucrose, 5 mM HEPES and 0.1
mM EGTA, pH 7.5) supplemented with 5 mM DNP and 2 mM antimycin A) to a final
mitochondrial protein content of 10 pg in 700 pL. The mitochondria were allowed to
acclimate in this buffer for 10 minutes at room temperature before adding 15 pg (30 nmol)
of ceramide or an analog (1 mg/ mL 2-propanol) while vortexing. Vortexing is necessary for
effective dispersal of ceramide as it is insoluble in aqueous buffer. The mitochondria were
not damaged by this procedure. After delivering ceramide, the mitochondria were incubated
for 10 min at room temperature. Then reduced cytochrome ¢ was added and its initial rate of
oxidation was calculated from the decrease in absorbance at 550nm (Aeeg.ox= 18.5
mM~1cm™1) for approximately the first 2 minutes.

Measurement of the release of adenylate kinase from mitochondria

Adenylate kinase is a soluble enzyme located in the mitochondrial intermembrane space.
The release of this protein from isolated mitochondria indicates the formation of channels
capable of allowing proteins to cross membranes. The enzymatic activity was measured as
previously described (Siskind et al., 2002; Sotocassa et al., 1967) and this was expressed as
a percent of the total activity released following a mild hypotonic shock. Briefly, stock
mitochondria were diluted to a concentration of 0.16mg mitochondrial protein per mL of
mitochondrial isolation buffer and treated with ceramide or analog by vortexing. Then the
suspension was incubated at room temperature for 10 min. Then the suspension was
centrifuged at 18000X g for 5 min and supernatant collected. 300 uL of the supernatant was
mixed with 700 pL of adenylate kinase reaction mixture (10 mM glucose, 5 mM ADP, 0.2
mM NADP, 5 mM MgSOy, 50 mM Tris-HCI, 10 units each of G6P dehydrogenase and
hexokinase, pH 7.3). The adenylate kinase activity is reported as the initial rate of increase
in absorbance at 340 nm.

Permeabilization of the erythrocyte membrane

Blood was collected immediately after decapitating Sprague-Dawley rats (prior to removal
of the liver for mitochondrial isolation) into isoosmatic buffer (150 mM NaCl, 5 mM
HEPES, 4 mM EGTA, pH 7.4). Erythrocytes were purified by differential centrifugation and
stored at 4°C in the same buffer. An erythrocyte suspension containing 5 nmoles
haemoglobin in 0.5 mL was treated with 30 ug (60 nmol) either ceramide or ceramide
analog and incubated at room temperature for 10 min. The supernatant was collected after
centrifugation at 18000X g for 5 min at 4°C. 400 pL of the supernatant was mixed with 400
uL of Drabkin's reagent (Sigma Technical Bulletin No. 525) and incubated for 5 min at
room temperature. The haemoglobin content was calculated from the absorbance at 540nm
(A&cyanomethemoglobin = 44 mM~lem™1). Complete haemoglobin release was measured after
detergent treatment (Triton X-100, 0.5% (w/v) final).
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Experiment to test for ceramide metabolism in erythrocyte membrane

Erythrocytes (10 nmoles haemoglobin in 0.5 mL) were treated either with 30 ug of D-e-Cy¢-
ceramide or L-e-Cqg-ceramide, or 30 uL of vehicle (2-propanol) as in the erythrocyte
permeabilization experiments. The erythrocytes were sedimented at 1000 g for 5 min at 4°C
S0 as not to sediment uninserted ceramide in micelles. The supernatant was discarded and
pellets were frozen and analyzed for selected sphingolipids by the Lipidomics Core, MUSC.

Results and Discussion

Multiple studies have demonstrated that ceramide with either a short or a long acyl chain can
form channels in phospholipid membranes (Siskind and Colombini, 2000; Siskind et al.,
2003; Samanta et al., 2011) and that this requires no protein. Bcl-2 family proteins do
control the propensity for channel formation (Siskind et al., 2008; Ganesan et al., 2010) but
are not required. Thus it is interesting that ceramide's ability to permeabilize biological
membranes should exhibit remarkable specificity as to which membrane is susceptible to
ceramide channel formation. It has been reported (Siskind et al., 2002, 2006) that ceramide
permeabilizes the mitochondrial outer membrane but not the plasma membrane of
erythrocytes. This finding must have a structural basis and therefore analogs of ceramide
were used to probe whether the structure of ceramide itself could influence this specificity.
Chemical analogs (Figure 2) were synthesized with changes in the physical nature of the
different functional regions of the Cqg-ceramide molecule (Figure 1): the amide linkage, the
hydroxyl groups, the trans double bond, and the acyl chains. Analogs with changes only in
the stereochemistry of the chiral centers were also tested. If specific a specific feature of the
ceramide molecule is critical to this specificity then modifying that feature would result in
channel formation in erythrocyte membranes whereas changes in other locations would have
no effect. If the stereochemistry is important then it would indicate the presence of specific
binding.

Of the 17 analogs tested (Table 1), all but 3 analogs (ceramine (#4), 1-O-methylceramide
(#7), and dihydroceramide (#9)) were able to permeabilize the MOM sufficiently to increase
the rate of oxidation of exogenously added cytochrome c. This oxidation requires
cytochrome c to cross the MOM and contact cytochrome oxidase on the outer surface of the
inner membrane (Figure 3). Crossing the outer membrane is rate limiting and thus the rate of
oxidation is a measure of the permeability of the outer membrane (Siskind et al., 2002). This
permeability depends on the number and size of the channels formed by ceramide or one of
its analogs. A different assay, one that measures the release if the intermembrane space
protein, adenylate kinase, was able to detect permeabilization of the MOM by 1-O-methyl-
ceramide (#7) (but not by ceramine (#4) or dihydroceramide (#9)) indicating that this analog
can form a permeability pathway although far less stable as to be undetected by the
cytochrome c accessibility assay (Perera et al., 2012a).

Both C,- and Cq4-ceramide were shown to be able to form channels in defined/model
systems: liposomes (Stiban et al, 2006) and planar phospholipid membranes (Siskind et al.,
2000, 2003). Some of the analogs were tested on these systems and were effective at
releasing carboxyfluorescein from liposomes. #2, #5, #10 and #11 formed large channels in
planar phospholipid membranes (Perera et al., 2012a).
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Permeabilization of mitochondrial membranes by ceramide and analogs

The results of the MOM permeability measurements are summarized in Table 1, column 3.
These are expressed relative to the value obtained with addition of Cqg-ceramide at the same
dose and on the same batch of mitochondria. The variability in the sensitivity of isolated
mitochondria from one preparation to another, required that the activity of an analog be
compared to that of C1g-ceramide performed in parallel. The statistical significance is shown
by the number of asterisks. The results show that the structure of ceramide can be changed
in many ways without abrogating its ability to permeabilize mitochondrial membranes.
Indeed, some of the analogs had as great or greater activity than ceramide. Some of the
structural changes in the ceramide analogs are more drastic in terms of changing the
chemical nature of the molecule. Others, such as the changes in stereochemistry, might be
expected to be milder but show substantial decreases in channel-forming activity.
Nevertheless they still permeabilize the mitochondrial outer membrane.

Permeabilization of plasma membranes by ceramide and its analogs

Erythrocyte lysis was used to asses the ability of ceramide analogs to form channels in the
plasma membrane. Erythrocytes were suspended in isotonic saline so that even very small
channels, only capable of allowing small ions to cross the membrane would result in lysis.
Cig-ceramide addition resulted in no lysis as previously reported (Siskind et al., 2006)
(Figure 3). Most other analogs resulted in some degree of erythrocyte lysis. The potency
varied from one analog to another (Figure 3). The non-linearity of the dose-response curves
is consistent with the presence of cooperativity among many ceramide molecules in order to
form the channels necessary to achieve osmotic lysis. The results are listed in Table 1 so that
these can be compared to the potency for permeabilizing the MOM. Note that even changes
in the ceramide structure that might be considered mild in that they do not alter the polar
portion of ceramide (the portion likely to be responsible for organizing the structure of the
channels) such as just shortening the aliphatic chains (C10-ceramide (#14) and 13C/Cy¢-
ceramide (#15)) or change in the orientation of the polar groups by changing the chirality of
the molecule (R to S configuration at C-3 (#3)), resulted in cell lysis. This lysis requires a
permeabilization of the erythrocyte membrane to the salt in the medium and is probably the
result of channel formation in the plasma membrane.

Figure 4 shows the relationship between the ability to permeabilize the MOM and that of
lysing erythrocytes. For the analogs that can lyse erythrocytes, there is just a mild
correlation between the two abilities (correlation coef. = 0.31), indicating that as long as the
analog can produce any level of permeability the erythrocyte will lyse. The analogs unable
to permeabilize either membrane (#7 and #9) or barely able to do so (#6) are simply very
poor channel formers (Perera et al., 2012). What's left is C1g-ceramide (#1). It stands out as
being differentially able to permeabilize these two membranes. Note also that no substance
has the opposite specificity, i.e. lyses erythrocytes but does not permeabilize the MOM.

The lack of channel formation in erythrocytes by Cqg-ceramide could be the result of
selective metabolism of the natural product. Not only would the loss of ceramide reduce the
propensity for channel formation, the metabolites, sphingosine and dihydroceramide,
interfere with channel formation (Stiban et al., 2006; Elrick et al., 2006). To test for this
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possibility, erythrocytes were treated with either the natural (2S, 3R) D-Cqg-ceramide, (2R,
3S) L-Cy6-ceramide or vehicle control (2-propanol) and washed free of uninserted ceramide.
When analyzed for key sphingolipids, the amount of metabolism was minimal (Table 2).
The sphingosine and dihydroceramide levels were less than 0.3% and 1.2% of the ceramide
levels, resp. Detectable inhibitions of ceramide channels were only observed at levels
greater that 2.5% of the ceramide level (Stiban et al., 2006; Elrick et al., 2006). Thus the
observed levels were too low to have any significant inhibition much less total inhibition of
ceramide channel formation.

The inability of Cqg-ceramide to permeabilize the erythrocyte membrane when it
permeabilizes both the MOM and phospholipids membranes (Siskind et al., 2002, 2003,
2006; Stiban et al., 2006) can be best attributed to the environment within the plasma
membrane rather than a structural constraint on channel formation by the analog. The
protein or lipid composition of the plasma membrane or the organization of these
components could somehow suppress the propensity for channel formation by Cq4-
ceramide. One possibility is that the ceramide that inserts into the plasma membrane is
bound to a tetraspanin. Two of these proteins, CD82 and CD9 induce exosome export in a
ceramide-dependent manner (Chairoungdua et al., 2010). Thus the resistance to ceramide-
induced cell lysis might be a consequence of the presence of a ceramide-binding protein
rather than a specific mechanism to prevent ceramide generation in the plasma membrane,
resulting in cell lysis. In any event, the exact molecular mechanism by which the plasma
membrane is able to resist and perhaps actively suppress channel formation merits further
investigation.

gained by ceramide analogs

This same conclusion is reached, in a limited way, when examining the ability of ceramide
and its analogs to influence the activity of cytochrome oxidase. Ceramide and most of its
analogs have no significant effect on the rate of cytochrome c oxidation by mitochondria
whose outer membranes have been damaged by hypotonic shock. However, three analogs
are potent inhibitors of cytochrome oxidase (Table 1). One is ceramine (#4), which has a net
positive charge at physiological pH. The others (#16, 17) have bulkier hydrophobic regions.
The bulkier regions may not pack well resulting in the presence of many structural
conformations. Some of these may fit into the cavities of proteins, influencing their
enzymatic activity. These would have a greater interactome than Cqg-ceramide and thus a
greater propensity for side effects. Thus the selection pressure to retain the structure of
ceramide should be acting to prevent unwanted collateral effects. This might be manifested
as active selection against the evolution of metabolic pathways that generate elaborations on
the ceramide structure at levels and in locations where they would have significant undesired
effects.

Supporting evidence that ceramide analogs can result in unwanted side effects can be found
in the literature. The short chain analogs C, and Cg-ceramide induce the mitochondrial
permeability transition but the Cqg-ceramide does not (DiPaola et al., 2000). Indeed the long
chain ceramides were reported to inhibit the permeability transition in response various
stresses (Novgorodov et al., 2008). Also the short chain ceramides were found to inhibit
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complex 111, though they do not affect complex IV (Gudz et al., 1997). Short chain
ceramides also induce ROS production in isolated mitochondria by directly interacting with
the respiratory chain (Garcia-Ruiz et al., 1997).

The structure of natural ceramides is determined by the cellular enzymes that make up the
sphingolipid metabolic pathway. These enzymes show a high substrate specificity
commensurate with the need to generate only specific products. Ceramide kinase and
ceramidase have been studied extensively (Usta et al., 2001; Wijesinghe et al., 2005). This
specificity, typical of enzymes in general, limits the range of possible molecular forms that
are found in cells. Clearly, this is important when making certain molecules, such as the
constituents of macromolecules such as proteins. Why is this so critical for lipids? Perhaps it
is to limit the number of possible interactions and thus also the number of undesirable
interactions.

There exists a very large molecularly diverse family of lipids structurally related to ceramide
(Pruett et al., 2008). These are generated by a variety of cellular pathways that synthesize a
wide variety of ceramide-like molecules. Each serves specific functions. For instance the
ceramides found in skin are highly insoluble, contributing to the skin's barrier function
(Bouwstra et al., 2006). Some organisms naturally produce analogs of ceramide in which the
sphingoid backbone, the fatty amide chain, and/or the 1-OH or 3-OH group are modified.
For example, fungi and plants produce phytoceramide (#10) and lactariamides (Yue et al.,
2001). Some medicinal plants produce candidamide B (Wu et al., 2009). Diatoms produce
deoxyceramide 1-sulfonic acid (Anderson et al., 1978; Godchaux 3" et al., 1983) and some
bacteria produce capnoids as major components of their envelope membrane (Godchaux 3™
etal., 1980). These examples of unusual forms of ceramide found naturally show that other
forms can be generated by cells, but natural selection has apparently excluded these from
most mammalian cells. The reasons are not known but unwanted side effects are likely to be
at least part of the answer. For example, phytoceramide, found commonly in plants and
fungi, effectively permeabilizes the plasma membrane of erythrocytes (Table 1) and thus
strong selection pressure must exist to either limit its channel-forming function or
concentration when produced in mammalian cells (Chalfant et al., 2003).

Conclusions

The ability of Cg-ceramide to permeabilize the MOM to proteins but not permeabilize the
plasma membrane of erythrocytes depends both on the structure of this ceramide and on the
properties of the membrane. If the biophysical characteristics of the ceramide do not favour
channel formation then channels will not form in either membrane. However, multiple
analogs of ceramide are capable of forming channels but some are inhibited or prevented
from forming channels in the plasma membrane. The strongest inhibitory effect is on the
natural compound, Cqg-ceramide. There must be a specific process in the plasma membrane
that inhibits channel formation by this particular molecule.
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Highlights
- Ceramide selectively permeabilizes the mitochondrial outer membrane
- Ceramide does not permeabilize the erythrocyte plasma membrane

- Relatively small structural changes allow the ceramide analog to permeabilize the
plasma membrane of erythrocytes

- The mirror image molecule of ceramide permeabilizes the erythrocyte plasma
membrane

- An unknown mechanism prevents ceramide generation in the plasma membrane
from forming channels and thus killing the cell
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QH
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O (2S,3R,4E)-C16-ceramide

Figure 1.
The structure of (2S3R,4E)-Cyg-ceramide (#1), the naturally occurring ceramide where

sphingosine is amide-linked to a 16-carbon fatty acid.
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The structures of the analogs examined in this work are shown in detail.
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Figure 3.
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Dose-response curves of the ability of C1g-ceramide and some of the analogs to lyse
erythrocytes. The vehicle control was subtracted from all the results shown.
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Figure 4.
Correlation between the ability of Cqg-ceramide or ceramide analog to permeabilize the

MOM and its ability to lyse erythrocytes. The agents capable to lysing erythrocytes were
plotted with filled symbols. Open symbol were used for the others. The fitted line is solely
for the filled symbols.
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The ability of ceramide and various analogs to permeabilize the outer membrane of isolated rat liver
mitochondria and rat erythrocytes, and inhibit the enzymatic activity of cytochrome oxidase. The first
compound (#1) is the natural stereoisomer.

(#) Name

Type of change

MOM Permeabilization
relative to Cw-ceramidea

Erythrocyte Lysis
(%)a meanzS.D.

Oxidase Inhibition

: -ceramide stereo-chemistr < 0
(1) (2S3R4E) Cyg id hemistry | 1 2 N
(2) (2R,3S4E) Cyg-ceramide 0.1610.04** 18+ 0.1*** No
- i * *%
(3) (2S3S4E) Cqg-ceramide 0.8040.09 3242 No
(4) (2S3R4E) Cyg-ceramine amide linkage N/D 18+ 2*** Yes
(5) (2S3R4E) Cq¢-urea-ceramide 2.29i0.07*** 50+ 2*** No
- - - i *
(6) (2S3R4E) N-methyl-Cqg-ceramide 0.2140.04 <2 No
(7) (2S3R4E) 1-O-methyl-Cyg-ceramide hydroxyl groups 0 O*** <2 No
(8) (2S3R4E) 3-O-methyl-Cyg-ceramide 1.1+0.15 66 + 7** No
*kkk
) (2S3R) Cle-dh-ceramideb double bond 0.0 <2 No
(10) (2S3R4R) C4¢-phytoceramide 2_310.5* o4+ 1*** No
* k%
(11) (2S3R) Cye-4,5-deh-ceramide? 12202 4842 No
- - - i * *kk

(12) (2S3R/4E) C16-(4,5-allene)-ceramide 3.040.26 69+ 1 No

* ) b *kk * % NO
(13) (2S3R 15E) C1¢-dh -ceramide 3.8+0.59 57+5

- 1 1 * k% *kk

(14) (2S3R/4E) Cyg-ceramide acyl chains 6.6+0.26 87+05 No
(15) (2S3R/4E) 13C/Cyg-ceramide 6.110.27*** 13+ 2*** No
(16) (2S3R4E) Cs-NBD-ceramide N/D 134 5*c Yes
(17) (2S3R4E) Cyg.1-ceramide N/D 9+ 3** Yes

N/D: not done.

AL, . .
Statistical significance was determined using the Student's t test and the P values are as follows:

*

<.05

*%

<.01

*%

bdh is dihydro; deh is dehydro/triple bond.

*
<.001; values are given as mean * SE of at least 3 experiments

CThe dose of the analog was 10 times less than for the rest.
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Ceramide metabolites following treatment of erythrocytes with Cqg-ceramide. The percentages reported relate

the amounts of either sphingosine or dihydroceramide to the amount of ceramide.

Sample Cyg-ceramide | Cyg-dihydrocer. | sphingosine | dihydrosphingosine
picomoles
vehicle 0.7 0.9 3.1 29
vehicle 0.0 0.1 2.1 2.6
D-e-Cyg cer | 2206 24.9 (1.1%) 3.9(0.17%) | 1.4
D-e-Cyg cer | 2340 23.3 (1.0%) 5.2(0.22%) | 1.8
L-e-Cyg cer | 2287 2.3 (0.1%) 2.6(0.11%) | 1.4
L-e-Cygcer | 2455 3.0 (0.1%) 2.3(0.09%) | 1.9
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