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Implication of Sphingomyelin/Ceramide Molar Ratio on the Biological
Activity of Sphingomyelinase
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Institute of Biophysics and Nanosystems Research, Austrian Academy of Sciences, Graz, Austria
ABSTRACT Sphingolipid signaling plays an important, yet not fully understood, role in diverse aspects of cellular life.
Sphingomyelinase is a major enzyme in these signaling pathways, catalyzing hydrolysis of sphingomyelin to ceramide and
phosphocholine. To address the related membrane dynamical structural changes and their feedback to enzyme activity, we
have studied the effect of enzymatically generated ceramide in situ on the properties of a well-defined lipid model system.
We found a gel-phase formation that was about four times faster than ceramide generation due to ceramide-sphingomyelin
pairing. The gel-phase formation slowed down when the ceramide molar ratios exceeded those of sphingomyelin and stopped
just at the solubility limit of ceramide, due to unfavorable pairwise interactions of ceramide with itself and with monounsaturated
phosphatidylcholine. A remarkable correlation to in vitro experiments suggests a regulation of sphingomyelinase activity based
on the sphingomyelin/ceramide molar ratio.
INTRODUCTION
Sphingolipids are ubiquitously present in all mammalian

cells and play an important role in the regulation of diverse

cellular functions (1–4). Sphingomyelin (SM) is a major

lipid component of plasma membranes and is considered

to be extensively located in membrane rafts, where it helps

to assemble signaling complexes (5,6). Of particular interest

is the enzymatic degradation of SM by sphingomyelinase

(SMase) to ceramide (Cer) and phosphocholine and the

consequences of this degradation for the lateral heteroge-

neity of membranes. Various cellular processes have been

related to SMase activity, among which, most prominently,

is apoptosis (programmed cell death) (1–3). Apoptosis

follows a characteristic morphological pathway and can be

triggered by diverse stimuli, like death-receptor clustering,

hypoxia, DNA damage with chemotherapeutic agents, or

g–radiation (7). Apoptosis is characterized by several key

phases. In the initiator phase, the cells maintain their

morphology to a large extent. Rapid and transient Cer forma-

tion by SMase activity facilitates death-receptor clustering at

the membrane surface, possibly by the Cer property of stabi-

lizing membrane rafts (8,9). Most recently, we were able to

show that Cer generation might also indirectly affect the

activity of proteins not located in rafts (10). Further, Cer

may act as a second messenger during this stage (2,3). In

the effector phase, plasma membranes lose the asymmetric

lipid distribution, and neutral SMase (nSMase) generates

Cer in the inner leaflet at the plasma membrane. The Cer

formation in this apoptotic phase occurs slowly and continu-

ously (2). Cer levels increase significantly, leading to

membrane blebbing and apoptotic body formation. Finally,

the execution phase of apoptosis is distinguished by contin-
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uous blebbing and vesiculation paired with cholesterol efflux

from the membrane (2). Another characteristic is shrinking

of the nucleus, constriction of apoptotic bodies, and, finally,

the disposal of the cell. Details of apoptosis, however, seem

to depend strongly on the type of apoptotic stimulus, as well

as on the cell type (11,12).

Previous biophysical studies on model membranes of

well-defined lipid composition showed that enzymatic frag-

mentation of SM leads to vesicle aggregation (13) and bleb-

bing (14), very similar to the cellular events observed during

apoptosis. Most recently, complex morphological membrane

changes, involving stable Cer-rich and metastable SM-rich

domains, respectively, have been reported in ternary lipid

mixtures of dioleoyl phosphatidylcholine, SM, and choles-

terol (15). A direct coupling of the timeline of the chemical

modifications at the molecular level to membrane domain

formation is presently missing, however. Further, it is not

entirely clear whether the various labeling techniques

applied in previous studies on SMase activity influence the

observed phase behavior (16–18).

To address these gaps in our understanding, we performed

an in situ, label-free study of the SMase activity profile in

mammalian model membranes composed of an equimolar

mixture of palmitoyl oleoyl phosphatidylcholine (POPC)

and egg-SM. Although cholesterol is a major component

of mammalian membranes and, like SM, is supposed to be

extensively located in membrane rafts (5,6), it was deliber-

ately excluded from this study, because POPC/SM/choles-

terol membranes in a certain cholesterol concentration range

exhibit a macroscopic fluid-fluid phase separation (15) that

complicates time-resolved diffraction data analysis, and

because it is important to understand the system in the

absence of cholesterol. Enzymatic hydrolysis of SM was

induced by the well-characterized nSMase from Bacillus
cereus (19). The chemical and structural changes were
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addressed by a combination of high-performance thin-layer

chromatography (HPTLC) and time-resolved x-ray diffrac-

tion. We observed interdependent kinetics on different

lengthscales, strongly correlated with the SM/Cer molar

ratio. Up to molar ratios of SM/Cer ¼ 1, we found a gel-

phase formation that proceeds four times faster than SM

hydrolysis by SMase. At higher Cer levels, no further

changes of the gel-phase domain size were observed, and

the membrane structural parameters slowly approached an

equilibrium state. Hydrolysis of SM was stopped just before

the solubility limit of Cer was exceeded. Qualitative and

quantitative agreement of our findings with those of cell bio-

logical experiments suggests that the biological activity of

SMase depends strictly on the evolving SM/Cer molar ratio.
METHODS

Materials and sample preparation

POPC, egg-SM, and C16:0 Cer (N-palmitoyl-d-erythro-sphingosine) were

purchased from Avanti Polar Lipids (Birmingham, AL) and used without

further purification. nSMase from Bacillus cereus was obtained from Sigma

Aldrich (St. Louis, MO) as lyophilized powder. All other chemicals (salts,

solvents in pro analysis quality) and polyethylene glycol (PEG, molecular

mass 8000) were from Sigma Aldrich. Purified water (18 MU/cm; UHQ

PS, USF Elga, Wycombe, UK) was used for all liposomal preparations.

Dry lipid films of two different sample types were prepared as described

previously (10). The first sample type was a binary, equimolar mixture of

POPC and SM for the enzymatic reaction. The second sample type was a

dispersion of multilamellar vesicles (MLVs) with a known amount of

C16:0 Cer in a POPC/SM mixture for reference measurements. The lipid

films containing Cer were hydrated in 20 mM Na-phosphate buffer

(130 mM NaCl, pH 7.4), and the films for enzyme reaction experiments in

10 mM HEPES buffer (200 mM NaCl, 2 mM MgCl2, and 10 mM CaCl2,

pH 6.8), using standard procedures yielding a total lipid concentration of

50 mg/ml. The POPC/SM vesicles for the SMase reaction were transformed

into large unilamellar vesicles (LUVs) by 29 extrusion cycles through a

100-nm membrane filter (Nucleopore, Whatman International, Maidstone,

United Kingdom) (see Fig. S1 A in the Supporting Material). Their average

size was 120 nm, with polydispersity index 0.135, as determined by photon

correlation spectroscopy on a Zetasizer 3000 HAS (Malvern Instruments,

Herrenberg, Germany). LUVs were subsequently concentrated to ~70 mg/ml

by centrifugation through a prerinsed centricon centrifugal filter device with

an Ultracel YM-30 membrane (Millipore, Carrigtwohill, Ireland) (nominal

molecular weight limit 30,000, 4500 g, 20 min). Finally, 10 U of nSMase

was dissolved in 70 mL of the same buffer used for the LUV preparation,

but containing, in addition, 2 mM o-phenanthroline to inhibit traces of

contaminant phospholipase C activity of the enzyme (20).
HPTLC

HPTLC was performed on a fully automated system from CAMAG

(Muttenz, Switzerland). HPTLC plates (silica gel 60 F 254) were from

Merck (Darmstadt, Germany), and samples were sprayed automatically

with 150 nL/s. During the experiment, well-defined amounts of the aqueous

reaction batch were transferred into organic stop-solution (CHCl3/MeOH ¼
2/1) and rigorously vortex-mixed for at least 3 min. Plates were developed

with CHCl3/MeOH/H2O/CH3COOH (65/25/4/1 v/v/v/v). Postchromato-

graphic derivatization was performed with CuSO4 (10%) in H3PO4 (4%),

followed by 10 min incubation at 190�C. Peaks were scanned with a wave-

length of 450 nm and quantified by relating peak height and area of the

unknown lipid bands to those of POPC, SM, and C16:0 Cer standards.
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The minimum and maximum lipid amounts detected on the plate were

~0.1 mg and 1 mg, respectively. SM hydrolysis and Cer formation were fitted

to a hyperbolic growth CðtÞ ¼ C0 þ Pt=ðtH þ tÞ, where C0 is the offset, P

the saturation level of the enzymatic turnover, and tH the time where half

of the fragmentation is achieved.

X-ray diffraction

Time-resolved small- and wide-angle x-ray scattering (SWAXS) experi-

ments were performed at the Austrian SAXS beamline at Elettra (Trieste,

Italy). Two linear detectors were used to cover the scattering vectors, q,

from 0.01 Å�1 to 0.6 Å�1 and 0.67 Å�1 to 1.95 Å�1 for SAXS and

WAXS, respectively. Alternatively, a mar300 (Marresearch, Norderstedt,

Germany) image plate detector was used for static experiments. Procedures

for angular calibration, sample holders, and primary data reduction were

described previously (10). Samples containing SMase were prepared by

mixing LUV and enzyme solutions. Reaction batches were rapidly trans-

ferred to the sample holder, and measurements were started ~70 s after mix-

ing. Diffraction patterns of 10-s exposure time were taken every minute. The

exposure time with the image plate detector was set to 60 s. These samples

were equilibrated at 37�C for 10 min before measurement. No signatures of

radiation damage were observed during or after any experiment.

Selected SAXS data were analyzed in terms of a full q-range model

(21,22) by a superposition of positionally correlated and positionally uncor-

related bilayers
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S(q) describes the structure factor due to the positional correlations and F(q)

the form factor due to the modulation of the electron density across the bila-

yers. A modified Callié theory structure factor and a simple Gaussian electron

density profile model were applied, as detailed previously (21,22). pdiff is con-

strained to the interval (0, 1). For 0< pdiff < 1, diffuse scattering, originating

from positionally uncorrelated bilayers due to defects in MLVs and/or unila-

mellar vesicles, is accounted for, as is MLV scattering. Hence, pdiff gives

a lower limit for the fraction of unilamellar vesicles in the lipid dispersion.

High-frequency noise was removed from WAXS data as described previ-

ously (23). A constant background was defined by a linear fit in a narrow

range of the WAXS gel peak and subsequently subtracted from the

WAXS data. Peak parameters were derived from Lorentz fits. In a similar

way, SAXS peaks were analyzed using Lorentzian functions. The full width

at half-maximum of the peaks, Dq, was corrected for the instrumental reso-

lution, dq ¼ 2.2 � 10�3 Å�1, and used to calculate the average domain size

(correlation length) (24), L ¼ 2p=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dq2 � dq2

p
. Finally, the average number

of layers was estimated from the SAXS data, applying Nlayer ¼ LSAXS=d,

where d is the lamellar repeat distance. The average number of positionally

correlated lipids/gel-phase domain was estimated from Nlip ¼ LWAXS=
ffiffiffi
A
p

,

and the lateral area/lipid was calculated from the WAXS peak position by

A ¼ 16p2=ð
ffiffiffi
3
p

q2
WAXSÞ (25).

Static SAXS measurements were also performed on a laboratory-based

SWAXS camera (System 3, Hecus X-ray Systems, Graz, Austria). Samples

were equilibrated for 10 min before measurement. Exposure times were 3000 s.

RESULTS

All experiments were performed at 37�C. In the following,

we present the experimental findings on different hierar-

chical levels.

Changes on the molecular level

Enzymatic hydrolysis of SM was started by adding 30 mL of

the large unilamellar vesicle (LUV) dispersion to 70 mL



FIGURE 2 SAXS patterns of POPC/SM bilayers (i) before and (ii) 15.5 h

after enzyme addition. Solid lines correspond to full q-range fits (21,22).

Control experiments in the absence of SMase did not reveal any detectable
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enzyme solution. This gave a reaction batch with a lipid

concentration of 27.3 mM and an enzyme activity of

100 U/mL (7.3 U/mmol SM). Fig. 1 presents the reaction prog-

ress of SM fragmentation and C16:0 Cer production as deter-

mined by HPTLC. Within the first ~150 min, total Cer levels

increased rapidly, nearly reaching the plateau value of 86 5

5%, as determined by a hyperbolic fit to the SM fragmentation

data. The corresponding time constant was tH¼ 12 min, i.e.,

~43% of the original SM lipids were hydrolyzed after 12 min.

C16:0 Cer levels increased with a similar time constant and

saturated at 65 5 8%. This value agrees well with the amount

of SM fragmentation, as the fraction of C16:0 acyl chains of

egg-SM is 84%, according to data from the supplier. It is

interesting to compare these findings to SM degradation

measurements of a biological system undergoing apoptosis.

We found a remarkable agreement with published results on

human leukemia cells (26), both in terms of kinetics and final

SM levels (Fig. 1). Very similar results were also reported in

fibroblast cells (27,28).

changes to membrane structure. Corresponding WAXS data are shown in

the inset. The patterns are vertically shifted for better graphical presentation.
Dynamic membrane structure effects

Structural changes occurring on the membrane level during

the enzymatic hydrolysis of SM were followed by time-

resolved SWAXS. Before the addition of SMase, SAXS

data showed very broad first- and second-order Bragg reflec-

tions (Fig. 2). This indicates the presence of oligolamellar

vesicles (OLVs) composed of about three positionally corre-

lated bilayers with a lamellar repeat distance of d ¼ 64.6 Å.

This may come as a surprise, because the applied extrusion

technique yielded LUVs with a narrow size distribution

(Fig. S1 A). However, SAXS patterns are very sensitive to

the presence of positionally correlated bilayers, which have

a significantly stronger scattering signal than unilamellar
FIGURE 1 SM hydrolysis (circles) and generation of C16:0 Cer (trian-
gles) by SMase in POPC/SM bilayers as determined by HPTLC. Crosses

show apoptosis data on human leukemia cells from Tepper et al. (26). Lines

show hyperbolic fits.
vesicles (see Eq. 1). Thus, although LUVs are initially the

major population of vesicles, OLVs are much more apparent.

In support of this notion, a full q-range analysis of the

diffraction pattern in terms of Eq. 1 gave pdiff ¼ 0.96 5

0.1 as a lower limit for the fraction of LUVs. During the

enzymatic reaction, the Bragg peaks sharpened considerably

and their width finally corresponded to approximately seven

positionally correlated bilayers and a repeat distance of d ¼
68.7 Å. In addition, we analyzed an equivalent sample by

photon correlation spectroscopy and found an additional

population of vesicles ~700 nm in size (Fig. S1 B), indicating

large aggregates, most likely MLVs, in agreement with the

increase of positional correlations observed by SAXS.

From the full q-range analysis, we further found a cross-

bilayer head-to-head distance of dHH ¼ 40.8 Å before addi-

tion of SMase, indicating a fluid phase, in agreement with

WAXS data (see below) and previous reports (10). The final

SAXS pattern corresponded to a dHH of 45.2 Å, showing the

formation of a gel phase. This is further substantiated by a

comparison to membrane thickness data on POPC/SM/Cer

mixtures under equilibrium conditions (10). There, too, it

was found that Cer leads to macroscopic separation into fluid

(La
c) and gel (Lb

c) phases.

Fig. 3, A and B, shows the corresponding time evolutions

of the lamellar repeat distance, d, and the number of corre-

lated bilayers, Nlayer, respectively, during this transforma-

tion. We found a steep initial increase of d with a slope of

0.1 Å/min. After ~20 min, the slope of d decreased by

roughly three orders of magnitude. At the same time, we

observed a significantly slower increase of Nlayer, which

leveled off after ~170 min.

The changes in lateral packing of the membrane lipids

associated with the changes in bilayer dimensions discussed
Biophysical Journal 99(2) 499–506



FIGURE 3 (A) Evolution of lamellar repeat distance, (B) average number

of positionally correlated layers, (C) lateral area/lipid in the gel phase, and

(D) average number of positionally correlated lipids/gel-phase domain

during the enzyme reaction.
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above are seen in the WAXS patterns (Fig. 2, inset). The

advantage of these data in the case presented here is that

WAXS originates from positional correlations of the hydro-

carbon chains in the plane of the bilayer. Thus, the retrieved

structural information is not affected by the presence of

OLVs. Before enzyme addition, we observed a diffuse chain

correlation peak centered at q ¼ 1.43 Å�1, typical for fluid
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hydrocarbon chains and, as expected from the temperature

of our experiments, well above the melting transition of

the POPC/SM equimolar mixture, Tm ~ 25�C (29). The final

WAXS pattern exhibited a peak at q ¼ 1.51 Å�1, demon-

strating the generation of a Lb
c gel phase with a 2D hexag-

onal packing of the acyl chains and with a lateral area/lipid,

A, of 40.0 Å2, similar to reports from equilibrium studies

with defined Cer concentrations (see, e.g., Pabst et al.

(10)). From the peak width, we further estimate an average

domain size of ~13 nm, corresponding to ~200 in-plane

positionally correlated lipids.

The kinetics of the gel-phase domain formation is pre-

sented in Fig. 3, C and D. WAXS data showed the occur-

rence of a gel phase already at the onset of the experiment,

i.e., 70 s after addition of SMase, where the lateral area/lipid,

A, equaled the final value. However, the peak width indicated

that Nlip was initially ~100 and reached its final value of

~200 after ~20 min. The growth rate was about four times

faster than Cer generation (Fig. 1), but similar to the changes

of d, as observed from SAXS. This demonstrates that the

SAXS results are dominated by the generation of the Lb
c

phase from LUVs and that the initial presence of a few

OLVs is not relevant to the overall reaction kinetics. The

lateral area/gel-phase lipid decreased at a rate similar to the

rate of increase of Nlip and d. A showed a minimum value

of 39.8 Å2 after ~30–40 min and then increased slowly

back to 40 Å2. The increase of the WAXS peak intensities

followed a double-exponential decay to maximum with a

fast and a slow time constant of t1 ~ 6 min and t2 ~ 116 min,

respectively (Fig. S2).

To gain deeper insight into the lamellar swelling that

occurs during the reaction (Fig. 3 A), we studied MLVs of

defined POPC/SM/Cer ratio under equilibrium conditions.

Fig. 4 A shows the SAXS patterns of POPC/SM/Cer ¼ 50/

35/15 MLVs as a fully hydrated dispersion and under

osmotic stress. Osmotic pressure was applied using PEG,

as described in detail previously (10). Four lamellar diffrac-

tion orders were well-resolved for the fully hydrated sample.

The fluid-gel phase coexistence described previously (see,

e.g., (9,10)), with two lamellar lattices of d ¼ 64.2 Å and

d ¼ 54.0 Å, became visible upon application of osmotic

pressure (P ¼ 4.2 atm). The phase with the larger d-value

corresponds to a Lb
c phase, rich in SM and Cer, whereas

the small d-value reflects an La
c phase, rich in POPC (10).

A full structural characterization of the model system pre-

sented here, to be published separately, demonstrates that

the Lb
c phase coexists with an La

c phase at 37�C within

the Cer concentration range used here.

Finally, we compared the d-values of the time-resolved

study to equilibrium mixtures of various Cer concentrations

(Fig. 4 B). In this experiment, SM was gradually replaced by

C16:0 Cer to mimic SM hydrolysis, maintaining POPC/

sphingolipid¼ 1. The d-spacings correspond to the weighted

average of the lamellar repeat of fluid and the gel phases at

each Cer concentration, because values for the coexisting



FIGURE 4 Comparison to equilibrium structural data. (A) SAXS patterns

for POPC/SM/Cer ¼ 50/35/15 without (i) and with (ii) osmotic pressure

P ¼ 4.2 atm. The arrow indicates the asymmetry of the second-order

peak due to the gel-fluid phase coexistence. Numbers 1, 2, 3, etc. refer to

the lamellar diffraction orders of the gel and 10, 20, 30, etc. to those of the fluid

phases. (B) Comparison of d-values obtained during the enzyme reaction

(solid circles) to equilibrium values (open squares) on a common C16:0

Cer concentration scale. (Inset) SAXS pattern at 35 mol % Cer exhibiting

an additional peak (arrow) due to the presence of a pure Cer phase.
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fluid and gel lattices partially overlap at full hydration

(Fig. 4 A). The equilibrium d-values increased roughly line-

arly with Cer content, reflecting the increase of the Lb
c phase

fraction. At 35 mol % C16:0 Cer, we observed an additional

Bragg peak with d ¼ 43.6 Å, which corresponds to a pure

Cer domain (30) (Fig. 4 B, inset). This shows that the solu-

bility limit of Cer in this system is in the concentration range

30–35 mol %. A similar limit has been reported recently in

SM/Cer monolayers (31), indicating that at high concentra-

tions also, Cer interacts primarily with SM and not with

POPC. For comparison with the values obtained during the

enzyme reaction, the experimental time axis was converted

into a Cer concentration axis by applying the fits to the

C16:0 Cer generation data from HPTLC (Fig. 1). Note that
the SM used here is mainly composed of C16:0 acyl chains.

Hence, C16:0 Cer generation will dominate the evolution of

d during SM hydrolysis. The results showed a significant

deviation of d-values during the enzyme reaction from the

linear increase under equilibrium conditions to ~20 mol %

Cer, i.e., for the first ~20 min. At higher Cer concentrations,

the enzymatic reaction essentially follows the equilibrium

d-values. Together with the saturation behavior of SM degra-

dation, this signifies also that the system is essentially in

equilibrium 15.5 h after the addition of SMase.
DISCUSSION

On the basis of our results we are able to link the molecular

events occurring in the course of SMase action to effects on

the macroscopic level. The initiation of the enzyme reaction

is the attachment of the enzyme to the vesicles, where it starts

to hydrolyze the SM lipids of the outer membrane leaflet that

leads to the formation of an Lb gel phase. As these domains

grow in size, transbilayer coupling might occur at some point

(32), leading to the formation of a gel phase in both mono-

layers, which may be further supported by Cer flip-flop

(33). Asymmetric gelification of the outer membrane leaflet

builds up a large mechanical strain due to differences in

lateral area/lipid in the fluid and gel phase. At only 70 s after

the start of the enzyme reaction, we found A ¼ 40 Å2 for the

gel phase, which is ~20–25 Å2 smaller than the area esti-

mated for the POPC/SM mixture in the La phase (34,35).

The spontaneous negative curvature of Cer given by its small

headgroup size (36) imposes additional strain. This results in

an invagination of the membrane, similar to bimetallic strips,

budding, and finally shedding of vesicles in combination

with transient pore formation (1,9,13,14).

We found an induction of the Lb
c phase right at the onset of

the enzyme reaction, and it is of interest that this domain size

grows about four times faster than Cer is generated by SMase

(Fig. 3 C). This can be understood by the ability of SM to

form hydrogen bonds with Cer, which leads to a recruitment

of SM to gel phase domains, as found in equilibrium studies

(10,37). The rapid Lb
c phase formation stops after ~20 min.

The associated bilayer swelling, which proceeds initially at

the same rate as gel-phase formation, also slowed down after

~20 min (Fig. 3 A). This corresponds to a reduction of SM to

46% (Fig. 1) and, hence, to a molar SM/Cer ratio of ~1. Thus,

as long as Cer levels do not exceed those of SM, progression

of the gel phase is faster than Cer generation. The growth

of domain size stops for SM/Cer< 1. This can be rationalized

by 1), the low affinity of POPC/Cer interactions (38), and 2),

the entropic penalty of pairwise Cer interactions, which

leads to segregation of membrane-insoluble Cer crystallites

(Fig. 4 B, inset). Still, the amount of Lb
c phase, but not its

packing density, continues to grow, as shown by the con-

tinued increase of the average d-spacing (Fig. 3 A) and

WAXS peak intensity. This growth is slow enough to follow

equilibrium d-values (Fig. 4 B). However, because Cer levels
Biophysical Journal 99(2) 499–506
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are larger than those of SM (SM/Cer < 1), POPC is increas-

ingly incorporated into the gel domains, in agreement with

previous reports that show the induction of a gel phase in

POPC bilayers by Cer (39,40). This scenario is substantiated

by the recovery of the lateral area/lipid after 40 min (Fig. 3 C),

which is related to the larger lateral size of POPC compared to

SM due to its monounsaturated acyl chain.

In agreement with previous biophysical studies (13,14),

we also found an aggregation of membranes (Fig. 3 B).

However, growth of regularly stacked bilayers proceeded

significantly more slowly than did gel phase formation and

bilayer swelling. This is expected, because the removal of

interstitial water and membrane diffusion processes proceed

on a slower timescale than gel phase formation. Since the

SAXS signal is dominated by the Lb
c phase, the physical

origin of vesicle aggregation during the action of SMase

can be understood as follows. The gel phase macroscopically

separates from the coexisting La
c phase. Gel-phase bilayers

are rigid and exhibit negligible bending undulations, which

are the source of a long-range repulsive force in fluid (soft)

membranes (see, e.g., Pabst et al. (10)). In the absence of

this force, adhesion between gel-phase membranes increases.

In addition, the thicker gel membranes also experience

increased van der Waals attraction. In turn, attractive interac-

tions between macroscopically phase-separated La
c domains

are much weaker. Hence, they may remain positionally

uncorrelated, accounting for the absence of their signature

in the SAXS data (Fig. 2). Comparing these results to those

from previous studies on SMase activity (13,14,41), we

generally find differences in timescales on the order of one

magnitude. For example, aggregation of vesicles (13,14)

was found to proceed on the timescale of seconds, whereas

we observe a growth rate of stacked bilayers of several

minutes. Most likely, this is related to differences in

enzyme/SM ratios and/or composition of lipid model

membranes as the physical state of membranes was demon-

strated to influence SM hydrolysis (42,43).

Finally, we focus on the saturation level of Cer, which is at

~86% and indicates that SM is not fully hydrolyzed,

although SMase has full access to all SM upon entry into

the vesicles. One of the more obvious reasons could be

that the enzyme gets entrapped during the various vesicula-

tion processes, making a fraction of SM inaccessible to

SMase. Another possibility is that the affinity of the SMase

to the lipid surface decreases with an increase of POPC rela-

tive to SM (44). However, it is also remarkable that we did

not observe any pure Cer aggregates. C16:0 Cer aggregates

are readily detectable by SAXS in equilibrium systems

(Fig. 4 B). Clearly, we cannot assume that the system is fully

equilibrated 15.5 h after the start of the enzyme reaction.

However, even if the reaction were to proceed with similar

kinetics for two more months, the additional increase of

Cer would be only 1%. At the same time, it is also important

to realize that our conclusions do not really depend on equi-

librium. Apoptotic cells are disposed by macrophages long
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before thermal equilibrium has been reached. Agreement

of our data on SM degradation with those of cell biological

experiments (Fig. 1) demonstrates similar timescales. On

this timescale, Cer remains dissolved within the membrane.

Hence, catalytic turnover stops just at the solubility limit of

Cer in POPC/SM membranes. We therefore speculate that

there is a mechanical feedback mechanism, realized, for

example, by changes of lateral pressure at the lipid/water

interface, which stops SMase activity, similar to a recent

suggestion for the regulation of lipid biosynthesis in Achole-
plasma laidlawii (45). Indeed, it has been reported that

SMase activity depends on the fluidity of model membranes

(42,43), and we have demonstrated previously that Cer

affects the bending rigidity of both coexisting phases (10).

It is interesting that in different cell biology experiments

(26–28), SM hydrolysis stopped at about the same Cer

concentration. This suggests that a similar feedback system

may be also present in cells, which could be a natural control

mechanism to reduce toxic risks of pure Cer aggregates (46).

The agreement with in vitro studies is even more sur-

prising, considering that our model system did not contain

cholesterol, which is a major component of mammalian

plasma membranes. It has been suggested that cholesterol

competes with ceramide and may dissolve Cer-enriched

gel domains at high concentrations, although it is displaced

from raftlike domains at low concentrations (47,48). More-

over, cholesterol was shown to increase SMase activity at

high concentrations in binary mixtures with SM (49).

However, it has been shown also that morphological changes

induced by SMase differ significantly in lipid mixtures with

an additional unsaturated lipid component (15,50). The

essential difference between POPC/SM bilayers and

POPC/SM/cholesterol membranes is a macroscopic fluid-

fluid phase separation occurring in the latter system before

the addition of SMase (15). Nevertheless, if SMase activity

depends strictly on the SM/Cer molar ratio, such preexisting

lateral structures might even be irrelevant to the overall

enzyme kinetics. At least, this would explain the agreement

to cell biological data. Future studies planned in our labora-

tory will address this issue.
CONCLUSIONS

In summary, we found that the SM/Cer molar ratio strongly

affects membrane structural rearrangement through forma-

tion of gel-phase domains during the action of SMase

(Fig. 5). As long as each Cer has at least one SM partner,

Lb
c phase formation proceeds faster than enzymatic Cer

generation. Gel-phase domains lead to membrane aggrega-

tion because of increased adhesive forces. If Cer levels

exceed those of SM, POPC is increasingly incorporated

into the gel phase until the reaction stops just below the solu-

bility limit of Cer in membranes. Similar kinetics and SM

saturation levels in cell biology studies suggest that the

evolution of apoptosis is influenced to a large extent by



FIGURE 5 Schematic of SMase ac-

tivity as a function of the SM/Cer molar

ratio. Addition of SMase to SM/POPC

vesicles induces a macroscopic phase

separation into SM/Cer-rich gel and

SM/POPC-rich fluid domains. As long

as SM/Cer R 1, each Cer can pair with

at least one SM and the progress of gel-

phase formation is faster than Cer gener-

ation. For SM/Cer < 1, kinetics slow

down, because POPC, which has a lower

affinity to Cer, needs to be incorporated

into the growing gel domains to avoid

precipitation of Cer crystallites. The

reaction stops just at the solubility limit

of Cer within the membrane.
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membrane lipids and their mechanical coupling to SMase

activity.
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Two figures are available at http://www.biophysj.org/biophysj/
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