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Abstract

The effects of ceramide incorporation in supported bilayers prepared from ternary lipid mixtures which have small nanoscale domains have
been examined using atomic force and fluorescence microscopy. Both direct ceramide incorporation in vesicles used to prepare the supported
bilayers and enzymatic hydrolysis of SM by sphingomyelinase were compared for membranes prepared from 5:5:1 DOPC/sphingomyelin/
cholesterol mixtures. Both methods of ceramide incorporation resulted in enlargement of the initial small ordered domains. However, enzymatic
ceramide generation led to a much more pronounced restructuring of the bilayer to give large clusters of domains with adjacent areas of a lower
phase. The individual domains were heterogeneous with two distinct heights, the highest of which is assigned to a ceramide-rich phase which is
hypothesized to occur via ceramide flip-flop to the lower leaflet with formation of a raised domain due to negative membrane curvature. A
combination of AFM and fluorescence showed that the bilayer restructuring starts rapidly after enzyme addition, with formation of large clusters
of domains at sites of high enzyme activity. The clustering of domains is accompanied by redistribution of fluid phase to the periphery of the
domain clusters and there is a continued slow evolution of the bilayer over a period of an hour or more after the enzyme is removed. The relevance
of the observed clustering of small nanoscale domains to the postulated coalescence of raft domains to form large signaling platforms is discussed.
Crown Copyright © 2007 Published by Elsevier B.V. All rights reserved.
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1. Introduction

Membrane compartmentalization into sphingolipid- and
cholesterol-rich lipid rafts has been implicated in a wide range
of biological process including signal transduction, lipid traf-
ficking and viral and bacterial entry [1–5]. Sphingomyelin is the
most abundant sphingolipid and recently the role of ceramide – a
sphingomyelin metabolite – in modulating raft structure and
function has received special attention. Ceramide is a well-
known bio-active lipid involved in various cell signaling path-
Abbreviations: AFM, atomic force microscopy; chol, cholesterol; DOPC,
1,2-dioleoyl-sn-glycero-3-phosphocholine; DPPC, 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine; ESM, egg sphingomyelin; GUV, giant unilamellar vesicles;
PC, phosphatidylcholine; SMase, sphingomyelinase; TIRF, total internal
reflection fluorescence; TR-DHPE, Texas Red® 1,2-dihexadecanoyl-sn-gly-
cero-3-phosphoethanolamine, triethylammonium salt
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ways [6–8]. It is thought to be a second messenger in a variety of
cellular processes such as apoptosis, senescence, bacterial path-
ogenesis and cell cycle arrest. Some studies have suggested that
ceramide acts as a second messenger by binding to specific
intracellular protein targets. However, other studies have
concluded that its function as a signaling molecule is mediated
through its strong impact onmembrane structure, for example by
induction of membrane heterogeneity through formation of
ceramide-rich domains and/or nonlamellar structures and
membrane vesiculation and fusion.

Ceramide can be generated de novo in the cell or through
hydrolysis of sphingomyelin (SM) by signal-activated sphingo-
myelinases (SMase) in membranes [9]. Hydrolysis of raft-
sphingomyelin is thought to drive coalescence of small raft
domains into large platforms, providing sites for oligomerization
of cell-surface receptors as well as internalization of bacteria and
to aid in the inhibition of HIV invasion of cells [8,10]. Indeed, in
cellular systems the activation of SMase has been correlated to
formation of large patches as visualized by raft-markers.
.V. All rights reserved.
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The impact of ceramide on cell membranes can be explained
on the basis of its structure and physical properties [7]. Ceramides
are sphingolipids with a sphingosine base linked via its amino
group to a fatty acid chain and are among the least polar and most
hydrophobic lipids in membranes. They have small polar head-
groups that result in a negative membrane curvature, are exten-
sively hydrogen bonded since the polar head group can act both as
a hydrogen bond acceptor and donor and have high melting
temperatures. These properties explain a number of the effects of
ceramide on model membranes, including their ability to increase
lipid order, form ceramide-rich domains, promote the formation
of non-lamellar structures [11,12] and induce transbilayer flip-
flop [11,13,14]. Another interesting property of ceramide is its
effect on cholesterol (chol)-rich liquid-ordered phases. It has been
hypothesized that ceramide displaces cholesterol from rafts in
model [15–18] and cellular membranes [19] and experiments
using ceramide/chol/phosphatidylcholine (PC) mixtures indicate
that this displacement follows a 1:1 relationship [18].

The complexity of cell membranes has made it important to
study the effect of ceramide on simpler model membranes. For
example, treating PC/SM giant vesicles with SMase led to for-
mation of ceramide patches that coalesced into ceramide-rich
macrodomains and then formed vesicles [20,21]. Ceramide
platform formation has also been observed in fluid phospholipid
vesicles [22] and ceramide-enriched domains have been visu-
alized directly by fluorescence microscopy in SM/ceramide
GUVs [23]. We have recently shown that enzymatic generation
of ceramide in model raft membranes results in large scale
membrane restructuring [24]. Upon ceramide generation in
Fig. 1. DEC 551 bilayers imaged (A) 45 min and (B) 3 h after bilayer formation. Cros
z-scale is indicated in the color bar. The domain size increases and the height differe
14.1 Å in the first 3 h after bilayer formation but remains stable thereafter. Bilayers w
plus Cer content of 45.5%: (C) 1.8%, (D) 4.5% and (C) 9.1% Cer. The domain size i
slightly.
micron-sized SM- and chol-rich rafts, large heterogeneous
domain clusters were observed along with smaller heteroge-
neous domains and areas devoid of domains. This work and
related studies [17,25,26] provide evidence for ceramide-rich
ordered domains that coexist with a mixture of liquid-ordered
and liquid-disordered phases.

Despite the detailed characterization of ceramide-enriched
domains in various model systems, the direct visualization of the
effect of ceramide on small nanoscale ordered domains that are
more relevant to rafts in cellular membranes has yet to be
studied. We have extended our previous study to examine the
direct and enzymatic incorporation of ceramide in DOPC/SM/
chol mixtures that form nanoscale domains— similar in size to
rafts in vivo [27]. We use a combination of atomic force
microscopy (AFM) and total internal reflection fluorescence
(TIRF) imaging to probe themorphology of ceramide containing
bilayers. The utility of AFM for studies of the nanoscale
organization of model raft membranes under physiological
conditions in aqueous solution has been well demonstrated [28–
32]. Fluorescence imaging, on the other hand, provides better
time resolution and allows for repeated imaging of the same area,
unlike AFM where tip contamination often makes this difficult
[33]. We show that direct incorporation of ceramide leads to
enlargement of the small domains formed in DOPC/egg SM/
chol bilayers. Enzymatic ceramide generation, on the other hand,
leads to fast (minutes time scale) membrane re-structuring that
includes increases in size as well as heterogeneity and clustering
of domains. The relevance of these results to ceramide induced
raft coalescence in cell membranes is discussed.
s sections for the lines indicated in images A and B are shown in a and b and the
nce between domain and the surrounding lower phase increases from 10.5 Å to
ith increasing ceramide (Cer) concentration at a constant sphingomyelin (SM)

ncreases with the addition of Cer while the domain height (see Fig. 2) decreases



Fig. 2. Distribution of domain heights in ceramide containing bilayers. The
histograms represent data from more than 2 independent experiments and the
vertical black lines show peaks of the Gaussian fit with values indicated in Å.
For 0% Cer the red and green columns are domain heights for 0–1 h and 1–3 h
old bilayers, respectively. Domain heights decrease upon Cer addition. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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2. Materials and methods

2.1. Materials

DOPC, egg SM (ESM), C16:0 ceramide and cholesterol were obtained from
Avanti Polar Lipids and were used as received. Sphingomyelinases (SMase)
isolated from Bacillus cereus and Staphylococcus aureus were from Sigma-
Aldrich. For SMase activity, 1 U is defined as the amount of enzyme that will
hydrolyze 1.0 μmol of TNPAL-sphingomyelin per min at pH 7.4 at 37 °C. Texas
Red® 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethyl-ammo-
nium salt (TR-DHPE) was from Invitrogen. All aqueous solutions were prepared
with 18.3 MΩ.cm Milli-Q water. SMase buffer: 125 mM NaCl, 10 mM CaCl2,
2 mM MgCl2, 10 mM HEPES, pH 7.4.

2.2. Preparation of small unilamellar vesicles

Small unilamellar vesicleswere prepared as previously described [24]. Briefly,
chloroform solutions of phospholipids and fluorescently labeled lipidsweremixed
in the appropriate ratios and the lipid films obtained after drying the solvent were
hydrated in water and vortexed to obtain multilamellar vesicles. The sample was
then sonicated in a water bath sonicator (30–40 °C) to clarity to form small
unilamellar vesicles with a final lipid concentration of 1 mM. Vesicles were used
immediately for bilayer preparation or stored at 4 °C for up to a week prior to use.

2.3. Bilayer preparation

Vesicle solution (150 μl) and 300 μl CaCl2 (15 mM) were added to freshly
cleaved mica (60–70 μm thickness for fluorescence imaging) clamped in a liquid
cell. After incubation at room temperature for 30 min bilayers were rinsed
extensively with water to remove unattached vesicles before imaging. The
presence of occasional defects allowed us to measure the bilayer thickness,
confirming the presence of a single bilayer. Control experiments in which vesicle
and bilayer preparation was carried out in a nitrogen atmosphere showed that
bilayer morphologies for the ternary and quaternary lipid mixtures were similar
for samples prepared under air and nitrogen. This indicates that lipid oxidation
does not affect the results.

2.4. TIRF imaging

Fluorescence images of bilayers were taken on an Olympus 1X81 total
internal reflection fluorescence (TIRF) microscope equipped with a high
resolution CCD camera (CoolSNAP, Photometrics, US) and a 60x/1.45 NA
Plan Apochromat objective. TR-DHPE was excited at 543 nm and emission
collected at 593 (±20) nm.

For SMase treatment, the bilayers were washed with SMase buffer, and
imaged. The effect of enzyme on the bilayer was followed in time by imaging
the same area during and after addition of buffered enzyme solution at room
temperature. SMase activity was assessed using an Amplex Red SMase assay kit
from Molecular Probes.

2.5. AFM imaging

AFM images were obtained on a PicoSPM atomic force microscope
(Molecular Imaging) in MAC-mode using magnetic coated silicon tips
(MAClever Type II) with spring constants of ∼0.5 N/m and resonance
frequencies between 7 and 35 kHz in aqueous solutions. Either a 30×30 μm2 or
5×5 μm2 scanner was used with a scan rate between 0.7 and 1.3 Hz. All images
shown are flattened raw data. Two or three independently prepared samples were
imaged for each bilayer composition, and several areas were scanned for each
sample. Domain heights were measured as the difference between the condensed
phase domains and the fluid phase and 20 – 40 height estimates were collected
per image. Results of several different experiments for each composition were
used to generate histograms that were fitted with a Gaussian function. The
reported heights are the peak of the Gaussian distribution.

For SMase treatment, the bilayers were imaged in water prior to replacing the
water by buffered enzyme solution, incubated at room temperature for 2–30 min,
rinsed extensively with water and re-imaged. None of the SMase-induced changes
were observed in bilayers incubated with buffer alone, confirming that the mem-
brane restructuring was not an artifact of the change in solution and electrolyte.
3. Results

3.1. Direct incorporation of ceramide in 5:5:1 DOPC/ESM/
chol bilayers

Ternary lipid mixtures comprised of a saturated SM or PC,
cholesterol and an unsaturated PC have been used to mimic the
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behavior of lipid rafts in vesicles and supported membranes [1].
Our previous study of ceramide incorporation in supported lipid
bilayers used a 2:2:1 DOPC/ESM/chol mixture (molar ratios,
DEC 221) which exhibits phase separation to give ESM/chol
rich liquid-ordered domains in a fluid DOPC-rich phase [24].
Similar mixtures show coexisting fluid phases in both giant
vesicles and supported phospholipid bilayers [34–37]. In this
work we used a lower mol fraction of cholesterol which has
been shown to give small ordered nanodomains [34]. The AFM
image in Fig. 1A shows a typical bilayer prepared from a 5:5:1
DOPC/ESM/chol mixture (DEC 551). The bilayer is heteroge-
neous with many small nanodomains ranging in size from tens
of nanometers to a few hundred nanometers, randomly distrib-
uted in a fluid phase, in agreement with literature results [34].
The domain sizes are within the range of estimates for lipid rafts
in cellular membranes [27].

The condensed phase domains were 10.5 Å high (Fig. 1A)
and were irregular in shape with consequently large interfacial
area. The DEC 551 bilayers were dynamic, with the domains
increasing in size and height during the first 1–2 h after
formation (Fig. 1B, size increased from a few tens of nm to a few
hundreds of nm). Beyond 3 h the bilayers were stable when
stored at room temperature in water for up to 24 h, with no
further changes in either height or size of the domains. The
height data is summarized in Fig. 2, 0% Cer. The domain heights
in DEC 551 membranes show a broad distribution at both early
(b1 h) and later (1–3 h) time points with the former showing a
peak at 10.5 Å and the latter at 14.1 Å.

The major component of ESM being C16:0 SM (85%), we
chose C16:0 ceramide for studying the effect of ceramide on the
ordered nanodomains. Increasing amounts of ESM were re-
Fig. 3. DEC 551 bilayers treated with 0.1 U/ml SMase (B. cereus) for 15 min, washed
relative to a control bilayer (similar to Fig. 1B) and the domains clustered into large h
that the domains have two distinct heights. The histogram of domain height distribu
placed with C16:0 ceramide in the DOPC/ESM/chol mixture such
that the total mol% of ESM and ceramide remained constant at
45.5%. The total amount of ceramide was varied between 0 and
9% which is well within a physiologically relevant range
[16,38]. The relatively low fraction of ceramide also avoids
problems associated with obtaining reproducible bilayers by
vesicle fusion for lipid mixtures with relatively large fractions of
a high TM lipid (TM=90 °C for C16:0Cer) [39,40].

Replacement of ESM with ceramide in the DEC 551 mixture
resulted in significant changes in bilayer morphology. Fig. 1
shows the effect of increasing the membrane ceramide con-
tent from 0 to 9.1%. The condensed phase domains become
progressively larger with increasing ceramide content, with
some domains as large as approximately 1 μm in size for the
9.1% ceramide bilayer. At the same time the domains had
smoother edges and consequently lower interfacial area, as
compared to the small interconnected domains observed in the
absence of ceramide. The distribution of domain heights (Fig. 2)
showed a shift to lower heights with increasing ceramide con-
tent, varying from 14.1 Å for 0%Cer to 12.8 Å for 9.1%Cer, and
did not change with time over a period of several hours. The
surface area covered by domains increased slightly on addition
of ceramide from 30±6% for 0% ceramide (an average of
bilayers at various time points) to 36±4% for 9% ceramide.

3.2. In situ ceramide generation in DOPC/ESM/chol 551 with
B. cereus SMase

In cellular rafts ceramide is generated by SMase catalyzed SM
hydrolysis in situ. We have shown earlier that in situ ceramide
generation in model rafts leads to significant membrane
with water and imaged (A) 8 min and (B) 16 min later. The domain size increased
eterogeneous patches. (C) Cross section for the line indicated in image A shows
tion (D) is bimodal with peaks at 10.95 Å and 21.4 Å (vertical black lines).



Fig. 4. DEC 551 bilayer before (A) and during (B, C) treatment with SMase (B. cereus). After imaging area (A), the buffer above the bilayer was replaced by flowing
1 ml of 0.05 U/ml SMase through the cell. The same area was then imaged (B) 1 min, and (C) 7 min later. The white arrows indicate the scan direction. The top part of
image in panel C appears streaky due to tip contamination. The circles show areas of lower phase from which the domains have disappeared and many of which contain
membrane defects.
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restructuring which is not observed in bilayers prepared with pre-
mixed ceramide [24]. Therefore, it is important to study the effect
of SMase-generated ceramide in raft bilayers for comparison
with the effect of premixed ceramide in similar membranes.

DEC 551 bilayers were imaged after SMase treatment for
comparison with the premixed ceramide/DEC mixtures de-
scribed above. Freshly prepared bilayers were imaged first, then
incubated with a buffered SMase solution for 2–15 min and
washed extensively with water and re-imaged. Typical images
for a DEC 551 bilayer after incubation with 0.1 U/ml of SMase
for 15 min are shown in Fig. 3A, B. Comparison with images for
Fig. 5. DEC 551 bilayer treated with 1 U/ml SMase (S. aureus) for 15 min, washed w
later. (D) Cross section for the line indicated in image B and (E) height distribution f
control and the domains clustered into large heterogeneous patches. Heterogeneous
the untreated bilayer shown in Fig. 1A, B indicates that SMase
treatment leads to a strikingly restructured bilayer. Enzymat-
ic generation of ceramide leads to several distinct features:
(a) Individual domains are enlarged; whereas the domains in the
untreated bilayer varied from tens to a few hundred nm in size
(Fig. 1A, B), the SMase treated bilayers had domain sizes
ranging from several hundred nm to a couple of μm (Fig. 3). (b)
Large heterogeneous domain clusters could be distinguished in
most areas. The heterogeneity is clearly visible in some of the
clusters in Fig. 3A, Cwhere an intermediate phase∼11 Å high is
surrounded by a phase that is ∼20 Å high (Fig. 3D). Some
ith water and imaged (A) 29 min, and another area (B) 69 min and, (C) 76 min
or domains in SMase treated bilayers. The domain size increased relative to the
domains were 12.3 Å high with 19.8 Å high subdomains.
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clustered domains retain small areas of the lower phase. (c) The
SMase treated bilayer showed a non-random arrangement of
domains with clusters of domains around the periphery of
roughly circular areas of a lower phase that had occasional
bilayer defects (Fig. 3B). This is in contrast to untreated bilayers
which always showed a random distribution of nanodomains in
the fluid phase. (d) The total area covered by the domains is
slightly lower after enzyme treatment (26.6% for multiple
images of the bilayer shown in Fig. 3).

It was possible to capture bilayer changes in the early stages
of the enzyme reaction by imaging bilayers without washing out
excess enzyme. In situ imaging was only carried out at low
enzyme concentrations (b0.1 units/ml) due to problems asso-
ciated with tip contamination at high SMase concentrations.
The images in Fig. 4 show the evolution of the bilayer mor-
phology in the early stages of SMase-induced bilayer changes
after 1 ml of 0.05 U/ml was slowly flowed into the sample cell.
Dilution of the enzyme solution by buffer in the AFM cell will
give a final concentration of less than 0.05 U/ml SMase which is
lower than the enzyme concentration used in Fig. 3. The effects
of ceramide generation were evident even at the earliest time
point imaged after enzyme injection (Fig. 4B). The domains
were significantly enlarged compared to the control (Fig. 4A,
note change in scale from Fig. 1). The circled areas in Fig. 4B
and C mark regions of the bilayer where domains have been
replaced by holes and/or a uniform lower phase. The bilayer in
this case does not exhibit the same degree of membrane re-
Fig. 6. (A) DEC 551 bilayer imaged after scanning a 2×2 μm2 area at high force in co
with few remaining domains rather than a bilayer defect. (B and C) SMase treated 551
(B) shows an area of lower phase in which a 0.5×0.5 μm2 region was scanned at high
the cross section (E) for the line across the hole in image C indicates a bilayer thick
structuring as in Fig. 3 presumably due to the lower SMase
concentration. At longer time-scales (N1 h) the bilayer became
progressively more unstable due to formation of large defects
and ultimately only bilayer patches were observed (data not
shown).

3.3. In situ ceramide generation in DOPC/ESM/chol 551 with
S. aureus SMase

The results described in the previous section were obtained
with a bacterial SMase purified from B. cereus. Since some
batches of this enzyme may contain a minor phospholipase
contaminant [41], we also used enzyme from a different bacterial
source, S. aureus, to confirm that our observations of SMase-
induced changes in 551 bilayers are due only to ceramide
generation. Both bacterial SMases have been used extensively to
study the effect of ceramide on model membranes, although to
the best of our knowledge this study and our previous work [24]
are the only studies that report a direct comparison of the two
enzymes.

DEC 551 bilayers were treated with SMase as outlined above
and imaged after washing. Typical images for a DEC 551 bilayer
after treatment with 1 U/ml SMase are shown in Fig. 5A–C. The
results parallel those obtained when ceramide is generated with
B. cereus SMase. Individual domains were larger, ranging in size
from several hundred nm to a couple of μm (Fig. 5A, B) and
large heterogeneous domain clusters exhibiting phases with
ntact-mode; cross section (D) for the line indicated in image A shows fluid phase
bilayer (same experimental conditions as in Fig. 5). The upper left part of image
force in contact mode. Re-imaging this area (C) clearly shows the hole generated;
ness of ∼40 Å.
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average thickness of 12.3 Å and 19.8 Å were observed. The
bilayer also showed a non-random arrangement of domains
clustered around the periphery of large irregularly shaped areas
of a lower phase with relatively few bilayer defects (Fig. 5A, C).
Some areas of lower phase had clustered domains in the centre
(circled area in Fig. 5A). The total area covered by the domains is
slightly higher after enzyme treatment (34.5±6.5% for multiple
images of the bilayers shown in Figs. 5 and 6). This is in contrast
to results obtained with B. cereus SMase which showed an ap-
parent decrease in domain surface coverage; however, the more
frequent defects obtained for this enzyme may contribute to the
apparent decrease in the surface area covered by the domains.

The above noted bilayer changes for S. aureus SMase were
observed only at high enzyme concentrations (≥1 U/ml). At
lower concentration (0.1 U/ml, Supplementary material) SMase
induced less clustering and membrane reorganization, and more
defects — both large and small. Comparison of the ceramide
yield for the two enzymes for detergent solubilized sphingo-
myelin showed a slightly higher activity for B cereus, but by
less than a factor of 2. However, the relative activities of the two
enzymes may be different with respect to a supported bilayer.
Fig. 7. Following SMase (S. aureus) mediated bilayer changes in real time with TIRFm
at various times after (B–H) injection of 1 U/ml SMase. (I) Areas of “domains” 1–5 (
inset shows initial slopes of the curves. The graphs show that the dark patches expa
To examine the fluidity of the large areas of lower phase that
are observed after enzyme treatment, we attempted to scratch a
hole by scanning a small area (500 nm×500 nm) at high force in
contact mode. The results of this experiment for bilayers before
and after treatment with enzyme are illustrated in Fig. 6. Fig. 6A
for an untreated bilayer shows a small square of lower phase with
very few domains in the centre of the image, indicating that
lipids displaced by the probe are rapidly replaced by lipids in the
liquid-disordered phase (DOPC). Fig. 6B shows a SMase-
treated bilayer with a large patch of lower phase in its upper left
hand corner; the same area is imaged again after scanning at high
force and shows a large hole (∼4 nm deep, Fig. 6C, E) in the
bilayer. This indicates that the lower phase is less fluid than the
original DOPC-rich phase prior to enzyme treatment, consistent
with formation of a more ordered phase by redistribution of
lipids in response to ceramide generation. Ceramide-induced
bilayer restructuring may involve displacement of cholesterol
into the DOPC-rich phase to give a liquid-ordered phase in
which holes in the bilayer are stable on the AFM timescale. Such
stable holes however, could not be produced in all areas,
suggesting heterogeneity in this phase as well. This presumably
icroscopy. A DEC 551 bilayer with 0.5% TR-DHPEwas imaged before (A) and
outlined in panel F) were plotted as a function of time after enzyme injection; the
nd rapidly during the first 0–4 min and then reach a plateau at later times.



Fig. 8. The bilayer in Fig. 7 was washed 15 min after enzyme injection and a
different area was imaged 1 (A) and 50 min (B) after washing. The graph in
(C) shows slow expansion of “domains” 1–4 outlined in (A).
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reflects the low overall fraction of cholesterol in the bilayer and
the heterogeneity in the enzymatic generation of ceramide.

3.4. Following the time-course of SMase-induced membrane
changes with TIRF microscopy

Fluorescence experiments were employed to provide a more
detailed picture of the time evolution of the ceramide-induced
bilayer restructuring. DEC 551 bilayers were prepared with
0.5% TR-DHPE and imaged in TIRF mode. The headgroup
labeled fluorescent lipid is known to partition into the fluid-
phase giving rise to “dark” domains in fluorescence images [42].
The TIRF image for an untreated DEC 551 bilayer in Fig. 7A
shows uniform fluorescence throughout the bilayer. As ex-
pected, the small, closely spaced domains observed by AFM are
not resolvable with the diffraction limited resolution of the TIRF
microscope.

The time course of enzyme-induced changes in the bilayer
was followed by imaging the bilayer at regular intervals after
injection of enzyme (S. aureus). Fig. 7 shows a typical series of
fluorescence images obtained for a bilayer to which 1 U/ml
SMase was added. Selected time-points are shown in Fig. 7B–H.
Changes in the bilayer are evident as early as 1.5 min after
SMase addition — a small dark patch forms at the lower right
corner of the image and appears enlarged in the next image. In
3 min (Fig. 7D) several more of these dark patches can be
observed and they expand rapidly in the next 2–3 min. At 4 min
bright circular areas around some of the dark patches are
observed and they are well developed by 6 min (Fig. 7F). At the
end of 15 min (Fig. 7H) the SMase-treated bilayer exhibits
the following main features: (i) micron-sized dark patches,
(ii) bright circular areas around some of the dark patches, and
(iii) areas of intermediate fluorescence. The sizes and numbers of
the various features vary considerably throughout the sample,
presumably reflecting the random nature of the initial enzyme
interaction with the bilayer.

A quantitative analysis of the rate of expansion of the dark
patches was performed over a time interval of 15 min after
enzyme injection. Fig. 7I shows the result of a typical kinetic
analysis for the features outlined in Fig. 7F where the area of
individual patches has been plotted as a function of time after
SMase addition. The patches expand rapidly in the first 0–4 min
after their appearance and level off thereafter. Most of these
expanding patches are between 1 and 5 μm in size (areas 2–5 in
Fig. 7F) but a significant number (1–2 in each 50 μm image) of
much larger dark patches (7–15 μm, feature 1 in Fig. 7F) were
also observed in each area imaged. Individual patches expand at
different rates as can be seen from the initial slopes shown as an
inset in Fig. 7I. This suggests that each dark patch reflects the
activity of a different number of enzyme molecules. Further,
there is a lag time between enzyme injection and the appearance
of dark areas that is different for each patch.

For comparison with the AFM experiments, the bilayer
imaged in Fig. 7 was washed extensively with water ∼16 min
after enzyme addition and then reimaged. Fig. 8A, B show
images recorded immediately and 50 min after washing. Over
this time period the dark patches continued to enlarge and the
areas of intermediate fluorescence becamemore clearly resolved
as dark micron-sized interconnected domains interspersed with a
fluorescent phase. The slow increase in domain size over time is
illustrated in Fig. 8C where the area of the features numbered in
Fig. 8A was plotted as a function of time after washing off the
enzyme. The slow change in the bilayer after removal of the
enzyme is attributed to continued redistribution of lipids in
response to ceramide generation.

Comparison of the TIRF and AFM data suggests that the dark
patches with surrounding bright rings of fluorescence observed
via TIRF correspond to the clustered domains detected by AFM.
For example, the feature highlighted in Fig. 5A shows a small
cluster of domains enclosed in a circular area of a uniform fluid
phase. Ceramide generation and concomitant cholesterol ex-
pulsion into the surrounding DOPC and TR-rich phase will lead
to dye expulsion from the domain cluster giving rise to the large
“dark” domains. An alternate possibility is that some of the dark
patches correspond to defects, but we think this is unlikely for S.
aureus SMase for which relatively few and quite small defects
are observed in AFM images (see Fig. 5). The occasional
considerably larger dark patches in TIRF images may corre-
spond to large areas of clustered domains, as for example in the
area marked in Fig. 5A. The frequent large areas of intermediate
fluorescence intensity in the TIRF images are assigned to
regions where there are enlarged and clustered domains that
retain significant levels of fluid phase and entrapped dye.

4. Discussion

Ceramide incorporation leads to enlargement of nanoscale
ordered domains in DEC 551 bilayers, irrespective of its mode
of addition. Enzymatic ceramide generation also leads to a
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large-scale membrane reorganization that can be detected in the
first few minutes of enzyme activity and involves changes in
distribution and aggregation of domains in the membrane, as
well as increased heterogeneity of individual domains. Overall,
the results highlight the diverse effects of ceramide in ternary
lipid mixtures and provide data of relevance to the frequently
postulated coalescence of raft domains in cellular membranes.

4.1. Direct ceramide incorporation modifies domain morphology

The DEC 551 mixture formed heterogeneous bilayers with
small domains that increased in height and size during the first
1–2 h after formation. The final stable bilayer had domains that
were ∼14 Å higher than the fluid phase, slightly larger than the
∼11 Å height difference measured previously for domains in
DEC 221 bilayers [24]. The variations in domain thickness and
size as a function of cholesterol content are consistent with a
previous AFM study of DOPC/SM/chol bilayers [43]. X-ray
diffraction studies for SM/chol bilayers have also found that
cholesterol reduces the membrane thickness, presumably by
disrupting the packing of SM lipid chains [44]. No changes in
domain morphology with time were observed in our previous
study of DEC 221 bilayers. However, bilayers prepared from
several phase separated binary lipid mixtures have been shown
to undergo considerable equilibration of domain size, thickness
and coupling, depending on their thermal history [45–47].
Moreover, a recent study by Longo and coworkers has dem-
onstrated that the addition of cholesterol decreases the time
required to obtain an equilibrium domain morphology [47].
Based on this observation, one would predict that the relatively
low cholesterol content (9%) in DEC 551 bilayers would in-
crease the time required to achieve an equilibrium bilayer
morphology. The changes observed during the first 2 h after
bilayer preparation are thus attributable to membrane domain
equilibration. The domain enlargement is accompanied by a
slight height increase that may reflect more tightly packed
domains. The smaller domains are more likely to be compressed
by the AFM tip, which may also contribute to a lower apparent
height. We see no evidence for domain asymmetry, indicating
that domains are coupled through both leaflets as is typical in
ternary lipid mixtures.

Direct ceramide incorporation in the vesicles used to prepare
supported bilayers leads to significant changes in the bilayer
morphology. The domains are substantially larger with more
uniform, rounded shapes, the height difference between the
domains and surrounding fluid phase decreases and the surface
area covered by the domains increases slightly. It is interesting
to note that these effects are qualitatively similar to those
observed when increasing amounts of cholesterol are added to
SM/DOPC mixtures [34], although it takes considerably less
ceramide than cholesterol to achieve a comparable change in
domain morphology. The increased surface area covered by
domains after ceramide incorporation suggests that SM is
recruited from the fluid phase; the recruitment of SM more than
compensates for the condensing effect expected upon replace-
ment of SM with ceramide or for any loss of cholesterol from
the domains [16].
The similarity between the effects of adding ceramide and
cholesterol has been noted in two other recent studies. First, a
detailed investigation by Prieto demonstrated that ceramide
strongly modifies the membrane properties of POPC/SM/chol
vesicles at low cholesterol mol fraction; remarkably, 2%
ceramide had a similar ordering effect to 25% cholesterol in
POPC/SM mixtures [26]. This work also concluded that
ceramide recruits SM from the liquid-disordered to the gel
phase [26] with one ceramide being capable of recruiting 2–3
SM molecules. A second study has concluded that asymmetric
ceramides may act in a similar way to cholesterol, making gel
phases more fluid and fluid phases more gel-like [48].

The effects of ceramide addition to DEC 551 bilayers differ in
two respects from earlier observations for DOPC/SM/chol
mixtures with a larger cholesterol mol fraction (20 and 33%
[17,24]). First, samples with 2–9% ceramide provide no
evidence for the ceramide-enriched islands that are formed
within the ordered domains when 10% ceramide is added to
DEC 221 bilayers [24]. We hypothesize that this is due to the
higher SM/ceramide ratio in the present study (5:1 for 9%
ceramide vs. 3:1 for 10% in DEC 221). Second, neither of the
previous AFM studies of ceramide addition to SM/chol/DOPC
mixtures with large (micron-sized) domains reported enlarge-
ment of individual domains. Similarly Prieto found no evidence
for changes in raft size when ceramide was added to POPC/SM/
chol mixtures, at least at low ceramide concentrations [26]. We
attribute the significant effects of ceramide on domain size for
DEC 551 bilayers to the lower mol fraction of cholesterol which
gives gel phase rather than liquid-ordered domains [49]. Thus, it
is clear that the behavior of ceramide is complex and varies
significantly with lipid composition.

4.2. SMase promotes enlargement and clustering of nanodomains

Enzymatic generation of ceramide leads to a remarkable
restructuring of DEC 551 bilayers that is quite distinct from the
effects of direct ceramide incorporation, in agreement with pre-
vious results for DEC 221 bilayers. The restructured bilayer
shows two distinct features by AFM, clusters of larger hetero-
geneous domains with two distinct phases and adjacent areas of a
uniform lower phase that is devoid of domains. A detailed com-
parison of AFM, fluorescence and effects of enzyme concen-
tration and exposure time allow us to draw several conclusions
concerning this membrane reorganization.

Enzymatic generation of ceramide consistently yields an
increase in the size of individual domains that occurs rapidly on
the AFM timescale. Individual domains have two distinct heights
(11–12 and ∼20 Å above the surrounding lower phase), and are
usually clustered together with occasional small areas of
entrapped lower phase. The highest phase of the clustered do-
mains can reasonably be assigned to a new ceramide-rich phase.
Several studies have reported the direct AFM visualization of
three coexisting phases when ceramide is generated enzymati-
cally in bilayers of ternary lipid mixtures. [17,24,25]; similarly,
three coexisting phases have been observed when ceramide is
premixed with ternary lipid mixtures [17,24,26]. These findings
corroborate earlier work that documented phase separation to



Fig. 9. Model to explain the formation of higher domains upon enzymatic
generation of ceramide. The initial bilayer (A) has coexisting disordered
(DOPC-rich) and ordered (SM and chol-rich) phases. (B) Ceramide generated
by enzymatic hydrolysis of SM in the upper leaflet results in bilayer
asymmetry. This leads to lipid exchange between leaflets and to displacement
of cholesterol from the ordered domains (C). Ceramide in the lower leaflet
leads to a negative membrane curvature that produces the higher subdomains
observed by AFM.
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give ceramide-rich domains or platforms in lipid monolayers and
vesicles with fewer lipid components [20,21,23,50–54].

Our earlier study of enzymatic ceramide generation in DEC
221 membranes demonstrated that the new ceramide-rich phase
was localized at the edges of the model raft domains [17,24],
consistent with enzyme activity at the interface between the
liquid-ordered and liquid-disordered phases. The new higher
phase is present in larger amount and is more heterogeneously
distributed in DEC 551 bilayers. We attribute this to the fact that
the large perimeter of the small initial domains facilitates con-
version of a greater fraction of the SM to ceramide. Consistent
with this, we find that N60% of the initial SM is hydrolysed
upon B cereus SMase treatment of DEC 551 bilayers, compared
to 20–40% SM hydrolysis in DEC 221 bilayers under similar
conditions [24]. The high local concentration of ceramide will
contribute to the differences observed upon enzymatic treatment
of bilayers with varying amounts of cholesterol as well as to the
difference between direct and enzymatic ceramide incorpora-
tion. When ceramide is premixed in vesicles used to prepare
supported bilayers, there is ample time to achieve an equilib-
rium distribution of components, yielding a more homogeneous
membrane. By contrast, in enzyme-treated bilayers ceramide is
heterogeneously distributed laterally within the domains and is
also asymmetrically distributed between the two leaflets of
the same domain. Ceramide flip-flop between leaflets as well
as lateral redistribution of lipids may both contribute to the
changes in bilayer morphology that occur over timescales from
minutes to hours following enzyme generation of ceramide.

The islands of a new higher phase produced by ceramide
incorporation have been assigned to a ceramide-enriched gel
phase that probably also contains SM in two previous studies
[17,24]. Although this is consistent with trends in both direct
and enzymatic incorporation of ceramide, the height difference
is larger than predicted for either a SM or ceramide gel phase.
We propose that the surface asymmetry created by replacing SM
with a lipid having a smaller head group promotes ceramide
flip-flop to the lower leaflet and that the higher regions of the
bilayer are due to ceramide-enriched regions in the lower leaflet
that are slightly raised from the surface by virtue of the negative
membrane curvature induced by ceramide. The cartoon in Fig. 9
illustrates this hypothesis. A number of studies have documen-
ted ceramide flip-flop between membrane leaflets in vesicles
and cell membranes [7,11,13,14]; estimates for the half-life for
ceramide flip-flop range from 22 min to less than 1 min at 37 C
[13,55]. It has been suggested that rapid flip-flop is caused by a
combination of the transient formation of non-lamellar struc-
tures and the tendency to minimize lateral tension in each
membrane leaflet [7]. In the case of supported bilayers, rapid
lipid exchange between leaflets may also be facilitated by the
formation of short-lived bilayer defects induced by enzyme
activity, consistent with defects observed by AFM in this work
and related studies [24,25]. The small elevated features ob-
served by AFM for Langmuir–Blodgett bilayers with anionic
lipid initially only in the upper leaflet have similarly been at-
tributed to lipid exchange at defect sites, coupled with electro-
static repulsion between anionic lipids in the lower leaflet and
the mica surface [56]. Reversible formation of three-dimen-
sional raised structures by modulation of ionic strength for
bilayers containing phosphatidic acid has also been reported
recently [57]. Moreover, ceramide flip-flop and negative mem-
brane curvature have been postulated to explain the effects of
SMase on vesicle membranes [20,25]. This further supports our
hypothesis that the negative curvature of ceramide leads to
anomalously high ceramide rich domains observed in SMase
treated bilayers.

Our data provide strong evidence that the large areas of
lower phase produced by enzyme treatment are more ordered
than the original DOPC-rich liquid-disordered phase. This is
illustrated by the fact that stable bilayer defects can be created in
some areas of the lower phase after SMase exposure, whereas
the lower fluid phase is too mobile to maintain defects in
untreated DEC 551 bilayers. Expulsion of cholesterol from the
domains into the lower DOPC-rich phase for SMase treated
membranes [16] may explain the increased order for some areas
of the lower phase. Not all areas of the lower phase were
sufficiently ordered to allow formation of a stable bilayer hole,
suggesting considerable heterogeneity in the distribution of
cholesterol within the fluid phase and consistent with the rela-
tively low mol fraction of cholesterol in DEC 551 bilayers.

Comparison of TIRF andAFM images indicates that the large
domain clusters observed by AFM appear as dark patches in
fluorescence mode. Some of these are encircled by brightly
fluorescent rings of a fluid phase that incorporates dye. Other
areas of the TIRF images have an intermediate fluorescence
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intensity that is attributed to a combination of individual do-
mains with small regions of entrapped fluid phase. Based on the
combined AFM and TIRF data, we hypothesize that the large
clusters of domains form at sites of relatively high enzyme
activity. Small individual domains enlarge and become hetero-
geneous with ceramide-rich and SM-rich regions and some
cholesterol may be displaced to the surrounding fluid phase.
Coalescence or clustering of domains with concomitant
redistribution of fluid phase to the periphery of the domain
clusters occurs relatively rapidly over a timescale of a few
minutes, although there is a slower membrane evolution that
continues over a longer time period. The amount of membrane
restructuring is less when the enzyme concentration is reduced
by ten-fold. However, the bilayer morphology is even more
heterogeneous from area to area and sample to sample, making it
difficult to draw quantitative conclusions.

AFM images at low enzyme concentration show that the first
detectable changes occur rapidly, within approximately 1 min
after enzyme addition. Fluorescence imaging allows one to
monitor the time evolution of the bilayer over a wider range of
timescales, although at substantially lower spatial resolution.
The large dark patches assigned to clustered domains grow in
during the first 5 min of enzyme exposure. This is followed by a
slower change in the next 60–80 min that does not require
enzyme activity. The large dark patches vary in size and grow at
different rates, consistent with activity of different numbers of
enzymes in individual areas of the membrane. This explains
the considerable variability observed between different areas
of the enzyme treated bilayers (see for example Figs. 2–5). A
combination of surface pressure changes and the growth of dark
ceramide-rich domains that exclude dye has been employed for a
detailed kinetic analysis of SMase activity in SM monolayers
[51,58]. The authors conclude that diffusion-limited partitioning
of SMase to the interface is followed by a lag time due to slow
enzyme activation at the monolayer surface, during which the
number of dark domains increases. This is followed by a phase in
which SM to ceramide conversion occurs rapidly with individual
domains increasing in size in an approximately linear manner
and the kinetics reaching a transient steady state rate. The rate of
SM hydrolysis then levels off as ceramide enrichment limits
substrate availability. The kinetic data from the TIRF ex-
periments fit this model reasonably well, with the added feature
of a continued slow evolution of the bilayer following enzyme
inactivation.

4.3. Summary and biological implications

We have shown that ceramide addition promotes significant
changes in domain morphology and membrane organization
for supported bilayers with small nanometer-sized ordered
domains. There are significant differences between direct
incorporation and enzymatic generation of ceramide, with the
latter having a more pronounced impact on membrane
organization. Undoubtedly, the most striking observation is
the enlargement and clustering or coalescence of individual
nanodomains following enzyme treatment of the bilayer. A
number of studies have hypothesized that ceramide can
promote the formation of large signaling platforms, and a
few have provided direct evidence for large ceramide-rich
domains [8,10]. However, to the best of our knowledge, the
results described here provide the first direct visualization of
ceramide-induced coalescence or clustering of small nanome-
ter-sized domains to give large ordered domains. Although it is
tempting to equate this to the postulated conversion of small
rafts to large signaling platforms, several caveats should be
kept in mind. First, the small nanosized domains for the DEC
551 mixture are still in the solid phase due to the relatively low
cholesterol concentration. Second, the amount of ceramide
generated is relatively high; although enzyme activity at
membrane surfaces will generate a high local concentration of
ceramide, the present system may still be far from physiolog-
ical conditions. Despite these limitations, it is particularly
interesting to note the variation in membrane restructuring
exhibited by the two DOPC/SM/chol mixtures that we have
examined. Thus, in more complex cellular membranes
ceramide generation is anticipated to have diverse con-
sequences that are extremely sensitive to the level of enzyme
activity and initial lipid composition.

As noted above, the direct incorporation of ceramide gives
different results to those induced by SMase, although enlarge-
ment of individual domains is still observed. Interestingly, the
changes in domain morphology are analogous to those induced
by chol, highlighting the fact that ceramide can modulate lipid
ordering and/or induce gel phase domain formation, depending
on membrane composition. While differences between direct
and enzymatic ceramide incorporation have been documented in
several studies [51,52,59], we have now demonstrated that these
conclusions apply to more complex lipid mixtures that better
model cell membranes. Despite the valuable biophysical data
available from mixtures with an equilibrium distribution of
lipids, it is crucial to consider the added complexity derived from
the generation of high local concentrations of ceramide by en-
zyme activity.

Finally, the present work plus recent studies of phase
diagrams for ceramide containing mixtures [23,26] clearly
illustrate the complexity of effects of ceramide on ternary
lipid mixtures that are used to model membrane rafts. It
would be advantageous to correlate AFM and fluorescence
imaging of the effects of enzyme treatment for membranes
where the initial ordered domains are in a liquid-ordered
phase but are nanometer in size. Based on the limited data
available for two lipid mixtures, we anticipate a pronounced
dependence of membrane reorganization on the size of the
initial domains and their cholesterol content, as recently
concluded by Prieto for a similar ternary lipid mixture using
different techniques [26]. Combining the nanoscale spatial
resolution of AFM with fluorescence imaging will be
especially useful in understanding the diverse effects of
ceramide in supported bilayers.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.bbamem.2007.09.021.
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