Cell Biochem Biophys (2007) 47:169–177
DOI 10.1007/s12013-007-0001-1

ORIGINAL PAPER

The initial surface composition and topography modulate
sphingomyelinase-driven sphingomyelin to ceramide
conversion in lipid monolayers
Luisina De Tullio Æ Bruno Maggio Æ Steffen Hartel Æ
Jorge Jara Æ Maria Laura Fanani

Published online: 19 April 2007
 Humana Press Inc. 2007

Abstract Changes of the initial composition and
topography of mixed monolayers of Sphingomyelin and
Ceramide modulate the degradation of Sphingomyelin by
Bacillus cereus Sphingomyelinase. The presence of initial
lateral phase boundary due to coexisting condensed and
expanded phase domains favors the precatalytic steps of
the reaction. The amount and quality of the domain lateral
interface, defined by the type of boundary undulation,
appears as a modulatory supramolecular code which regulates the catalytic efficiency of the enzyme. The long
range domain lattice structuring is determined by the
Sphingomyelinase activity.
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Abbreviations
SMase Sphingomyelinase
Cer
Ceramide
SM
Sphingomyelin
Pm
Palmitic Acid
dlPC
Dilauroylphosphatidylcholine
DiIC12 1,1’didodecyl-3,3,3¢,3¢–
tetramethylindocarbocyanine
LE
liquid expanded phase
LC
liquid condensed phase

Introduction
Sphingomyelinases (SMase; EC 3.1.4.12) are a group of
enzymes that degrade sphingomyelin (SM) to waterinsoluble ceramide (Cer) and water-soluble phosphocholine (phosphoryl-trimethyl-ethanolamine). They are widely
distributed from bacteria to primates and are classified by
their optimal pH, cation requirement and cellular localization [1]. Particularly, Bacillus cereus SMase is one of a
group of bacterial neutral SMases, Mg2+-dependent [2],
which are extra-cellular toxins and exhibit potent hemolytic activity against SM-rich erythrocytes in mammals [1,
3]. It has been suggested that Cer participates in eukaryotic
stress response involved in cell differentiation and apoptosis [4, 5]; in model membranes, this lipid induces marked
biophysical alterations favoring phase structures of high
curvature and formation of phase-segregated domains
[6–8]. Recently, enzymaticaly generated Cer-enriched
domains were shown to favor apolipoprotein E binding,
linking phase segregation events to aterogenesis [9]. To
perform their catalytic activity phospholipases such as
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Phospholipase C, PI-specific Phospholipase C, Phospholipase A2 and SMase act associated to the membrane/water
interface and their enzymatic activity is modulated by
interfacial properties of the membrane substrate in a
complex manner in which intermolecular packing, phase
state, dipole potential, lipid composition, interfacial curvature, among others factors, are involved [10–18]. It is
known that SMase catalytic activity is highly sensitive to
subtle changes of the physicochemical conditions of the
lipid interface in both monolayer and bilayer systems [15,
17–20]. In this work we studied SMase action using a lipid
monolayers system, which allows a continuous control and
precise knowledge of the substrate organization and
enzyme activity in real time [13, 17, 19, 21–23].
Several studies related ‘‘membrane defects’’ (intermolecular packing of non-substrate components as well as
phase coexistence) to the activity of lipolytic enzymes
[24–27]. In previous publications we have shown by epifluorescence microscopy, using the preferable partition of
the fluorescent probe 1,1’didodecyl-3,3,3¢,3¢ -tetramethylindocarbocyanine (DiIC12) into the LE phase of the
monolayer, that the real time SMase-driven conversion of
SM to Cer generates enzyme-specific changes of topography by forming Cer-enriched domains ranging in size from
microns to hundreds of microns [8]. In addition, we have
analyzed the succession of discrete morphologic transitions
of the Cer-enriched domains. We correlated the time
course variations of enzymatic activity to the establishment
of defined changes of surface topography taking place at
key time periods of the kinetic reaction [28]. In the present
work we present how changes in the initial surface
topography, brought about by variations of the film composition can determine the time-course, rate, and defined
steps of the catalytic activity of B. cereus SMase. It is
worth remarking that the studies reported in this paper deal
with the activity of a secretory soluble neutral SMase of
bacterial origin. Even though this enzyme is structurally
and functionally related to the mammalian N-SMase family
[29], extension of the significance of our results to effect of
membrane-bound mammalian SMases, that contribute to
the generation of bioactive Cer, is uncertain.

Material and methods
Chemicals
Brain sphingomyelin (SM), brain ceramide (Cer) (obtained
from sphingomyelinase-based hydrolysis of brain SM),
palmitic acid (Pm) and dilauroylphosphatidylcholine
(dlPC) were purchased from Avanti Polar Lipids (Alabaster, AL.) or from Sigma-Aldrich (St. Louis, MO). The
(heterogeneous) hydrocarbon moiety of Cer, derived from
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enzymatic hydrolysis of SM, is the same [30]. The lipophilic fluorescent probe 1,1¢-didodecyl-3,3,3¢3¢-tetramethylindocarbocyanine perchlorate (DiIC12) was purchased
from Molecular Probes (Eugene, OR). All lipids were over
99% pure by TLC and were used without further purification. Bacillus cereus sphingomyelinase (SMase) (EC
3.1.4.12) was obtained from Sigma-Aldrich (St. Louis,
MO). NaCl was roasted at 500C for 4 h. Solvents and
chemicals were of the highest commercial purity available.
The water was purified by a Milli-Q-system, to yield a
product with a resistivity of ~ 18.5 MW/cm and absence of
surface active impurities routinely checked as described
elsewhere [31].
Epifluorescence microscopy of monolayers
All the experiments were carried out in an air conditioned
room (22 ± 2C). The monolayers SM, SM/Cer (9:1), SM/
Pm (9:1), SM/dlPC (9:1) doped with 1 mol % DiIC12, a
fluorescent probe that preferably partitions into liquid-expanded phase [32] were spread from lipid solutions in
chloroform/methanol (2:1) over a subphase of 10 mM Tris/
HCl, 125 mM NaCl, 3 mM MgCl2, pH 8 until reaching a
pressure of less than ~0.5 mN/m [8]. After solvent evaporation (15 min), the monolayer was slowly compressed to
the desired surface pressure (p = 10 mN/m). Epifluorescence microscopy (Zeiss Axioplan, Carl Zeiss, Oberkochen, Germany) was carried out using a mercury lamp
(HBO 50), a 20X LD objective, a rhodamine filter set, and
an all-Teflon zero-order trough (Kibron l-Trough S;
Kibron, Helsinki, Finland) mounted on the microscope
stage. Images with exposure times between 40 and 80 ls,
were registered with a software-controlled (Metamorph
3.0, Universal Imaging, Union City, CA), charge-coupled
device (CCD) camera (Micromax, Princeton Instruments,
Downingtown, PA).
Determination of enzymatic activity
The reaction compartment consists of a circular trough
(3 ml, 3.14 cm2) with an adjacent reservoir compartment,
connected through a narrow and shallow slit to the substrate monolayer, and an automated surface barostat [17].
The enzymatic reaction (SM ﬁ Cer conversion) was followed in real time after the injection of SMase into the
subphase compartment (final bulk concentration of 4.8 ng/
ml, 1.9 mU/ml). Due to differences in the cross-sectional
area between SM (~84 Å2 at 10 mN/m) and Cer (~51 Å2 at
10 mN/m), and because Cer remains at the interface, the
enzymatic activity and the different steps of the reaction
(lag time, steady-state regime, and slow down-halting of
the reaction), can be determined in real time from the
reduction of monolayer area at constant surface pressure
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(10 mN/m) while the surface barostat replenishes the
substrate from a reservoir [8, 17].
Computational analysis of surface topography
Liquid-expanded (LE) and liquid-condensed (LC) lipid
phases are presented by bright (high fluorescence/ DiIC12enriched) and dark (low fluorescence/DiIC12-depleted)
pixels in the 8-bit intensity interval of the fluorescent images
(I e [0,255], 225.5 · 175 lm). A gross segmentation of
DiIC12-depleted domains was achieved by interactive image
processing routines written in IDL (Interactive Data
Language, ITT, Boulder, CO) [28]. The definition of
Cer-enriched domain borders was optimized by various
steps: (i) we increased the number of border positions using
b-spline interpolation, (ii) the border positions were used to
initiate an active contour model [33]; this model parameterizes internal forces like elasticity (a) or rigidity (b), which
counteract line tension or curvature and mimic intrinsic
physical properties of a deformable contour, (iii) external
force fields were derived from the intensity gradients and
laplacians of the original image data by an iterative algorithm based on Generalized Gradient Vector Flows (GGVF)
[34]; the vector field iteratively pulls contour points towards
the object borders. Force balance between internal and
external forces is solved by the Euler-Lagrange condition
for the minimization of energy functional E for the
parametric curve C(s) = [x(s), y(s)] = {xi, yi}, s 2 [0, 1]:
E¼

Z1

2

2
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C¢ and C¢¢ denominate first and second order derivatives
in respect to s. Precise assimilation of the contours towards
the morphology of the Cer-enrich domains was archived by
setting the appropriate model parameters: a, b, viscosity
(c), external force (k) and number of iterations (t) (see
legend to Fig. 2 for illustration). The parameter values were
considered to represent the border trajectory with sufficient
detail when aprox. 95% of the saturation value is reached;
in this condition, independent variations by more than 25%
of the parameters did not alter the calculated values by
more than 5%. The optimized contours form the basis for
the quantitative description of domain morphologies.
Results and discussion
Different SMase kinetic steps are regulated
differentially by non-substrate lipids
The activity of SMase against pure SM monolayers shows
a latency period (lag time) before exhibiting constant rate

catalysis, followed by slow halting of the reaction due to
product accumulation at the interface [17, 20].
In previous work we reported that non-substrate lipids
(at a mol fraction of 0.1) regulate distinctively SMase
action over the different kinetic steps of the enzymatic
reaction acting in presence of Ca2+. SMase activity is
affected by the product of its own catalytic reaction Cer
and, in a surface-mediated cross-talk between phosphohydrolytic reactions, by non-substrate lipids belonging to the
Phospholipase A2 pathway like palmitic acid (Pm) [18]. In
this work we reproduced this effect in presence of
3 mM Mg2+ where the enzyme is fully active (Table 1).
Regarding the surface organization of these films, SM
monolayer behave as a LE phase at low surface pressure
showing a LE-LC phase transition at ~15 mN/m, Cer and
Pm remain highly condensed from about 4 mN/m up to the
collapse points at 40 mN/m and 46 mN/m, respectively,
and dlPC monolayers show LE phase throughout the whole
pressure range. In mixtures of SM with Cer or Pm the mean
molecular area of mixed films shows small deviations from
ideal behavior and invariance of collapse pressure points,
indicating low (if any) miscibility while mixtures of SM
with dlPC indicate ideal behavior with full miscibility [8,
20, 35, 36]. Since Cer and Pm favor the precatalytic steps
necessary for the enzyme to reach full activity, decreasing
the lag time period but inhibiting the rate of activity of
SMase during the steady-state kinetic regime (Table 1),
there appears to be a correlation between a decrease of the
lag time period and a low miscibility of the components in
the substrate film. On the other hand, SMase shows very
low activity against condensed SM [15, 17, 19] but the
inhibition of steady state activity by Cer or Pm can not be
attributed to induction of SM condensation because their
mixed films with SM follows ideal behavior [35, 36]
The surface topography of substrate monolayers
modulates SMase precatalytic steps
A comparison of the surface topography of binary monolayers of substrates and non-substrate lipids at different
compositions is shown in Fig. 1. As previously describe
[28] the random distribution of domains was ascertained by
comparing the frequency distribution of domain centers of
enzyme generated or premixed SM-Cer films with the
theoretical distribution of a same number of randomly
seeded centers. On this basis, it was previously concluded
that surface topography actively generated by SMase corresponded to a random distribution during the lag-time
period, similar to that of premixed films with an equal
proportion of Cer, while it acquired defined lattice superstructuring on entering the kinetic steady-state period.
As previously described [8], the fluorescent probe
DiIC12 distributes rather uniformly in pure SM films at a
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Table 1 Comparison of the enzymatic activity and lag time between
pure and mixed monolayers at 10 mN/m. Sphingomyelinase final
concentration of 4.8 ng/ml
Lipid monolayer

Enzymatic activity
(mol min–1. mm–2)
· 1014 ± SEM

Lag time (min)

Pure SM

6.77 ± 0.54

2.50 ± 0.25

SM/Cer (9:1)

3.85 ± 0.58

1.59 ± 0.08

SM/Pm (9:1)

4.73 ± 0.80

1.75 ± 0.05

SM/dlPC (9:1)

7.25 ± 0.13

2.72 ± 0.06

surface pressure of 10 mN/m (some surface defects are
seen that represent less than 2% of the surface area,
Fig. 1A). However, in premixed film of SM with 10 mol %
Cer or Pm there is a random distribution of DiIC12-depleted, Cer-enriched domains cover ~ 8% of the surface
area for Cer containing films (Fig 1B) and ~ 12% of the
surface area for Pm containing films (Fig. 1D). This is in
full agreement with the compression isotherm analysis
showing negligible miscibility of these components [36].
The mixed monolayer containing SM-dlPC (10 mol %)
shows a uniform distribution of DiIC12 in a LE phase
monolayer (Fig. 1C), in agreement with compression
isotherms data.
SMase is reported to degrade more actively SM both in
bilayers and monolayers systems when lipids are more
loosely packed in a LE phase [15, 17, 19]. From that, we
conclude that SMase should be active in the LE phase or,
similar to PLA2 [24], at the lateral interface between the
LE continuous phase and the DiIC12-depleted domains.
The initial presence of lateral interfaces (due to LE-LC
phase coexistence) in monolayers composed of SM-Cer or
Fig. 1 Fluorescence images of
substrate monolayers of
different composition. (A) pure
SM; (B) SM/Cer (9:1); (C) SM/
dlPC (9:1); (D) SM/Pm (9:1).
Scale bar, 50 lm

SM-Pm correlates with a reduction of the lag-time thus
appearing to shorten some of the required precatalytic steps
for SMase. Furthermore, monolayers that initially contain
SM-dlPC, do not show initial laterally segregated domains
and do not affect SMase lag-time (Fig. 1C and Table 1).
Previous detailed kinetic analysis of the precatalytic
steps of the SMase catalytic reaction during the lag time
period denoted the existence of second or higher order
kinetic steps [20]. Since the end of the lag time correlates
with the formation of Cer-enriched domains, as described
previously [8, 28], the initial presence of laterally
segregated domains may explain the shortening of SMase
precatalytic steps, evidenced as a shortening of the lag time
period, perhaps increasing the local enzyme concentration
at boundary defects due to the lateral interfaces. The
presence of surface defects due to phase coexistence, has
long been known to activate various phospholipases [12,
24, 37–40].
Comparison of SMase–generated topography from
different initial conditions
SMase action was studied against two different monolayers
initially containing or not laterally segregated domains. In
this work we will focus on the analysis of the differences in
the SMase-generated changes in surface topography of a
monolayer of initially pure SM or SM-Cer (9:1).
Preliminary work shows similar behavior of topography for
initial monolayers containing SM-Pm (9:1) (not shown).
In previous work we could establish a direct and
reciprocal correlation between the domain morphology and
defined catalytic steps of the reaction of SMase acting on
monolayers of initially pure SM [8, 28]. In this work, the
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b Fig. 2 Topographical properties of SMase driven SM ﬁ Cer con-

version are defined by the initial substrate monolayer composition.
Panels A-H show representative epifluorescence microscopy image
series of the time course of SMase action against pure SM (left) and
against premixed films of SM:Cer (9:1) (right). Monolayers are doped
by DiIC12 (bright regions). Relatives times are t = 0 (A, E); lag time
period (B, F), early steady state period (C, G), and late steady state
period (D, H). Scale bar, 50 lm. Inset shows nine-fold amplification
of picture sections showing first and second order domain branches.
(I) Schematic representation of SMase kinetic steps against substrate
monolayer. (J) Ilustration of Cer-enriched domain border fitted by the
Active Contour model (see Materials and methods)

development of an Active Contour model allowed us to
perform a detailed analysis of the morphology features of
Cer-enriched domains. Figure 2J shows an example of the
satisfactory fitting of the domain border achieved by this
model, which leads to an accurate calculation of parameters as Circularity and Number of Braches. Even though the
assignation of branches by the model can be clearly
ascertained, domain morphology analysis has a resolution
limit that could lead to an underestimation of the border
complexity when the domains are small. Thus the number
and complexity of branches structures represent a minimum value. After the injection of SMase under pure SM
films, new segregated Cer-enriched domains are rapidly
formed at the end of the lag time. Afterwards, during the
steady state period, slower nucleation is still present concomitant with growing of the existing domains (Fig. 2A–D
and Fig. 3). These domains proceed from circular geometry to branched structures at the beginning of the steady
state period (see inset in Figs. 2C, D and 4B, C). By
contrast, in the films of SM initially premixed with Cer the
number of domains remains almost unchanged throughout
the time course while their size grows in approximately
circular manner (Figs. 2E–H, 3C, D and 4B, C).
During the steady-state period (while relative substrate
excess occurs) there are two main enzymatically-driven
transitions of domain morphology occurring in the initially
pure SM monolayers namely the change from circular to
undulated lipid domains (first and second order domain
branching) (inset in Fig. 2C, D) [28]. These boundaryundulated structures are also evident from the analysis of
the morphologic parameter Circularity (perimeter2/area)
which grows with the progress of the reaction and the
Number of Branches per domain which grows up to an
average number of 7 at the end of the pseudo-zero-order
reaction (Fig. 4B, C). If 10 mol % of Cer is present initially at the interface, the SMase activity induces reduced
branching of the initially circular domains (circularity
~ 13, almost no branches) to an average of only three
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Fig. 3 Comparison of topographic features of substrate-monolayers of different compositions under SMase action as a function
of time. (A) Time course of the SM to Cer conversion by SMase
acting on an initially pure SM monolayer (full line) or premixed
SM-Cer (9:1) monolayer (dashed line). Changes in the percentage of DiIC12 depleted area per frame (B), in the number of
DiIC12 depleted domains per frame (C) and in the average size of
DiIC12 depleted domains (D) are shown as a function of time

during SMase-catalyzed SM to Cer conversion. Close circles
correspond to initially pure SM monolayers and open circles to
initially SM-Cer (9:1) monolayers. The arrows indicate beginning of
steady state regime. Parameters in B, C and D were derived by imageprocessed epifluorescence microscopy from a representative time
course reaction, as described in materials and methods. In D, error
bars represent the SEM for the mean domain size, while in A, B and C
figures are absolute numbers

branches per domain at the end of the steady-state period
while the circularity remains almost unchanged (Fig. 4B,
C). These scarcely undulated structures do not undergo the
second order branching that characterizes the progress of
the topography of the initially pure SM monolayer under
SMase action (see insets in Fig. 2H). All together the data
analysis show that an inhibition in enzymatic activity
induced by the presence of Cer in the initial monolayer
correlates with a decrease of the complexity of domain
morphology and, as a consequence, to the quality (curvature) and quantity (total perimeter/frame) of lateral interfaces (Fig. 4). As previously proposed [28], the variations
of domain shape appear to represent a topographic code
according to which the second order domain branching,
occurring at times corresponding to approximately half of
the steady-state period, is signaling the maintenance of
efficient steady-state catalysis. This probably explains the
more efficient catalytic rate for the reaction against initially
pure SM monolayers in comparison with SM-Cer (9:1)
monolayers.
Changes in the total perimeter (linear amount of the
lateral interface per frame) throughout the SMase reaction
are a consequence of changes of domain size, domain
number and domain border curvature. From Figs. 3 and 4
we can observe that although the SMase reaction against

pure SM monolayer shows domain formation as early as
1.5 min, the end of the lag time period is reached at about
3 min and is characterized by the presence in the
monolayer of certain amount of perimeter per frame
(2000–3000 lm) (Fig. 4A). This is coincident with the
amount of perimeter found at the end of the lag time for the
reaction against the initially mixed SM/Cer monolayers.
This finding supports the above interpretation that the
transition from a pre-catalytic enzymatic state to a full
catalytic enzyme form strongly depends on the amount of
LE-LC lateral interface.
The long range interdomain structure of the interface
during the time course of SM degradation against an initially pure SM monolayer, has been described previously to
organize in an hexagonal lattice over the late steady state
period, different to premixed films with increasing proportions of Cer that do not organize in the same regular
manner [8;28]. The initial presence of Cer (10 mol %) does
not alter the general lattice topography over the late steady
state period, which also shows a marked hexagonal lattice
pattern (analysis data not shown). This indicates that the
changes of domain morphology depend on the initial
presence of laterally segregated Cer-rich domains while the
long range domain arrangement follows the pattern
specifically determined by the SMase action.
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Conclusions
In this article we provide evidences showing that the presence of lateral interfaces due to the LE-LC phase coexistence favors the precatalytic kinetic steps necessary for
SMase to enter the steady state kinetic regime. The linear
amount and quality of the lateral interface, determined by
the boundary undulation and order domain branching of
segregated domains, appears as a code controlling SMase
catalytic efficiency. This indicates that changes in the initial
composition-topography of the interface have the potential
to modulate the evolution of the SM to Cer conversion.
Our present results further support directly the role of
the membrane topography as a supramolecular modulator
of SMase activity in an interactive way, where the
formation of laterally segregated domains can affect the
kinetic evolution of SM degradation and, conversely and
concomitantly the SMase action induces specific structures
of laterally segregated membrane domains. Even though
the kinetic evolution of domain morphology depends on
the initial presence of Cer-rich separated domains, the
domain lattice arrangement follows the topography pattern
determined by the SMase activity.
It should be taken into account that despite their structural diversity the activity of different types of individual
phospholipases has been shown to depend on the variation
within a narrow range of a few generic parameters related
to the interfacial organization of the substrate [13, 21, 41].
Extending the significance of our results to the effects of
membrane-bound Smases, that contribute to the generation
of Cer and its biological effects, is uncertain.
However, our studies clearly point out that a further
level of SMase regulation can be exerted through variations
of composition affecting the surface topography. This may
further widen the possibility for exploration of cross-talks
and mutual influences among different and simultaneouslyacting lipolytic pathways at the membrane surface.

Fig. 4 Comparative morphology analysis of Cer-enriched domains
during the time course of SMase reaction. Time-course of the total
perimeter per frame, circularity (calculated as the square of the mean
perimeter per domain divided by the mean domain area) and average
number of branches per domain are shown in panels A, B and C
respectively. Close circles correspond to initially pure SM monolayers and open circles to premixed SM-Cer (9:1) monolayers. The
arrows indicate beginning of steady state regime. All parameters were
derived by image-processed epifluorescence microscopy of a representative time-course reaction, as described in Materials and methods.
Error bars represent the SEM for the mean parameters in B and C,
while in A figures are absolute numbers
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