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ABSTRACT Sphingomyelinase (SMase)-induced ceramide (Cer)-enriched domains in a lipid monolayer are shown to result
from an out-of-equilibrium situation. This is induced by a change of composition caused by the enzymatic production of Cer in
a sphingomyelin (SM) monolayer that leads to a fast SM/Cer demixing into a liquid-condensed (LC), Cer-enriched and a liq-
uid-expanded, SM-enriched phases. The morphological evolution and kinetic dependence of Cer-enriched domains is studied
under continuous observation by epifluorescence microscopy. Domain shape annealing is observed from branched to rounded
shapes after SMase activity quenching by EDTA, with a decay halftime of ~10 min. An out-of-equilibrium fast domain growth is
not the determinant factor for domain morphology. Domain shape rearrangement in nearly equilibrium conditions result from the
counteraction of intradomain dipolar repulsion and line tension, according to McConnell’s shape transition theory. Phase sepa-
ration causes a transient compositional overshoot within the LC phase that implies an increased out-of-equilibrium enrichment
of Cer into the LC domains. As a consequence, higher intradomain repulsion leads to transient branched structures that relax
to rounded shapes by lowering the proportion of Cer in the domain to equilibrium values. The fast action of SMase can be taken
as a compositional perturbation that brings about important consequences for the surface organization.
INTRODUCTION

Over the years, evidence has accumulated indicating that

the lipid distribution in biomembranes is nonrandom (1).

In relation to membrane-associated enzyme activities, lipid

mixing-demixing processes and the concomitant structuring

of segregated domains with different lipid composition or

phase state profoundly influences precatalytic and catalytic

steps of phosphohydrolytic reactions (2–6). A group of phos-

pholipases called Sphingomyelinases (SMases) hydrolyze

the membrane constituent sphingomyelin (SM) to phospho-

choline and ceramide (N-acylsphingosine) (Cer), a second

messenger involved in cell signaling (7). Fundamental cellu-

lar processes such as proliferation, differentiation, and cell

death are triggered by the temporal local production of Cer

by different SMases (8,9). Cer was reported to induce the

formation of laterally segregated gel (bilayers) or liquid-con-

densed (LC)(monolayers) domains in several systems (5,10–

12). Different morphologies of Cer-enriched domains, as re-

ported from monolayer experiments, depend on both the type

and the proportion of Cer in lipid mixtures with SM (5) or

with dimyristoylphosphatidylcholine (13). Also, formation

of segregated domains enriched in Cer has been involved

in membrane protein segregation and cellular function

(14,15).

In previous work we provided the first, to our knowledge,

direct visual evidence in real-time for SMase-induced forma-

tion of Cer-enriched domains in SM monolayers under
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precise control of the surface intermolecular packing (5). A

bidirectional communication between effects taking place

at the local catalytic level and the supramolecular surface

organization were described. Further studies disclosed

a series of morphologic domain transitions and formation

of defined hexagonal surface lattices of the evolving

SMase-generated Cer-enriched domains at particular times

of the phosphohydrolytic reaction. A close analysis of these

effects revealed the significance of underlying physical prop-

erties such as line tension and dipolar electrostatic repulsion

(16) in controlling the shape of the domains and their long

range organization.

Changes of the initial topography and lipid composition

modulate the degradation of SM by SMase. The amount of

lateral interface is a parameter that appears to determine

the attainment of precatalytic steps necessary for reaching

full activity (17). A novel mechanism was proposed recently

for the action of SMase that can also explain the regulatory

effect of the surface topography on enzyme activity (6).

SMase acts through an area-activated mechanism, whereby

Cer is produced homogeneously in the liquid expanded

(LE) SM-enriched phase, leading to Cer supersaturation.

At this point product-induced inhibition of SMase by Cer

(18) occurs in the homogeneous LE phase. Cer supersatura-

tion, beyond a critical limit, acts as a driving force for

nucleation of a Cer-enriched segregated LC phase according

to classical nucleation theory. SM/Cer demixing leads to

a SM-enriched LE phase with a relatively low proportion

of Cer that allows the enzymatic activity to proceed in

steady-state rate according to enzyme localization. The
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kinetic barrier for domain nucleation can partially explain the

lag time of the reaction before achieving the steady-state

catalytic condition (6).

In most studies related to enzyme action and regulation,

equilibrium conditions are assumed, whereas active and

functional membranes are far from equilibrium structures,

or in a steady state controlled by fluxes of energy and matter.

Thus, thermodynamic nonequilibrium effects should have

direct relevance to the lateral organization of membrane

components. Several studies documented differences

between the enzymatic production and the direct Cer incor-

poration to both bilayer and monolayer lipid system

(5,10,11,19,20). Previous work from our group (5) showed

that a relatively rapid (<15 min) enzymatic generation of

Cer by SMase in SM monolayers leads to a different surface

topography than that acquired by enzyme-free premixed

SM/Cer monolayers of the same lipid composition. As a con-

sequence, selective structural information is stored depend-

ing on the manner in which the surface was generated.

Detailed topographical features of both types of monolayers

are substantially different as follows (5,16): 1), domains

formed by the action of SMase show regular sized star-like

shape whereas condensed rounded domains are observed

in the enzyme-free films; 2), in the SMase treated monolayer

the interdomain structuring appears to self-organize into

highly ordered hexagonal lattice patterns, whereas less

ordered structures are seen in enzyme-free SM/Cer mono-

layers; and 3), only in the case of the enzyme-free SM/Cer

monolayers, do the LC domains formed cover an area whose

relatively large size can not be accounted for by a phase of

pure Cer. These findings can be interpreted as a consequence

of an out-of-equilibrium state of the SMase-driven SM/
Cer conversion. Evidences on these phenomena have been

pointed out by other authors. In lipid bilayers (vesicles and

supported bilayers) it was reported that the rapid conversion

of SM to Cer by SMase drives the membrane domain struc-

ture into a metastable state, subsequently relaxing to a new

organization (10,20). As described herein, the existence of

an out-of-equilibrium condition of the lipid monolayer after

a fast enzymatic Cer production can be experimentally

tested.

The kinetics of lipid demixing (phase separation) has been

addressed previously for simple phospholipid mixtures

(21,22) both from the experimental and theoretical point

of view. In those cases the nonequilibrium situation was

induced by a sudden thermal quench from a one-fluid phase

equilibrium situation (high temperature) to the gel/fluid

coexistence range (low temperature). The attainment of equi-

librium in this conditions is a very slow process (occurring

over a timescale of hours), leading to large domains at infinite

time. In this work the nonequilibrium situation is induced by

a change of composition caused by the action of SMase. We

studied the kinetics of phase demixing of SM/Cer monolayers

under continuous observation by epifluorescence microscopy.

A transient compositional overshoot within the domains en-
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riched in Cer is evidenced in the case of fast enzymatic reac-

tion that brings about important consequences for the subse-

quent changes of domain shape and surface organization.

EXPERIMENTAL PROCEDURES

Chemicals

Bovine brain SM bovine brain Cer and Bacillus cereus sphingomyelinase

(SMase) (EC 3.1.4.12) were purchased from Sigma-Aldrich (St. Louis, MO).

The lipids were over 99% pure by thin layer chromatography and were used

without further purification. The lipophylic fluorescent probe 1,10-dido-

decyl-3,3,3030-tetramethylindocarbocyanine perchlorate (DiIC12) was pur-

chased from Molecular Probes (Eugene, OR). 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 MU/

cm. Absence of surface active impurities was routinely checked as

described elsewhere (23).

Epifluorescence microscopy of lipid monolayers

Monolayers of pure SM doped with 1 mol % DiIC12, a probe that preferably

partitions into liquid-expanded phase, were spread from lipid solutions in

chloroform/methanol (2:1) over a subphase of 10 mM Tris/HCl, 125 mM

NaCl, 3mM MgCl, pH 8, until reaching a pressure of less than ~0.5 mN/m

(24). After solvent evaporation (10 min), the monolayer was slowly com-

pressed to the desired surface pressure (p ¼ 10 mN/m). The monolayer

equipment (Kibron m-Trough S; Kibron, Helsinki, Finland) was mounted

on the microscope stage. Epifluorescence visualization was carried out on a

Zeiss Axioplan microscopy (Carl Zeiss, Oberkochen, Germany) using a mer-

cury lamp (HBO 50), and a 20X LD objective. Images with exposure times

of ~60ms were taken continuously (snapshoot every 3s) with a CCDcamera

(Micromax, Princeton Instruments, Downingtown, PA) controlled by Meta-

morph 3.0 (Universal Imaging, Union City, CA) software. All the experi-

ments were carried out in an air conditioned room (22 5 2�C).

Determination of SMase activity

For SMase-induced domain imaging the enzyme was injected into the sub-

phase of the circular reaction compartment (3 mL; 3.14 cm2) of an all-Teflon

zero-order trough under stirring, as described before (24). After the injection

of SMase (0.5–6 mU/mL) SM is converted to phosphocholine and Cer.

Phosphocholine solubilizes into the subphase, whereas Cer remains at the

interface. The reaction compartment is monitored by epifluorescence micro-

scopy and Cer-enriched domain formation and growth is registered contin-

uously by time series images. Due to the difference in cross-sectional area

between SM and Cer (84 Å2 and 51 Å2 at 10mN/m respectively) the reaction

progress can be followed in real time by the reduction of the total monolayer

area. A reservoir compartment adjacent to the reaction compartment and

connected by a narrow and shallow slit serves as substrate monolayer reser-

voir (pure SM) and allows the measurement of surface pressure. As the

reaction takes place, the total monolayer area is automatically adjusted to

keep the surface pressure constant (at 10 mN/m) through the movement of

a barrier in the reservoir compartment. This allows for keeping the reaction

compartment area constant during the reaction course even though the total

area decreases (5,16).

SMase-generated domain shape relaxation

For domain shape relaxation experiments, the reaction was assayed in the ab-

sence of the cofactor Mg2þ to reach a more efficient and rapid catalytic quench

byEDTA. In this condition,10 times more enzyme than in the presence of Mg2þ

(5–60 mU/mL) were necessary to reach similar catalytic activity (0.1–3.0 �
1013 molecules$min�1$cm�2 under steady-state catalysis). When the reaction
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reaches a period corresponding to about half the time of pseudo zero-order

kinetics (18,25), SMase action was quenched by an injection of EDTA into

the subphase of the reaction compartment (final concentration 170 mM)

followed by a 1 min stirring. SMase quenching is established when no move-

ment of the mobile barrier is necessary to keep the surface pressure constant.

After we checked that the catalytic activity had fully stopped within an error

of 55 mol% (10 min after EDTA injection), the reaction compartment was

disconnected from the reservoir compartment. Since the reservoir monolayer

is composed of pure SM, release of Cer molecules produced in the reaction

compartment to the reservoir does occur before the compartment disconnec-

tion (<10% of domains are lost). For this reason, analysis of total liquid-

condensed area (the sum of domains area) or number of domains in relaxation

experiments is not reliable and this work focuses solely on the domain shape

analysis. Domain shape relaxation was followed by imaging every 3–5s for up

to 3 h.

Computational analysis of surface topography

For each experiment, 25–35 images were used for domain shape character-

ization. LE and LC lipid phases are represented by bright (high fluorescence/

DiIC12-enriched) and dark (low fluorescence/DiIC12-depleted) pixels

respectively in the 8-bit intensity interval of the fluorescent images (I e

[0,255], 225.5� 175 mm, 886� 692 pixel) (Fig. 1 A). A gross segmentation

of DiIC12-depleted domains was achieved by interactive image processing

routines written in Interactive Data Language (ITT, Boulder, CO) which

only provides a gross estimation of the domain border (Fig. 1 B) (16).

The segmentation of Cer-enriched domain borders was optimized by the fol-

lowing steps: 1), as outlined in (17), the separation of bright and dark regions

into binary object masks for the Cer- and SM-enriched domains was

achieved by a combination of boundary detection filters, followed by a suc-

cessive treatment of pixel erosion and dilatation operations. For experimen-

tal settings where the lipid domain size and the undulations of its boundaries

are large in comparison to the pixel size, the applied segmentation introduces

an artificially high number of border saddle points which does not represent

the undulations observed in the original image (white crosses mark saddle

points of the parametric curves in Fig. 1 C). 2), we solved this problem using

an active contour model, a parametric curve C(s) ¼ [x(s), y(s)], s ˛ [0, 1], is

initiated with the border trajectory of the first segmentation (26). The contour

points [xi, yi] are subjected to internal forces like elasticity (a) or rigidity (b),

which mimic line tension or curvature representing physical properties of

a deformable contour. 3), These internal forces of the parametric curve

C(s) interact with external force fields that are derived from the intensity gra-

dients and Laplacians of the original image matrix I[x,y] by an iterative

algorithm based on Generalized Gradient Vector Flows (27). Finally, 4),

balance between internal and external forces is computed iteratively by the

Euler-Lagrange condition for the minimization of the energy functional E for

the parametric curve C(s):

E ¼
Z1

0

0:5�
h
a
��C0ðsÞ��2þ b

��C00ðsÞ��2iþ EextðCðsÞÞds; (1)

C0 and C00 denominate first and second order derivatives with respect to s.

Precise assimilation of the contours toward the morphology of the Cer-en-

riched domains was achieved by setting the appropriate combination of

model parameters (Fig. 1 D–E).

In addition to a and b, the model parameters include viscosity (g), exter-

nal force (k), minimum distance between adjacent contour points (f), and

number of iterations (t) (26,27). The optimized domain contour C(s) forms

the basis for the quantitative description of the domain morphologies. The

number of domain branches was calculated as half the number of inflection

points of C(s). A circular or oval domain has no inflection point, although

each branch (concavity or convexity) is characterized by two inflection

points. In addition, we calculated the zoom-invariant descriptor of circularity

perimeter2/area (P2/A), for domains with perimeter (P) and area (A). For

perfect circles, P2/A yields 4p, whereas any shape deviation from a circle

leads to P2/A > 4p.

RESULTS AND DISCUSSION

In previous work we demonstrated that SMase driven SM/
Cer conversion in pure SM monolayers takes place homoge-

neously within the LE phase, where the enzyme is located

(6). The supersaturation of Cer in this phase leads, beyond

a critical limit, to nucleation of laterally segregated, Cer-

enriched (LC) domains. This phenomenon was found to fit

classical nucleation theory, with the number of nuclei formed

being proportional to the degree of supersaturation of Cer in

the LE phase (acting as a driving force). After the nucleation

event, domains grow by addition of Cer molecules newly

produced within the LE phase (6) producing Cer-enriched

domains that exhibit regularly undulated (flower-like) shapes

(5,16).

We previously reported (5) that the relatively rapid (in

<15 min) enzymatic generation of Cer by SMase activity

on SM monolayers leads to Cer-enriched domains with

important morphological differences than Cer-enriched do-

mains observed in enzyme-free SM/Cer mixed monolayers

of the same composition. Domains formed by the action of

SMase show regular sized star-like shape whereas condensed

round domains are observed in the enzyme-free films (5,16).

These phenomena can be interpreted as a consequence of

SMase activity driving the system to an out-of-equilibrium

state. Studies by other authors with supported bilayers

treated with SMase similarly suggested that slow evolution

FIGURE 1 Segmentation of Cer-enriched domain borders with active

contours. (A) Epifluorescence image with two representative Cer-enriched

domains. (B) A threshold based segmentation of Cer-enriched domains

only provides a gross estimation of the domain border. (C) A first approxi-

mation of Cer-enriched domain borders by active contours C(s) is initialized

by the segmented object boundaries (B). For all cases white crosses mark

saddle points of the parametric curves. (D) Active contours C(s) after 10

iterations reveal the number of border undulations of Cer-enriched domains

in a reliable manner. (E) Final segmentation of Cer-enriched domains for the

subsequent calculation of morphologic features (for details see Experimental

Procedures section).
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of the domain topography occurred over a period of 1 h or

more after the enzyme activity was presumably halted; un-

fortunately, the methods used did not allow for ascertaining

defined details of domain morphology and its relaxation fea-

tures (20). Earlier studies in bilayer vesicles proposed that,

although the hydrolytic reaction could be rapidly completed

(i.e., within <3 min), the reorganization of Cer into domains

required times of 100 min or more, evidencing a dependence

of the Cer production rate on the bilayer organization (10).

To further the conception of the morphology and surface

organization of the SMase-induced Cer-enriched domains

as structures resulting from an out-of-equilibrium process,

we studied the morphologic evolution and dependence on

enzyme kinetic of the SMase-induced Cer-enriched LC

domains immersed in a continuous fluid phase.

Shape complexity was analyzed by determining the num-

ber of branches of the Cer-enriched domains and the area-in-

variant descriptor of circularity P2/A. White crosses in Fig. 1

show inflection points on the domain border trajectory; two

inflection points account as a branch on domain shape. P2/A

yields 12.5 (4p) for a perfect circle and yields higher values

for shapes deviating from circularity. The reliable quantifica-

tion of morphologic domain parameters was guaranteed by

the application of the active contour model (see Experimen-

tal Procedures section and Fig. 1).
Experiments were performed where the activity of SMase

during the steady-state reaction and before the time of perco-

lation of the LC domains was halted by EDTA injection in

the subphase (Fig. 2 A). After stopping Cer production

(within 5 5 mol %), the domain morphology is monitored

by a period of 1–3h. Fig. 2 shows the time evolution of

a representative monolayer after SMase halting. Annealing

to rounded shapes is observed in Fig. 2, B–D and is clearly

reported by the shape descriptors (Fig. 2, E–F); these param-

eters reach near-equilibrium values ~80–100 min after

EDTA injection. Domain shape annealing can be described

as a single exponential decay process (Fig. 2, E–F) with

a relaxation half time of ~11–13 min.

To explore if the relaxation process depends on the initial

shape of the domains and equilibrium conditions where these

domains were grown, we analyzed the annealing of SMase-

induced domains generated under different rates of produc-

tion of Cer by SMase. Fig. 3 shows a biphasic behavior of

domain complexity with the increase of Cer production

rate (Fig. 3, left panel) with a peak in domain branching

observed in Fig. 3 B left panel. For the slowest experiment

almost no domain border undulations are formed during

the reaction time (Fig. 3 A). In this case, the reaction is closer

to equilibrium than in any other condition used and rounded

shapes dominate. Fig. 3 (right panel) shows images of the
FIGURE 2 Domain shape relaxation after SMase halt-

ing. (A) Time course of the SMase-catalyzed SM/Cer

conversion. The full vertical line shows the time of

SMase injection into the subphase (final concentration

42 mU/mL, two-dimentional enzymatic rate 2.5 5 0.1 �
1013 molec$min-1$cm�2) and dashed line shows the time

of SMase halting by EDTA injection into the subphase

(final concentration 170 mM). The reaction was carried

out in the absence of the cofactor Mg2þ to optimize the

activity stopping. The gray lines illustrate the time course

of a similar experiment not treated with EDTA. (B–D) Epi-

fluorescence representative images of the DiIC12-labeled

monolayer at 4, 20 and 100 min after SMase halting. Image

size is 112 � 87 mm. (E–F) Time dependence of domain

shape parameters: number of branches and perimeter2/

area after SMase halting. The values correspond to aver-

ages of 100–130 domains 5SE. The gray line represents

the fitted curve of the experimental data with a single expo-

nential decay equation. All the data shown corresponds to

the same representative experiment.
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same experiments after shape annealing. The time at which

this stage is reached ranges from 30 to 180 min (with shape

parameters values remaining constant within 55%) depend-

FIGURE 3 Representative images showing domain shape relaxation

under different Cer-production rates by SMase. The epifluorescence micro-

graphs illustrate DiIC12-labeled SM monolayers under SMase action, imme-

diately after SMase halting (left panels) or after domain relaxation (shape

parameters remain constant with time within 5%), (right panel). The five

single experiments (A–E) were performed under conditions of increasing

Cer-production rates. Final subphase SMase concentrations are from A to

E: 2, 13, 34, 42 and 45 mU/mL respectively giving a two-dimensional enzy-

matic rate of: 0.13 5 0.02, 0.80 5 0.05, 2.0 5 0.1, 2.5 5 0.1 and 3.1 5 0.6�
1013 (molec$min�1$cm�2). Image size is 112 � 87 mm. For reaction condi-

tions details see legend of Fig. 2 and Experimental Procedures section.
ing on the initial conditions (Fig. 4, A–B). The decay process

for experiments (Fig. 3, A–E) is analyzed in Fig. 4, A–B
(curves a–e). For the sake of simplicity only the fitted curves

are shown. The half time of those relaxation processes ap-

pears not to significantly depend on the initial condition

(size and shape of domains) (Fig. 4 C), supporting a robust

kinetics of the relaxation mechanism. Fig. 4, D–E shows

that the shape parameters analyzed as a function of the Cer

production rate show a bell shape variation both before and af-

ter shape annealing, with a maximum close to a rate of 0.75�
1013 (molec$min�1$cm�2). A maximum shape relaxation is

observed above this rate. It is worth emphasizing that the equi-

librium shape adopted in each case does strongly depend on

the initial domain conditions (Fig. 3, right panels, and Fig. 4,

D–E). The significance of this observation is analyzed below.

A question arising from these results is what might be the

physical forces/mechanism that lead to the out-of-equilib-

rium border undulated shapes of Cer-enriched domains?

Two experimentally testable mechanisms are considered to

attempt a deeper understanding of this phenomenon: 1),

domain shape is an out-of-equilibrium process as a conse-

quence of fast domain growth; and 2), the composition of

the two coexisting phases is out-of-equilibrium as a conse-

quence of a slow SM/Cer demixing process.

As Miller et al. (28) first reported for dimyristoyl-phos-

phatidyl-ethanolamine monolayers under conditions exhibit-

ing the LE-LC phase transition, dendritic-shaped domains

are formed after a fast compression above the transition pres-

sure. These structures showed self-similarity with a fractal

dimension d ¼1.5 5 0.1, and were related to the process

described by the theoretical diffusion-limited aggregation

(DLA) model (29). This model considers that the random

aggregation of monomers to a crystalline structure, when

the growing kinetics depends only on the monomer diffusion

rate and no activation energy is necessary for the aggregation

step, should give a fractal (dendritic like) structure with a di-

mension about d¼ 1.67. Miller’s domains showed structural

annealing to more rounded shapes attributed to slow changes

caused by the action of the line tension (with a kinetics of

minutes). Theoretical analysis (Monte Carlo simulation) of

a two-dimension model that undergoes a thermally driven

fluid-solid phase transition controlled by vacancy diffusion

(30) exhibits the formation of fractal domain growth at early

times and crossover to compact solidification as equilibrium

is approached.

Taking into account that SMase-induced domains were

previously reported to show self-similarity, with a fractal

dimension in the range of 1.63–1.76 (16) and the results

reported in our work, SMase-generated Cer-enriched do-

mains can fit the behavior described for Miller’s domains

(21). Therefore, the regular undulation of the LC-domain

borders during rapid domain growth in an out-of-equilibrium

conditions might be a consequence of aggregation mecha-

nisms (DLA like) resulting from Cer being produced within

the SM-enriched LE phase (6).
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FIGURE 4 Domain shape relaxation under different

Cer-production rates. (A–B) Time dependence of domain

shape parameters (number of branches and perimeter2/

area) after SMase halting for five experiments proceeding

at different Cer production rates (two-dimensional enzy-

matic activity 0.13 5 0.02, 0.80 5 0.05, 2.0 5 0.1,

2.5 5 0.1 and 3.1 5 0.6 � 1013 molec$min�1$cm�2 for

experiments a-e respectively). Experiments a–e corre-

sponds to experiments A–E in Fig. 3. The inset represents

the histogram distribution of the number of branches for

four pictures (No domains analyzed ¼ 61) of experiment

b after shape relaxation. Experiment b was allowed to relax

for more than 3hs with no further change in domain shape.

For simplicity only the fitted curves (exponential decays) are

shown. (C) Decay half times for the curves shown in Fig. 4,

A–B. Solid circles represent the experimental value for the

number of branches decay, open circles are for perimeter2/

area decay. Error bars represent SE. (D–E) Comparison

between the domain shape parameters from four pictures

took 2–4 min after SMase halting (solid circles) and after

shape relaxation (open circles) for experiments a–e. The

‘‘after shape relaxation’’ time for each experiment is the

time after which shape parameters values keep constant

(within 55%) and it depends on each case. Error bars are

5SE and lines are drawn as a tendency to guide the eye

and are not intended to represent a continuous correlation.
To test this hypothesis we studied the complexity of do-

mains generated at different Cer production rates while keep-

ing similar domain size and domain growth rates. Fig. 5 shows

that domains formed at a fast Cer production rate (equivalent

to the fastest experiment seen in Fig. 4) exhibit highly undu-

lated border morphology (Fig. 5 A) whereas domains formed

at a low Cer production rate (20 folds lower, equivalent to the

slower experiment seen in Fig. 4) exhibit poorly undulated

borders (Fig. 5 B) even though the domain growth rate in

both cases is similar (Fig. 5 C). The morphological differences

at comparable domain size (~80 mm2) are highlighted by the

shape parameter ‘‘number of branches’’ in Fig. 5 D.

The DLA mechanism implies that the rate of domain

growth determines its morphology in such a way that a fast

growth should correspond to increasingly fractal (higher

number of branches) structures. Therefore, domains growing

at similar rates and of comparable size should present similar

shape. Fig. 5 shows the shape analysis of domains formed

under high and low Cer production rates where the domain

growth rate is similar. This is possible since the overall LC

phase growth is higher for the faster SMase-catalyzed

reaction but, concomitantly, the number of domains is also

larger (Fig. 5 A–B). Domains in both conditions show differ-

ent domain structures. This leads to the conclusion that an

out-of-equilibrium fast domain growth can not be the sole

determinant factor for domain morphology. Further support

for this conclusion is the finding that for any experimental

condition explored there is always a domain size (critical

area, Ac) for which domains under this limit exhibit nearly

rounded shapes (Fig. 5 A, white arrow). If a fast growing

rate was determinant for the appearance of border-undulated
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domain morphology, this fractal-like structure should be

present at any domain size, as far as the image is above

the resolution limit. Therefore, the domain morphology

rearrangement appears to be fast enough to be kept in

nearly equilibrium conditions along the domain growth

curve.

The annealing of Cer-enriched domains produced by the

fast action of SMase may be interpreted as a consequence

of a slow and complex SM/Cer demixing process that

induces a slow local compositional change of the LC phase

(domains). This effect leads to changes in the equilibrium

shape of the domains in terms of the Mohwald/McConnell

shape transition model (31,32).

McConnell’s shape transition theory under equilibrium

conditions implies that domain shape is a consequence of two

counteracting forces: the line tension at the domain boundary

(l) and the difference in the resultant perpendicular dipole

moment density (m) between the molecules in the coexisting

phases. A high value of l tends to minimize the domain

border favoring rounded shapes, whereas high values of m in-

volve internal intermolecular repulsion that should result in

domain elongation or branching. These two forces equili-

brate each other at the critical domain size Ac where the tran-

sition between round to border-undulated shapes occurs. At

this critical point Rc, the average radius of the circular domain

of size Ac can be described as follows:

Rc¼
d

4
eZme
ðl=m2Þ

; (2)

where d is the separation distance between neighboring

dipoles and Zm is the shape transition exponent defined by
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the rotation symmetry parameter, m (32). Hartel and co-

workers (16) reported the shape determinant dimensionless

parameter G¼ m2/l¼ 0.212 5 0.008 and Ac¼ 11 5 4 mm2

for SMase-generated domains in the steady-state period of

FIGURE 5 The complexity of Cer-enriched domain morphology does not

directly depend on the domain growth rate. (A–B) Representative microgra-

phies (50 � 50 mm) showing Cer-enriched domains of ~80mm2 size (black
arrowheads) formed under a fast (A) or slow (B) Cer production rate (3.2 5

0.2 and 0.15 5 0.05 � 1013 molec$cm�2$min�1 respectively). The white

arrow indicates a smaller domain that shows poor border undulation. (C) Do-

main growth curve for two experiments performed at fast (solid circles) or

slow (open circles) Cer production rate. Domain growth rate is given by

the slope of the linear regression curves yielding 12.1 5 0.5 for the faster

and 15 5 1 mm2$min�1 for the slower experiment. (D) Number of domain

branches as shape parameter for the analysis of shape complexity for do-

mains produced at fast (solid circles) or slow (open circles) Cer production

rate experiment. The data is the average of 10–30 domains analyzed 5SE.

Arrows indicate the punctual data where domains of comparable size

(80mm2) are analyzed.

SMase-induced Domain Shape Relaxation
the SM/Cer catalytic conversion at a Cer production rate

of 3.2 5 0.2 � 1013 molec$min�1$cm�2 (Table 1). The oc-

currence of successive shape transitions from circular to pri-

mary and secondary branched structures for Cer-enriched

domains during SMase action was also reported (16). Hartel

et al. calculated Ac ¼ 33 mm2 and G ¼ 0.163 5 0.007 for

SM/Cer domains in an enzyme-free monolayer formed by

spreading over the air/water interface a chloroform based

solution of the pre-mixed lipids (Table 1). On the other

hand, an earlier work (5) reports that enzyme-free SM/Cer

monolayers of the same overall composition, showed more

area occupied by the LC phase than when the domains

were formed by the SMase-catalyzed reaction. This observa-

tion leads to the intuitive conclusion that Cer-enriched

domains formed in an enzyme-free monolayer should con-

tain a considerable proportion of SM molecules. Considering

the data above and that experimental measurement of m in

pure SM or Cer monolayers yields that mSM < mCer (7.1 5

0.4 and 13.2 5 0.1 mD/Å2 respectively), the larger value

of G ¼ m2/l and the smaller value of Ac for the domains

formed under SMase action can be attributed to a higher

value of m due to enrichment in Cer of the LC phase (Table

1). Further calculations, based on the average molecular area

of SM and Cer molecules obtained from monolayer com-

pression isotherm experiments, support that the domains

formed in pre-mixed SM/Cer monolayers are composed of

a near equimolar SM/Cer mixture (Cer mol fraction of

0.53 5 0.06) whereas a similar analysis gives a value close

to unity for the mol fraction of Cer in the SMase-acting

domains at high Cer production rates (6). In further agree-

ment with this data, Hartel et al. reported a highly structured

hexagonal interdomain lattice formed under SMase activity

that is not observed for SM/Cer domains formed in en-

zyme-free pre-mixed lipid monolayers (16). This effect can

be explained as caused mainly by interdomain dipolar repul-

sion, induced by a higher content of the lipid component

with a higher dipole moment (Cer) in SMase-generated

domains (16).

The above data suggests that the shape annealing observed

in the relaxation experiments shown in Figs. 2–4 can be

attributed to a change of the overall resultant m value of

the LC domains as a consequence of a change in Cer content

within the domains. To further test this hypothesis we stud-

ied the occurrence of a critical size in the domains formed in

our relaxation experiments after shape annealing. Fig. 6

shows that the complexity of the domain shape after relaxa-

tion shows a dual behavior depending on the domain size.

This indicates the presence of a critical size (after relaxation

Ac) at ~95 mm2 above which circular domains are no longer

stable and border undulation occurs (see also Fig. 3, right
panel). Fig. 6 also shows that the domain shape complexity

(measured as P2/A and number of branches) is always higher

for domains of comparable size before relaxation than after

relaxation, supporting a lower internal repulsion for the

relaxed domains. From the data Ac ‘‘after relaxation’’ in

Biophysical Journal 96(1) 67–76
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TABLE 1 Comparison of critical domain area and shape determinant parameters for SM/Cer monolayers at different equilibrium

conditions

Sample

SMase activity,

(molecules$cm�2$min�1)

Critical domain

area (Ac), (mm2)

Shape transition

exponent (Zm)z G¼m2/l

Cer mole

fractionx
mLC-mLE

(mD/Å2){

SMase acting on

initially pure SM

monolayers (fast)

3.2 5 0.2 � 1013 11 5 4* Z6 ¼ 12.88/3 0.212 5 0.008* LC phase z 1 6.1 5 0.1

6 5 2y 0.23 5 0.03y LE phase z 0.02

SMase acting on

initially pure SM

monolayers (slow)

0.15 5 0.05 � 1013 26 5 7 Z4 ¼ 11.76/3 0.18 5 0.01 — —

SMase acting

on initially SM/Cer

(9:1) monolayers

3.0 5 0.3 � 1013 19 5 5 Z4 ¼ 11.76/3 0.19 5 0.01 — —

After relaxation 0 95 5 8 Z4 ¼ 11.76/3 0.162 5 0.005 — —

SM/Cer premixed

monolayers

0 33 5 13* Z2 ¼ 10/3 0.163 5 0.007* LC phase 0.53 5 0.06 3.9 5 0.1

35 5 19y 0.160 5 0.008y LE phase z 0.02

*Taken from Hartel et al. (16).
yValue obtained by resampling Hartel’s experimental data and treating it with the improved Active Contours Image Processing method used in this work.
zObtained from McConnell et al. (33).
xObtained from De Tullio et al. (6)
{Calculated from surface potential and average molecular area data from pure SM, pure Cer and SM/Cer (1:1) monolayer compression isotherms.
Fig. 6, we can calculate Rc ¼ ðAc=pÞ0:5¼5.5mm. From the

inset in Fig. 4 A we observed that a four symmetry domain

shape is the more frequent shape for large domains (above

Ac) after shape relaxation, thus a shape transition exponent

Zm as Z4 ¼ 11.76/3 can be taken for our calculations (32).

The dipole distance between neighboring dipoles calculated

by Hartel (16) as d ¼ 9.2 Å2 taking into account the average

distance between the SM and Cer molecule is also valid

for this case. Therefore, applying Eq. 2 we calculated G ¼
0.162 5 0.005 for the SMase-generated domains after shape

relaxation. This value is similar to that previously obtained

for premixed SM/Cer monolayers and lower than the value

reported for the SMase-generated domains during SMase

action (Table 1).

The results shown in Table 1 suggest that the SMase-gen-

erated domains after shape annealing reach, due to incorpo-

ration of SM from the LE phase, a lipid composition closer to

that of domains formed in the pre-mixed SM/Cer monolayer

compared to that of SMase-generated domains under a rate

of fast production of Cer. Careful phase separation studies

in mixtures of Cer with POPC/SM/Chol indicated that Cer

can recruit SM molecules into small gel-phase domains

(12). Accordingly, and although no data or calculations were

provided to support the statement, it was recently suggested

that the increased domain area resulting from an increase

in the proportion of Cer in enzyme-free DOPC/SM/Chol

mixtures (as seen by atomic force microscopy) could be

due to SM partitioning from the fluid phase into the segre-

gated domains (20). If a compositional difference exists be-

tween the LC domains formed in premixed SM/Cer films and

by SMase action as a consequence of a fast Cer production

rate, then intermediate behavior should be expected in cases

where Cer–enriched LC domains are formed at slow Cer pro-

duction rate. To explore this hypothesis we studied the size

dependence of the domain shape for several cases. Fig. 7

shows that the critical size for domain shape transition is

larger for SMase-generated LC domains formed at a low

Cer production rate (equivalent to the slower, near-to equi-

librium experiment seen in Fig. 4) than that formed at

high rate (Fig. 7, A–B) and smaller than that observed in

FIGURE 6 Assessment of the critical area for shape transition (circular to

border undulated) for Cer-enriched domains after shape annealing. Shape

parameters: number of branches (A), and perimeter2/area (B) as a function

of domain size before (solid circles) and after (open circles) relaxation. Dot-

ted lines are drawn for eye guidance only and do not necessarily represent

intermediate values between separate points. The values are an average of

20–60 domains 5 SE.
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FIGURE 7 Assessment of the critical area for shape tran-

sition (circular to border undulated) for Cer-enriched do-

mains at different equilibrium conditions. Domain shape

is analyzed through the number of branches parameter (a

value of 0 represent circularity) as a function of domain

size. (A) Domains produced by slow SMase-driven

SM/Cer conversion (two-dimensional enzymatic rate

0.15 5 0.05 � 1013 molec$cm�2$min�1, equivalent to

the slower experiment in Fig. 3) against initially pure SM

monolayers; (B) Fast SM/Cer conversion by SMase

(3.2 5 0.2 � 1013 molec$cm�2$min�1) against initially

pure SM monolayers; (C) Average of domains present in

premixed SM/Cer monolayers containing 2, 5 and 10 mol%

of Cer (in the absence of SMase). (D) Fast SM/Cer con-

version by SMase (3.0 5 0.3 � 1013 molec$cm�2$min�1)

acting on premixed SM/Cer (9:1) monolayers. The data rep-

resents the average of 12–80 domains within a narrow size

range 5SE.
SM/Cer premixed monolayers (Fig. 7 C). In addition, when

SMase acts on premixed SM/Cer (9:1) monolayers that

initially contain Cer-enriched domains, the value of Ac

observed is also intermediate between the cases in Fig. 7,

B and C even if the Cer production rate is high (Fig. 7 D).

The latter result can be explained, within the framework pro-

posed, as a consequence of the progressive addition of Cer

molecules (as an out-of-equilibrium factor) to domains that

were formed in near-equilibrium conditions (with a mol frac-

tion of Cer z 0.5). The analysis of those results are detailed

in Table 1, where the experiments performed under interme-

diate equilibrium conditions (Fig. 7, A and D) yields values

of G that are also intermediate.

CONCLUSIONS

In summary, the data supports an increased enrichment in

Cer within the LC phase when domains are formed under

fast production of Cer by SMase. The conclusions are sum-

marized in Fig. 8. When SMase acts on a pure SM film

(homogeneous LE phase) the Cer molecules produced accu-

mulate in the LE phase, leading to supersaturation that acts as

a driving force for domain nucleation (6). After the formation

of stable nuclei of the new phase (LC) the subsequent Cer

molecules being produced will partition into the previously

formed LC domains in a way that depends on the rate of

Cer production. A fast Cer production rate leads to an over-

shooted phase separation process in which the LC phase

contains an initially higher proportion of Cer than that corre-

sponding to the equilibrium composition of the LC phase.

This behavior is similar to the supercooling effect of a rapidly

cooled solution, resembling that reported for two-phospho-

lipid system after a temperature quench to the LE-LC coex-

istence region (21,22). Within this context, the action of

SMase can be taken as a surface perturbation that can induce

a change in composition in the LE phase, driving the system

to an out-of-equilibrium state depending on the rate at which

Cer is being generated. As forces like intradomain dipolar

repulsion and line tension acting at the domain boundary

tend to compensate, different domain shapes are established

that are sensitive to the dynamic LC phase composition. The

consequence of this effect is the transient existence of highly

undulated Cer-enriched domains dependent on the balance

of the structural factors involved.

This work was supported in part by: Secretaria de Ciencia y Tecnologia (SE-

CyT-UNC), Ministerio de Ciencia y Tecnologı́a Córdoba (MinCyT-Cba),
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