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Abstract We describe the localization of Alexa-488-labeled
SMase in SM/ceramide (Cer) lipid monolayers containing
segregated liquid-condensed (LC) Cer-enriched domains
surrounded by a continuous liquid-expanded (LE) SM-
enriched phase. Langmuir-Schaefer films were made in or-
der to visualize the labeled enzyme. Independently of initial
conditions Alexa-SMase is preferably localized in the SM-
enriched LE phase and it is not enriched at the domain
boundaries. A novel mechanism is proposed for the action
of SMase, which can also explain the regulatory effect of the
surface topography on the enzyme activity. The homoge-
neous enzymatic generation of Cer in the LE phase leads
to a meta-stable, kinetically trapped, supersaturated mixed
monolayer. This effect acts as driving force for the segrega-
tion of the Cer-enriched domain following classical nucle-
ation mechanisms.fl} Accordingly, the number and size of
Cer-enriched domains are determined by the extent of Cer
supersaturation in the LE phase rather than by the SMase
local activity. The kinetic barrier for nucleation, for which a
compositional gap of at least 53 mol% of Cer is necessary to
reach a thermodynamically stable LC phase, can explain the
lag time to reaching full catalytic activity. Altogether, the data
support an “area-activated mechanism,” in which the enzyme
is homogeneously active over the LE surface.—De Tullio, L.,
B. Maggio, and M. L. Fanani. Sphingomyelinase acts by an
area-activated mechanism on the liquid-expanded phase of
sphingomyelin monolayers. J. Lipid Res. 2008. 49: 2347-2355.

Supplementary key words lipid phase coexistence ¢ fluorescent-
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Phospholipases are a group of mostly water-soluble en-
zymes, widely spread in nature, that perform their catalytic
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activity at an interface, owing to the insoluble nature of their
substrates (1). Several studies have equated “membrane
defects,” such as those arising from the coexistence of lipid
domains in different physical states, with enhanced cata-
Iytic activity (2-8). In 1990, it was reported that the liquid-
expanded (LE), liquid-condensed (LC) lateral interfaces
(lipid domain borders) in a one-component monolayer
of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
act as starting points for Naja naja phospholipase Ay
(PLAy) catalytic activity (9). Dahmen-Levison, Brezesinski,
and Mohwald (10) showed in lipid monolayers that the
fluorescent-labeled PLAy preferably accumulates at the
LC-LE interface of domains. Those results support the so-
called perimeter-activated or border-activated mechanism,
in which the enzyme must have physical contact with the
domain boundary/membrane defect in order to become
fully active and exerts its major catalytic action adsorbed
to these linear interfaces (11). However, more recent stud-
ies (12) have demonstrated that fluorescein-labeled PLLAo
from Crotalus atrox was homogeneously distributed in 1-
palmitoyl-2-oleoyl-phosphatidylcholine (POPC) and DPPC
giant unilamellar vesicles when the lipids were in the LE
state and preferentially localized in the LE phase at tem-
peratures corresponding to the gel-fluid phase coexistence.
The homogeneous distribution of PLAs on the membrane
surface would support a mechanism by which the enzyme
is fully active over the whole fluid surface (area-activated
mechanism) but cannot adequately explain the enzyme ac-
tivation by the presence of domain borders.

A group of phospholipases called SMases hydrolyze the
membrane constituent SM to phosphocholine and ceramide
(Cer), a modulator of membrane structure and dynamics

Abbreviations:  Cer, ceramide; DilCys, 1,1’-didodecyl-3,3,3’,3/-tetra-
methylindocarbocyanine perchlorate; DPPC, 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine; LC, liquid-condensed; LE, liquid-expanded; PLA,,
phospholipase Ay; POPC, 1-palmitoyl-2-oleoyl-phosphatidylcholine;
Xcer, mole fraction of ceramide.
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and a second messenger involved in cell signaling (13, 14).
Previous studies in both lipid monolayers and bilayers have
shown greater activity of SMase when the substrate is in a
fluid state than when it is in the gel/ordered state (15-17).
A detailed study of the time course of the SM degradation
by SMase showed a correlation between the formation of
Cer-enriched LC domains (immersed in a SM-enriched
LE continuous phase) and the attainment of full catalytic
capacity at the end of a lag period (18, 19). Recently,
we showed how the initial presence of Cer-enriched LC
domains favors precatalytic steps of SMase activation in a
way that is dependent on the amount of the lateral inter-
face present (20). These results point out that, similar to
PLAy, SMase action is also regulated by the presence of lat-
eral membrane defects.

In this work, we investigated the mechanism of action of
SMase, taking into consideration the border-activated ver-
sus area-activated alternative initially proposed for PLA,.
To this purpose, we studied the localization of Bacillus cereus
SMase while it is actively hydrolyzing an initially pure SM
film. Also, we examined the effect of the initial presence
of lateral interfaces on the enzyme localization in mixed
SM/Cer (9:1) monolayers in which LC domains and the
LE phase coexist prior to the action of the enzyme. We
found that SMase is preferably localized in the LE phase
of the lipid monolayers. A mechanism is proposed on
the basis of the area-activated mechanism for the enzy-
matic action of SMase that can also explain the regulatory
effect of the surface topography. The proposed mecha-
nism is analyzed integrating recent studies showing the
influence of the initial presence of domains on SMase

activity (20).

EXPERIMENTAL PROCEDURES

Chemicals

Bovine brain SM, bovine brain Cer, and Bacillus cereus SMase
(EC 3.1.4.12) were purchased from Sigma-Aldrich (St. Louis,
MO). The lipids were >99% pure by TLC and were used without
further purification. The lipophylic fluorescent probe 1,1’-didodecyl-
3,3,3’3/-tetramethylindocarbocyanine perchlorate (DilC;9) and
the amine-reactive probe Alexa Fluor 488 carboxylic acid
succinimidyl ester were purchased from Molecular Probes
(Eugene, OR). Solvents and chemicals were of the highest com-
mercial purity available. The water was purified by the Milli-Q
system to yield a product with a resistivity of ~18.5 M{)/cm.
Absence of surface-active impurities was routinely checked as
described elsewhere (21).

Alexa dye conjugate of SMase

Conjugation of SMase with the dye was performed in 500 mM
NaCl, 10 mM sodium phosphate, 1 mM MgCl, (pH 7.8). SMase
was incubated with the amine-reactive dye Alexa Fluor 488 car-
boxylic acid succinimidyl ester, which was dissolved in DMSO
and immediately added to the protein solution. The reaction
mixture was incubated for 3 h in the dark, at room temperature
under stirring, and stopped by diluting it with 100 mM Tris. The
conjugated protein was purified from the unreacted dye by filter-
ing through Centricon centrifugal filter 3000 (Millipore Corp.).
Conjugates were labeled with an average ratio of 2:1 dye-protein
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molecule (calculated from absorbance measurements). A 15% (w/v)
SDS-PAGE was used to verify the attachment of the dye to the pro-
tein. Protein bands were detected with Coomasie Brilliant Blue.
Fluorescent bands were visualized by illumination of the gel with
ultraviolet light in the dark. The labeled protein was stored in the
dark at 4°C until use, and used without further dilution with un-
labeled enzyme. Enzymatic assays showed that after being labeled,
neither the lag time nor the rate of activity was changed, and the
enzyme remained fully active, giving a two-dimensional specific
activity of 300 = 40 U/mg for the unlabeled SMase and 320 =
20 U/mg for Alexa-SMase [the interfacial SMase concentration
was calculated using the partition constant Kp = 7 X 10* pre-
viously reported (22)].

Epifluorescence microscopy of monolayers

The monolayers SM and SM/Cer (9:1), without lipid fluores-
cent probe (SMase-Alexa 488 experiments) or with 1 mol% DilCyo
(lipophylic probe that preferentially partitions into the LE
phase), were spread from preformed lipid solutions in chloroform-
methanol (2:1) over a subphase of 10 mM Tris/HCI, 125 mM
NaCl, 3 mM MgCl,, pH 8 until reaching a pressure of less than
~0.5 mN/m. After solvent evaporation (10 min), the monolayer
was slowly compressed to the desired surface pressure (10 mN/m).

Alexa-SMase (final concentration 10 mU/ml) or unlabeled
SMase (final concentration 0.5—7 mU/ml) was injected into the
subphase of a circular reaction compartment (3 ml; 3.14 cm?).
The all-Teflon zero-order trough (Kibron p-Trough S; Kibron,
Helsinki, Finland) was mounted on the microscope stage. Epi-
fluorescence microscopy was carried out (Zeiss Axiovert 200 or
Zeiss Axioplan; Carl Zeiss, Oberkochen, Germany) using a mer-
cury lamp (HBO 50), a 20X LD objective, and a rhodamine-
fluorescein filter set. Images with exposure times between 1
and 2 s (Alexa 488-labeled monolayers), were recorded with a
CCD video camera (Zeiss) controlled by Axiovision 3.1 software.
Images with exposure times of 60 ms (DilC;s-labeled mono-
layers) were recorded with a CCD video camera controlled by
Metamorph 3.0 software. All experiments were carried out in
an air-conditioned room (22 *= 2°C).

Preparation of Langmuir-Schaefer films

Coverslips (12 mm-diameter) were first alkylated with octa-
decyltrichlorosilane to self-assemble a covalently linked mono-
layer of octadecylsilane. The coverslips were precleaned in hot
piranha solution (1 vol 30% HsOg; 3 vol HoSO4) for 1 h (Warning:
piranha solution reacts violently with organic materials). The qual-
ity of hydrophobic coverage of each coverslip was routinely
checked before use. Monolayers were transferred from the air-
water interface to solid supports. To perform the transference,
the coverslip was held above the monolayer and slowly lowered un-
til touching it (23). After a few seconds, the coverslip was pushed
through the monolayer. Coverslips were gently washed before
being observed through the microscope (always maintained under
aqueous solutions to avoid collapse of the monolayers). At least two
independent samples were imaged for each monolayer composition.

Determination of enzymatic activity

Details of the equipment used have been given elsewhere (18).
Briefly, an adjacent compartment (connected to the reaction
compartment through a narrow and shallow slit) serves as a sub-
strate reservoir in order to maintain constant surface pressure
during the enzymatic reaction. Because Cer remains at the inter-
face, and owing to the difference of cross-sectional area between
SM and Cer (~84 A% and 51 A% at 10 mN/m, respectively), the
enzymatic activity can be determined by continuously recording
the reduction of the film area as a function of time (24).

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

A b

D

FS. TS

D

ASBMB

D

JOURNAL OF LIPID RESEARCH “ASE

I

Assessment of the mole fraction of Cer on the LC phase
from epifluorescence images of SM/Cer monolayers

From epifluorescence micrographs of mixed SM/Cer mono-
layers originally published in (18) and shown in Fig. 1A—F, we
extracted information about the area fraction occupied by the
LC phase at different Cer content. Figure 1G shows a linear de-
pendence of the area fraction occupied by the LC phase with the
content of Cer in the film (X¢e,'). The variation of the LC area
fraction (Afc™) is defined in equation 1 as follows:

Afc™C = Aa/at

(Eq. 1)

0.6 1

04 1 (]

LC phase area fraction

0.2 1

0,0 v v v v v
00 01 02 03 04 05 06
Fraction of Cer (mol%)

Fig. 1. Correspondence of the area fraction occupied by the
liquid-condensed (LC) phase and the ceramide (Cer) content on
mixed SM/Cer monolayers. A—F: Epifluorescence micrographs of
1,1’-didodecyl-3,3,3’,3'-tetramethylindocarbocyanine perchlorate
(DilCy9)-labeled premixed SM/Cer monolayers at 10 mN/m of
surface pressure containing 2, 10, 20, 25, 30, and 50 mol% of Cer,
respectively. Image size 225 X 175 pm [from (18) with kind per-
mission of the Biophysical Society]. G: Linear dependence of the
LC phase area fraction with the content of Cer at the interface.
Error bars represent SEM.

Aa is the change of area occupied by the LC phase, and a' the
total area of the analyzed image. Aa is related to the number of
Cer molecules per frame that are added to the system (Ance,),
shown in equation 2 as follows:
Aa = AncerAcer + Anlg‘&Klgﬁ (Eq. 2)
Angyi is the number of SM molecules per frame that partition
into the LC phase as a consequence of an increase of Cer in
the system, and A, and A are the average molecular area of
Cer and SM, respectively, in the LC phase. SM is assumed to be
in a condensed state when becoming integrated into the LC
domains, and its mean molecular area is calculated as an ex-
trapolation of the condensed portion of the known isotherm
curve [Fig. 1 in (18)] to lower surface pressures.
The newly added molecules of Cer are assumed to be segre-
gated from the Cer-saturated LE phase; therefore, in equation 3,
Ance, = AXEer'nt (Eq. 3)

AXe,' is the total change of the Cer mole fraction in the system
and n' the total number of molecules per frame. In equation 4, n'

is calculated as
c_a'/—
n = Aav

IKHV is the experimental average molecular area of the mixed SM/
Cer monolayer. Taking into account that the Cer mole fraction in
the LC phase can be expressed as shown in equation 5,

(Eq. 4)

ArlCer

XLC —
Cer LC
Ancer + Angy

(Eq. 5)

and using equations 2 and 3, we can calculate xég as 0.53 =
0.06 (SEM) for the premixed monolayers and 1.1 = 0.1 (SEM)
for the monolayer under SMase activity.

RESULTS

SMase-induced formation of Cer-enriched (LC) domains

As reported previously, SMase-induced SM—Cer conver-
sion on SM monolayers leads to the formation of LC Cer-
enriched domains (18). The activity of SMase shows a lag
time period followed by a constant rate (steady-state) pe-
riod and a slow halting of the reaction owing to product
accumulation at the interface [Fig. 2A and (22)]. With the
aid of DiICys, a lipophylic probe that selectively partitions
into LE phases, it is possible to distinguish between SM-
enriched LE (bright area in Fig. 2B—E) and Cer-enriched
(LC) phases (dark domains in Fig. 2B—E). As was reported
previously in detail (18, 19), the SMase action against a
pure SM monolayer, which shows initially a homogeneous
LE phase (see Fig. 2B), induces the formation of small cir-
cular domains at the end of the lag time period that grow
steadily during the constant rate of the reaction (Fig. 2C).
The enlargement of the Cer-enriched (LC) domains leads to
successive domain shape transitions to increasingly branched
morphologies (see Fig. 2C) that can be explained by
Mohwald/McConnell shape transition theory (25, 26).
Within this theoretical framework, the branched domain
morphology appears to be a consequence of intradomain
electrostatic repulsion owing to the progressive enrichment
within the domain lipid with a considerable dipole moment
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Fig. 2. Topographical properties of SMase-driven SM—Cer con-
version. A: Time course of SM to Cer conversion by SMase acting
on an initially pure SM monolayer (unbroken line) or premixed
SM/Cer (9:1) monolayer (dashed line). The arrows indicate the
beginning of the constant rate regime [reprinted from (20) with
kind permission of Springer Science and Business media]. B-E:
Epifluorescence micrographs of DilCje-labeled lipid monolayers
(actual size 140 X 140 pm). The bright regions (DilC;s-enriched)
denote LE, SM-enriched phase, whereas the dark areas (DilC,o-
depleted) are liquid-condensed Cer-enriched domains. B, D: Air/
water monolayers containing pure SM (B) or SM/Cer (9:1) (D)
(before SMase injection). C, E: Topographic pattern of transferred
(Langmuir-Schaefer) monolayer under the action of SMase in the
constant rate period acting on initially pure SM (C) or SM/Cer
(9:1) (E) films. F: Lag time (closed circles) and enzymatic activity
dependence (open triangles) with SMase surface concentration
[(molecules/cm?) X 10% taken from (22)]. [For details regarding
topographic evolution of SMase-generated Cer-enriched domains
see (19, 20)].
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such as Cer. Concomitantly with this shape transition pro-
cess, a long-range ordering of domains in a hexagonal lattice
is established as a consequence of long-range interdomain
electrostatic repulsion (19).

When SMase acts on an interface that initially contains
Cer [SM/Cer (9:1)], and therefore, initially presents Cer-
enriched (LC) segregated domains (Fig. 2D), the reaction
curve shows a shorter lag time and a lower catalytic rate
[Fig. 2A and (15)]. Under these conditions, the SMase-
generated, Cer-enriched domains evolve with more rounded
morphologies than when the enzyme is initially acting on
pure SM films [cf. Fig. 2C, E and see also (20)]. It is worth
noting that the difference in the kinetic behavior between
the two conditions [SM and SM/Cer (9:1)] cannot be ex-
plained as a simple difference of the enzyme partitioning
to the interface, on the basis of the detailed analysis of
the different kinetic steps of the action of SMase on SM
monolayers that was previously reported (22). As shown
in Fig. 2F, the lag time period decays inversely with the
amount of adsorbed enzyme, whereas the catalytic rate in
the constant rate period increases linearly. Thus, neither a
higher nor a lower amount of SMase adsorbed onto the
SM/Cer (9:1) interface, compared with the action on pure
SM, can explain the kinetic difference observed. De Tullio
et al. (20) reported that the end of the lag time appears
to be related to a same fixed amount of domain border
per frame for both cases, pure SM or SM/Cer (9:1), even
though this stage is reached over different times.

Surface localization of SMase

Important questions are whether SMase is located along
the domain borders or acts evenly distributed in one of the
two phases present, and how this distribution might affect
its kinetic properties. Therefore, enzyme localization ap-
pears to be key data for interpretation of the mechanism
of enzyme regulation by the presence of domain borders.
To address these questions, we studied by epifluorescence
microscopy the localization of Alexa-labeled SMase during
its action on both initially pure SM and mixed SM/Cer
(9:1) monolayers. SMase visualization was achieved both
at the air-water interface and by transferring the mono-
layer to a solid support by the Langmuir-Schaefer method.
SMase was injected into the subphase of pure SM or SM/
Cer (9:1) monolayers, and the SM—Cer conversion was
allowed to occur until the constant rate period was estab-
lished. For the observation of the enzyme associated with
the monolayers, it was necessary to extensively perfuse the
subphase with a dual syringe pump for simultaneous infu-
sion and withdrawal in order to eliminate the considerable
amount of background fluorescence remaining in the sub-
phase. Monolayers transferred as Langmuir-Schaefer films,
allowing washing and better elimination of subphase back-
ground, showed a pattern similar to that of the airwater mono-
layers (notshown) but in immobile, higher quality images.

Figure 3A, B shows images of Langmuir-Schaefer films
of Alexa-SMase acting on initially pure SM monolayers
when about =20-30% (Fig. 3A) or =50-60% (Fig. 3B) of
the SM substrate was hydrolyzed to Cer. The images show a
more intense labeling in the continuous phase than in the
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Fig. 3. Surface localization of Alexa-labeled SMase. Representative
epifluorescence micrographs of Alexa-SMase-labeled transferred
monolayers are shown acting on initially pure SM monolayers
(A, B) or initially mixed monolayers of SM/Cer (9:1) (C, D). Images
were taken at the beginning of the constant rate period (~20-30%
of SM hydrolized) (A-C) or at the end of the constant rate period
(~50-60% of SM hydrolyzed) (B-D). No lipid probe was used in
these experiments. Images with further-enhanced contrast (insets)
show that the labeling is not enriched at the domain borders, within
the sensitivity of the method. Image size is 140 X 140 wm for all
panels except insets, which are 23 X 23 pm.

domains. Insets in Fig. 3 show expanded, contrast-enhanced
images showing that the labeling is not preferentially en-
riched at the domain borders. Comparison of images in
Fig. 3A, B with Langmuir-Schaefer transferences of un-
labeled SMase acting on SM/DiIC;5 (1 mol%) monolayers
(Fig. 2C) supports the assignment of an LE state to the
Alexa-SMase-enriched (continuous) phase. Altogether, we
found that the Alexa-SMase preferably locates in the LE
(DiIC;9-enriched) phase and, within the sensitivity of the
method, we could not detect preferential enrichment at
the lateral interfaces of the domains (see inset in Fig. 3A,
B). The initial presence of lateral interface on the substrate
monolayer does not alter the distribution of SMase. Alexa-
SMase acting on the SM/Cer (9:1) monolayer also preferen-
tially partitions homogeneously into the continuous phase
(Fig. 3C, D), which can be assigned as the LE phase by the
DilC; partition preference (Fig. 2E). This indicates that the
initial presence of lateral interfaces does not favor a detect-
able enrichment of the enzyme at the domain boundaries.

Dependence of size and number of Cer-enriched (LC)
domains on the enzymatic catalytic rate

To understand the mechanism of SMase-induced do-
main formation, we studied the changes of topographic
features of (initially pure SM) monolayers induced by differ-
ent amount of SMase added to the subphase. Figure 4A-D

shows qualitatively that the larger the amount of enzyme
added to the subphase, the higher the number of smaller
Cer-enriched (LC) domains formed during the constant
rate period. Because the SMase catalytic rate in this period
is linear with the enzyme subphase concentration (22), the
number of domains formed can be analyzed as a function
of the Cer production rate (Fig. 4E). In addition, as the cat-
alytic rate slows, the size of the domains becomes larger
(Fig. 4F). Table 1 shows detailed data about the experi-
ments analyzed in Fig. 4 plus additional experiments per-
formed in the absence of the cofactor Mg2+. Under this
condition, a larger number (20-fold) of SMase molecules
are necessary to reach a catalytic activity similar to that
of control (+Mg®") experiments. From the analysis of
Table 1, we can conclude that the number of domains
per frame correlates better with the SMase catalytic activity
than with the amount of SMase molecules at the interface.
The significance of these observations is discussed below.

DISCUSSION

Estimation of the composition of the LC and LE phases in
premixed and SMase-induced SM/Cer monolayers

To explore alternative mechanisms for the activation of
SMase induced by the domain lateral interface, we ana-
lyzed in depth the details of the SM/Cer demixing process.
Premixed SM/Cer monolayers at the surface pressure
used in this work (10 mN/m) show the presence of Cer-
enriched LC domains over the composition range 0.02—
0.5 mole fraction of Cer (Xce,) [the epifluorescence images
were initially published in (18) and are shown in Fig. 1].
Below X¢er = 0.02, the monolayer is formed by a homoge-
neous LE phase. In the range of X, 0.02—0.3, Cer-enriched
LC domains are present immersed in a continuous LE
phase (Fig. 1A-C). Above X¢., = 0.3, the LC phase be-
comes the continuous phase delimiting LE isolated domains
(Fig. 1D, E). At X, = 0.5, the LC phase covers 91 = 2% of
the total area (Fig. 1F). The extent of the LC phase clearly
exceeds the area occupied by Cer; thus, the LC phase must
consist of a mixture of SM and Cer. Under conditions in
which Cer is enzymatically generated by SMase, a lower
fraction of area is occupied by the LC phase at the same
SM/Cer composition, and this reflects an increased enrich-
ment of Cer in the LC segregated domains (18). A minimal
amount of Cer is also present in the LE phase. This is evi-
denced from the observation that monolayers with a con-
tent of Cer lower than X¢., = 0.02 show a homogenous
LE phase. This indicates that the mixed monolayers of
SM/ Cer can be described in the micrometer range as a het-
erogeneous coexistence of two separate but mixed phases,
an SM-enriched LE phase and a Cer-enriched LC phase.

An estimation of the composition of the LC phase can
be performed taking into account the molecular areas oc-
cupied by Cer and SM in the LC state and the experimen-
tal average molecular area of the mixed monolayers (see
Materials and Methods for details). According to the calcu-
lations described in the Materials and Methods section, the
segregated LC phase domains contain an estimated lipid
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Fig. 4. Relationship between the number and size of Cer-enriched domains per frame with SMase catalytic
rate. A—D: Fluorescence representative images of initially pure SM monolayers labeled by 0.5 mol% of DiIC;o
under the action of SMase (at the end of the constant rate period) at different SMase enzymatic rates
expressed as molecule/cm ™ 2/min~! X 10" = SEM. A: 1.5 = 0.3. B: 1.9 = 0.4. C: 25 + 0.5. D: 3.8 = 0.8.
Image size is 225 X 175 um for all cases. E: Number of Cer-enriched domains per frame at different SMase
catalytic rates (linear range regarding SMase subphase concentration). The error bars represent the SEM.
F: Histograms of the relative frequencies of domain size for the conditions illustrated in Fig. 4A, D correspond-
ing to the fastest (open bars) and slowest (striped bars) SMase catalytic rate.

composition of ~X¢., = 0.53 = 0.06 (SEM) immersed in a SMase acts homogeneously on the SM-enriched (LE)

continuous SM-enriched LE phase containing <Xc¢e, = continuous phase

0.02. The same analysis for monolayers in which Cer was Our results indicate that Alexa-SMase is preferably parti-
generated enzymatically by SMase gives a mole fraction  tioned in the LE phase. This is in keeping with previous
of Cer in the LC domains close to unity. work reporting a preference of SMase for the substrate

TABLE 1. Correlation between the number of Cer-enriched (LC) domains and the amount of adsorbed SMase

SMase in Subphase” Adsorbed SMase®” Enzymatic Activity Number of Cer-enriched (LC) SMase per LC Domain
(Molecules/cm ™ %) x 10'° (Molecules/cmfz) X 107 (Molecules/cmﬁ/minfl) X 10'% + SEM Domains per Frame® = SEM (Molecules X 10*) = SEM
7.52 1.5 1.5+ 0.3 32+3 19 + 0.3

22.6 4.52 1.9 = 0.4 47 £ 4 3.8 0.7

45.16 9.04 2.5 * 0.5 74 = 4 4.8 £ 0.7

90.33 18.1 3.8 £0.8 99 = 7 7.2 * 1.13
953.5¢ 190.9 2.5 £ 0.1 126 = 4 60 = 6.9

LG, liquid-condensed.

“SEM values are below 9%.

’ Adsorbed SMase concentration was calculated using the partition constant (Kp = 7 X 10%) determined in (22).
“Image frame is 225 X 175 wm size.

“Experiment performed in the absence of the cofactor Mg®" in order to work under slow catalytic conditions.
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when it is in the fluid state compared to gel/ordered states
(15-17, 27). In our previous work (20), we suggested the
possibility that the presence of lateral interface could be
involved in the completion of the precatalytic steps neces-
sary for the enzyme to reach the steady-state condition
(constant rate period). However, our present results testing
that hypothesis indicate that the enzyme is homogeneously
distributed in the LE phase and does not preferentially con-
centrate at the lateral interface of the domains. Thus, a di-
rect physical influence of the lateral interface on the
enzyme catalytic properties is not straightforward. On the
other hand, the possibility that enzyme molecules in con-
tact with the lateral interface could be more active, even
though the enzyme is distributed homogeneously in the
LE phase, can also be ruled out with our results. If the en-
zyme acts preferably at the domain boundaries, the cata-
lytic rate should depend directly on the total amount of
lateral interface. In previous work, we demonstrated that
the amount of lateral interface increases during the con-
stant rate period of SM degradation by SMase (period of
domain growth), whereas the reaction rate remains con-
stant until a sudden drop in activity occurs owing to domain
percolation (and LE phase disconnection) (19). Thus, no
direct correlation can be established between the amount
of lateral interface and the reaction rate.

Perimeter-activated versus area-activated mechanism of
action for phospholipases

For the largely studied reaction catalyzed by PLAo-type
enzymes, a literature search shows that the mechanism
of action on a lipid organized surface in which LE-LC co-
existence is present cannot be definitely established. In
two different studies (9, 28), it was reported that the en-
zyme caused substrate degradation of the LC domains be-
ginning from the domain boundary. However, a close
analysis reveals that the methodology used in those studies
cannot actually ascertain whether the LE phase was not
likewise degraded, because substrate degradation within
the LE phase cannot be distinguished by the probe used.
Atomic force microscopy monitoring of PLA, degradation
of DPPC over a solid support confirmed the data that the
enzyme initiates the degradation of the substrate in an LC
state from the lateral defects of intermolecular packing in
lipid bilayers (7) but cannot assess the degradation mecha-
nism in an LC-LE interface. Dahmen-Levison, Brezesinski,
and Mohwald (10) showed that fluorescein-labeled PLAo
actually accumulates preferentially at the LC-LE interface.
Conversely, and more recently, Sanchez et al. (12) demon-
strated that fluorescein-labeled PLAy from C. atrox was
homogeneously distributed in POPC/DPPC giant uni-
lamellar vesicles when the lipids were in the LE state and
preferentially localized in the LE phase in mixed lipid
giant unilamellar vesicles at temperatures corresponding
to the gel-fluid phase coexistence. However, in these stud-
ies, catalytic activity was not assessed, and whether the en-
zyme adsorbed to the lateral interface is more active than
the enzyme adsorbed to the bulk LE phase could not be as-
certained. Recent attempts to clarify this point were made
by Simonsen, Jensen, and Hansen (11). They followed the

enzymatic hydrolysis by PLAy of POPC bilayer islands in
the LE state through the reduction of the total substrate-
supported bilayer. In that work, the authors proposed a ki-
netic model to discriminate between a perimeter-activated
and an area-activated mechanism. The kinetic constants
obtained showed a higher catalytic rate for the perimeter-
activated compared with the area-activated model. The
authors concluded that their results could support that
the enzyme activation occurred along the island bound-
aries. Nevertheless, it was also shown that both model
mechanisms were able to fit the kinetic data. On the other
hand, when the bilayer islands underwent discrete jumps
of perimeter length but not of area, the reaction rate re-
mained smooth. This observation would be contrary to
the perimeter-activation mechanism but can support the
idea of the reaction taking place over the island surface
(area-activated mechanism).

Kinetic barrier for nucleation of Cer-enriched domains as
a regulatory mechanism for SMase activity at the interface

In the present work, based on the homogeneous locali-
zation of SMase in the LE phase and on the former cal-
culation of the Cer content in the LC phase, we advance
a novel mechanism for SMase regulation by the surface
topography that can integrate the data available. Under
this interpretation, the homogenous enzymatic generation
of Cer in the LE phase leads to a meta-stable, kinetically
trapped, supersaturated mixed monolayer (the thermody-
namically stable mixture contains Xce, = 0.02; see Discus-
sion). Because the presence of Cer in the monolayer
inhibits the enzymatic activity [see Fig. 2A and (15, 20)],
the mechanism may involve a product-induced inhibition
of the SM—Cer conversion within the LE phase. When the
initial monolayer (reaction time = 0) does not show later-
ally segregated domains (pure SM monolayers, Fig. 2B),
occurrence of nucleation events is necessary in order to
cause large-scale demixing and the formation of a two-
phase system in the monolayer. After a lag time in which
domain nucleation occurs [with the reaction taking place
at a low rate of enzymatic activity (18)], the excess Cer mol-
ecules become segregated into the LC domains and the
Cer content in the LE phase approaches the equilibrium
value (i.e., <Xc., = 0.02). Under this condition, the en-
zyme is able to reach full catalytic properties and the reac-
tion enters the steady-state condition (20).

The Cer supersaturation in the LE phase would act as
driving force for nucleation of Cer-enriched domains, as
shown in equation 6, according to the classic nucleation
mechanism (29, 30):

AG = —nAp + 27 (Eq. 6)

where 7 is the number of molecules in the nucleus seed,
r is the radius of the circular nucleation seed, A is the
chemical potential difference between the two phases (that
depends on how far from equilibrium the system is), and
A is the line tension between the two phases. As predicted
by classical nucleation theory (equation 6), the number of
stable nuclei increases as the driving force grows; in this
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case, the driving force is the degree of supersaturation
within the LE phase (Ap). Equation 6 also indicates that
nucleation and growth of domains are opposed by linear
tension, being necessarily the formation of a nucleus of
n large enough to overcome the second unfavorable term
of the equation. This effect adds extra energy require-
ments for the enlargement of the lateral interface and
the formation of a stable nucleus (29, 31). The occurrence
of compositional fluctuations necessary to form droplets
of the new phase, large enough to overcome line tension,
is a kinetically dependent process. In the present case, the
compositional gap to reach a stable LC phase is proposed
to be ~Xcer = 0.53, depending on how near the system is to
equilibrium conditions (see Discussion). The proposal of
classical nucleation theory as the mechanism for domain
formation is supported by the experimental data. Taking
the Cer supersaturation in the LE phase as the driving
force for nucleation (Ap), the faster the Cer is produced,
the further from equilibrium (supersaturation) should be
the concentration of Cer in the LE phase. Under these
conditions, the driving force becomes larger, and addition-
ally, compositional fluctuations are more likely to occur in
order to reach the compositional gap necessary for over-
coming the line tension and the formation of stable nuclei.
Therefore, at high enzymatic rates, a larger number of Cer-
enriched LC domains at the end of the steady-state period
should be expected. This expectation is satisfied as shown
in Fig. 4E and Table 1. Concomitantly, at high enzymatic
rates with fast Cer production, Cer molecules should parti-
tion into a large number of nuclei, leading to the formation
of many small domains, whereas at low Cer production
rates, few large domains would be formed (Fig. 4F). An al-
ternative interpretation of the results shown in Fig. 4 could
also be hypothesized. The physical presence of the enzyme,
or the local production of Cer at the interface could be
influencing/inducing nucleation of new domains, and
therefore a higher number of SMase molecules (and not
only the overall Cer production rate) might resultin a larger
number of domains. To test this interpretation, 20-fold more
total enzyme concentration in the subphase was used in the
absence of the cofactor Mg®* (compared with the activity
in its presence) in order to reach similar catalytic rates
during the steady-state period (Table 1). Despite the large
difference in the enzyme amount, the number of Cer-
enriched domains per frame only doubled. Additionally,
the results given in Table 1 show that the relationship be-
tween the amount of adsorbed SMase molecules and
domains per frame is not constant among different experi-
ments (see SMase per LC domain column in Table 1). The
number of domains per frame appears to be related to the
enzymatic activity rather than to the number of adsorbed
SMase molecules (Table 1). Therefore, the nucleation of
Cer-enriched domains does not appear to be a direct con-
sequence of the formation of Cer in localized spots, but
rather of the extent of Cer supersaturation in the LE phase.

When lipid domains are initially present in the substrate
monolayer [initial monolayer for SM/Cer (9:1), see Fig. 2D],
the Cer molecules homogenously produced in the LE phase
can become immediately excluded by partitioning into the
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preexisting domains, which decreases supersaturation of
Cer in the LE phase. In a previous work (20), we reported
that SMase acting on SM/Cer (9:1) films induced the con-
tinuous enlargement of an almost unchanged number of
LC domains throughout the reaction. Thus, most of the
newly generated Cer molecules are essentially destined
for the growth of the preexisting LC domains and not for
the generation of new nuclei. Thus in this case, the kinetic
barrier for nucleation is not present and the lag time period
necessary for the enzyme to reach full activity becomes
shorter (20). It is clear that the lag for domain nucleation
is not the only factor responsible for the lag time required
to reach full catalytic capacity. A succession of processes,
such as enzyme partitioning to the interface, association
to the substrate, a bimolecular kinetic step, and a slow irre-
versible activation step, have been described to occur during
the lag time period of SMase acting on substrate monolayers
and are in part responsible for the lag time found against the
SM/Cer (9:1) films (22).

CONCLUSIONS

According to Alexa-labeled SMase localization, substrate-
product mixing-demixing state, and kinetic-topographic
considerations, the results support an “area-activated mech-
anism” for SMase action on lipid monolayers in which the
enzyme is homogeneously active over all the surface of
the LE phase. A novel mechanism for the lag time regu-
lation by the presence of LC domains is proposed on the
basis of domain nucleation kinetic barriers. This is mainly
contributed by the line tension in relation to a rather large
compositional gap that appears, in part, to be responsible
for the existence of the lag time necessary for SMase to
reach a steady-state rate of SM degradation.

The surface topograpy appears to follow classical nucle-
ation theory, being the SMase enzymatic activity only respon-
sible as a perturbation factor driving the compositional
change of the system through the rate of Cer production.fi
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