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Abstract The sphingomyelinase (Sphmase) activity de-
grading sphingomyelin (Sphm) monolayers shows a slow-
reaction latency period before exhibiting constant rate
catalysis. These two kinetic regions are regulated indepen-
dently by the lateral surface pressure and by lipids that are
biomodulators of cell function such as ceramide, glycosph-
ingolipids, fatty acids, and lysophospholipids. Knowledge
of the interfacial adsorption of Sphmase, precatalytic acti-
vation, initiation of effective catalysis, and the correspond-
ing kinetic parameters is necessary for studying the level at
which different lipids modulate the activity. We dissected
some kinetic steps and determined the rate constants for
degradation of Sphm, under controlled intermolecular or-
ganization, by Sphmase. Six models, adapted to two dimen-
sions, were used to elucidate possible mechanisms for the
interfacial activation of Sphmase during the lag time. The
models consider enzyme binding to the substrate mono-
layer and a subsequent, essentially irreversible interfacial
activation; this is supported experimentally by monolayer
transfer experiments. Some mechanisms involve enzyme-
substrate binding and associated states of the enzyme in the
bulk subphase or at the interface, prior to complete activa-
tion.  The activity of Sphmase is consistent with kinetics in-
volving enzyme partitioning into the interface followed by
substrate association, and by a process that proceeds with
bimolecular kinetic dependence on the interfacial Sphmase
concentration, and a subsequent slow step of activation. A
possible equilibrium between the apparent monomolecular
and bimolecular activated states of the interfacial enzyme,
coupled to a slow activation, constitute rate-limiting steps
that can explain the existence of lag time and the achieve-
ment of a maximum constant rate of degradation of Sphm
monolayers by Sphmase.
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It is well established that the activity of several phospho-
lipases from different sources is markedly affected by both
the long-range physical state and the fine intermolecular
organization of the phospholipid on which they act (1–5).
Phosphohydrolytic enzymes, now almost all implicated in

 

some sort of membrane-mediated signal transduction
(6, 7), are a heterogeneous group of proteins (8–10). In
spite of this, all activities studied to date revealed a pro-
found dependence on the same, few generic physico-
chemical parameters related to the structural dynamics of
the lipid interface, with the critical regulatory values vary-
ing specifically for each enzyme within a relatively narrow
range (5, 11–16).

The phospholipases that have been best studied in
terms of their structural features and their regulation by
phospholipid organization are the secretory and venom
phospholipases A

 

2

 

 and bacterial phospholipases C (2, 3,
11, 17–20), whereas biophysical studied of the mamma-
lian membrane or cytosolic phospholipases are few (12,
13). More recently, interest has also been directed to the
degradative pathway that involves the activity of a neutral
sphingomyelinase (Sphmase), which produces ceramide
that can be triggered by several stimuli in a variety of cellu-
lar effects (6, 21).

On the basis of the different cross-sectional molecular
areas of sphingomyelin (Sphm) and ceramide in lipid
monolayers, we previously showed that the activity of 

 

Bacil-
lus cereus

 

 Sphmase can be followed in real time, while the
catalytic reaction is taking place, with the intermolecular
organization of the lipid substrate precisely controlled
and continuously known (15). The technique was also
used to follow the activity of 

 

Staphylococcus aureus

 

 Sphmase

 

Abbreviations: Cer, ceramide (

 

N

 

-acylsphingosine); d, a dimension-
ality factor for unit adjustment (d 

 

�

 

 1 cm); [E
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], the total enzyme con-
centration in the interface); [E

 

T

 

], the total enzyme concentration in
the system; 

 

K

 

, the enzyme-substrate association constant; 
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act

 

, the intrin-
sic kinetic constant for activation; 
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cat

 

, the catalytic constant of the reac-
tion; 
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, the equilibrium constant for the formation of enzyme dimers;
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, the partition constant of the enzyme between the bulk solution and
the interface; 

 

K
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, the equilibrium binding constant of the substrate to
the active site of the enzyme present in the interface; PLA
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, phospholi-
pase A

 

2

 

 (EC 3.1.1.4); PLC, phospholipase C (EC 3.1.4.3); [S], the two-
dimensional concentration of substrate in the interface; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; Sphm,
brain sphingomyelin; dlPC, (didodecanoyl-

 

sn

 

-glycero-3-phosphocho-
line); Sphmase, sphingomyelinase, 

 

Bacillus cereus

 

 sphingomyelin phos-
phodiesterase (EC 3.1.4.12); 

 

�

 

, the lag time period.
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(22). We first reported that there is a surface-regulated
interfacial cross-communication between the Sphm and
glycerophospholipid degradation pathways mediated by
Sphmase and phospholipase A

 

2

 

 that is modulated by the
presence of substrates and products of both reactions, de-
pending in turn on the lateral surface pressure of the
lipid interface (15, 16). These studies allowed us to de-
scribe the presence of a lag-time period before the maxi-
mum activity of Sphmase against Sphm monolayers is
reached (15). This period involves interfacial adsorption
and any precatalytic steps of enzymatic activation before
the enzymatic activity can reach a steady state, that is, a
constant rate of substrate degradation (pseudo zero-order
kinetics), which is subsequently followed by a gradual halt-
ing of product formation (1, 15, 17, 19). Also, we showed
that the modulation of Sphmase by different lipids and
products of the phosphohydrolytic reaction catalyzed by
phospholipase A

 

2

 

 (PLA

 

2

 

) takes place at different levels
that affect independently the steady state rate of catalysis
and the lag-time period (16). This suggested that the inter-
facial regulation of these lipids could act at the levels of sur-
face adsorption, interfacial enzyme activation at a precata-
lytic stage, and/or on the rate of effective catalysis (16).
However, this analysis could proceed no further because,
unlike other phospholipases (especially PLA

 

2

 

) that have
been more extensively studied (23–26), the interfacial
steps and the corresponding kinetic parameters have not
yet been characterized for the reaction catalyzed by
Sphmase acting on the pure substrate, let alone in more
complex interfaces containing nonsubstrate lipids. The
objective of the present work was to study the kinetic steps
and to determine the equilibrium rate constants for the
two-dimensional interfacial catalysis mediated by Sphmase
acting on Sphm monolayers, under well-controlled condi-
tions of intermolecular organization. This is a necessary
prior basis for subsequent studies of the level at which dif-
ferent lipids may modulate the activity of Sphmase.

MATERIALS AND METHODS

 

Chemicals

 

Sphm and dilauroylphosphatidylcholine (dlPC) were pur-
chased from Avanti Polar Lipids (Alabaster, AL). 

 

Bacillus cereus

 

Sphmase (lot 48H4058) was obtained from Sigma-Aldrich (St.
Louis, MO). Solvents and chemicals were of the highest com-
mercial purity available, NaCl was roasted at 400

 

�

 

C for 4 h. The
absence of surface active impurities in the solvents and buffers
was routinely checked as described (17).

 

Determination of enzymatic activity

 

Lipid monolayers were spread from premixed solutions of the
desired lipid in chloroform-methanol (17) over a subphase of 10
mM

 

 

 

Tris-HCl, 125 mM

 

 

 

NaCl, 3 mM

 

 

 

MgCl

 

2

 

, pH 8 (18bis). The re-
action was followed in real time after injecting a concentrated
solution of the enzyme into the subphase under an Sphm film,
with continuous stirring, in a compartment of a specially de-
signed thermostatted circular trough with an automatic surface
barostat and adjacent reservoir compartments previously de-
scribed in detail (17) (

 

Fig. 1A

 

). The activity of Sphmase was mea-
sured continuously against monolayers of the pure substrate at

the air-buffer interface, at 25

 

�

 

C. A constant surface pressure of
15 mN/m is maintained for optimum activity by replenishment
of pure Sphm from the reservoir compartment (15, 16); the en-
zyme activity is determined by recording of the reduction of the
film area as a function of time caused by the progressive forma-
tion of ceramide (Cer) in the monolayer (15). The results rep-
resent average values from experiments per formed at least in
triplicate.

For some experiments Sphmase was labeled with 

 

125

 

I to a suit-
able specific activity (approximately 1 

 

�

 

Ci/

 

�

 

g protein) by stoi-
chiometric iodination, using chloramine-T (27). When subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), using either 7.5 or 15% polyacrylamide gels, 

 

B.
cereus

 

 Sphmase showed only two components as visualized with
Coomassie Brilliant Blue: more than 95% ran as a major band
with a molecular weight of about 40,000 and the remaining com-
ponent migrated with a molecular weight of about 24,000; it was
previously reported that the latter value corresponded to that
obtained by gel filtration and sedimentation equilibrium (28),
while a molecular weight of 41,000 was obtained by SDS-PAGE
(18). The molecular weight for Sphmase was taken as 24,000 in our

Fig. 1. Time course for hydrolysis of Sphm monolayers by Sphmase.
(A) A simplified schematic of the trough and compartments used
(see ref. 17). The percentage of substrate degradation (dotted line)
and the amount of adsorbed enzyme at the interface (solid line)
are shown in (B). (C) The initial portion of the curve for substrate
degradation, when less than 10% of substrate has been degraded by
33 (solid circles) or 7 (solid squares) ng of enzyme per milliliter of
subphase, added at time zero. As shown by the dotted lines fitting
the points, there is a second-order dependence of the amount of
substrate degraded with time. The reaction was carried out at 25 �
1�C and a constant surface pressure of 15 mN/m.
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work. The amount of Sphmase adsorbed to the monolayer at differ-
ent times after injection into the subphase was determined by mea-
suring the radioactivity in a 

 

�

 

 counter after collection of the film
with hydrophobic paper (29). Complete collection of the mono-
layer containing the adsorbed enzyme was controlled by the decay
of surface pressure to zero as described previously (17).

In the case of PLA

 

2

 

, the products of degradation are short-
chain lysophospholipids and fatty acids that are quickly de-
sorbed from the monolayer into the subphase (17), and the reac-
tion in monolayers follows true zero order kinetics with respect
to the surface concentration of substrate. This is different from
the hydrolysis of Sphm by Sphmase, which produces Cer that re-
mains in the film; in spite of this the existence of a pseudo-zero
order kinetic period indicates an effective replenishment of
Sphm and the maintenance of an operational substrate excess
for a period of time independent of the proportions of product
formed during this time. The slope of the linear portion (con-
stant velocity in the pseudo-zero order region) of the cur ve of
substrate degraded as a function of time after the lag time (when
present) represents the maximum rate of activity at each enzyme
concentration in the subphase (Fig. 1B). It should be empha-
sized that these pseudo-zero order rates are used only in the part
of our analysis of the surface kinetics in which a classic Michaelis-
Menten treatment of the data was applied (thus under condi-
tions in which the activity proceeds independently of the mecha-
nism that operated in the precatalytic interfacial activation of the
enzyme); the rate of degradation during the pseudo-zero order
reaction is linear starting from 0% degradation once the precat-
alytic activation steps have taken place (see Fig. 4). On the other
hand, for the kinetic analysis of the precatalytic period we used
only the initial portion of the reaction, during which less than
10% of the substrate was degraded (see Fig. 1B and C). We previ-
ously described the existence of lag time for the degradation of
Sphm monolayers by Sphmase (15); the use of only the initial
portion of the reaction for the kinetic analysis of the precatalytic
period is validated because interfacial enzyme activation occurs
that is independent of the presence of effective catalysis as
shown in experiments with transferred monolayers (see Fig. 4).
The presence of lag time in phosphohydrolytic reactions in
monolayers and bilayer vesicles (3, 11, 17, 19, 20, 23 –25) reveals
the requirement for interfacial steps that must take place before
a constant rate of substrate degradation can be reached. Al-
though there are no theoretical reasons for preferences, the lag
time in monolayer experiments is usually defined as that time
necessary to reach a constant velocity and is taken by extrapola-
tion of the linear portion of the curve for activity in Fig. 1B to
the point on the time axis corresponding to zero substrate deg-
radation (1, 15, 19, 20). However, in work done with phospho-
lipases acting on unilamellar lipid vesicles (23 –25) the lag time
has frequently been defined in a different operational (although
conceptually similar) manner as the time taken by the reaction
to reach half of the maximum rate of activity (constant velocity).
In this work, the latter definition for the monolayer lag time was
adopted mostly because it simplifies the mathematical treatment
used in the kinetic models.

 

Kinetic models

 

Several kinetic models were proposed to describe the com-
plex reaction catalyzed by various types of secretory phospholi-
pases A

 

2

 

 (PLA

 

2

 

). Most of these models attempted mainly to elu-
cidate possible mechanisms of interfacial activation of the
enzymes during the lag-time period that occurs before catalytic
formation of product reaches a steady state (23, 24, 30).

To explore the kinetic steps for the degradation of Sphm
monolayers by Sphmase we adapted to two-dimensional kinetics
three models previously used to study the degradation of bilayer

vesicles by secretory PLA

 

2

 

 (23, 30, 31). In these models it is
assumed that the enzyme binds to the sur face formed by the or-
ganized substrate phospholipid by a rapid equilibrium and sub-
sequently undergoes an essentially irreversible inter facial activa-
tion. Three additional models were developed by introducing a
first step represented by an unspecific partition of the enzyme in
the interface and considering the association of Sphmase to the
substrate Sphm as a subsequent step to the interfacial partition,
followed by a step showing a bimolecular dependence with the
enzyme concentration (see below) prior to activation. For the
precatalytic steps of Sphmase the experimental data were ana-
lyzed using the initial portion of the reaction under conditions
in which less than 10% of the substrate was degraded (see Fig.
1B and C). The adsorption of Sphmase to the monolayer is oper-
ationally irreversible and the film containing the active enzyme
can be transferred and washed repetitively over enzyme-free
compartments with negligible desorption. After these cycles,
Sphmase remains irreversibly activated and the two-dimensional
reaction begins without lag time, with catalysis proceeding under
steady state conditions of constant velocity (see Fig. 4) (16). This
demonstrates directly that, similar to PLA

 

2

 

 and phospholipase C
(PLC) (19, 32), precatalytic activation steps for the Sphmase al-
ready at the interface can occur dissociated from those of effec-
tive hydrolytic catalysis under conditions in which the latter is
not taking place.

All the models used in this work show that the amount of
product formed as a function of time in the initial part of the re-
action (less than 10% substrate degraded) (Fig. 1C) can be fitted
by a second-order equation of the type

Some of the kinetic mechanisms investigated below involve the
formation of associated states of the enzyme in the bulk subphase
or at the interface. The experimental dependence of the second-
order coefficient and of the lag time on the two-dimensional
concentration of enzyme in the interface (Figs. 5 and 6B) are
compatible with a bimolecular process related to enzyme-
enzyme interaction. For this reason, and by analogy to mecha-
nisms proposed for some phosphohydrolytic reaction mediated
by different secretory PLA

 

2

 

 (23, 24), we simulate operationally
(on kinetic but not necessarily on molecular terms) these steps
as enzyme “dimerization.” As far as we know, the interfacial ki-
netics of 

 

B. cereus

 

 Sphmase against lipid monolayers or bilayers,
in the absence of detergents, has not been studied in detail. The
estimation of its molecular weight by gel filtration and sedimen-
tation equilibrium indicates that 

 

B. cereus

 

 Sphmase does not un-
dergo dimerization in solution (28), a condition that may also
be reached from the kinetic analysis given below. On the other
hand, it should also be noticed (see Materials and Methods)
that when dispersed in the presence of the detergent amphi-
path SDS the protein undergoes dimerization (18). We empha-
size that the type of kinetics exhibited by Sphmase in monolay-
ers could also be accounted for by a more complex sur face
process that the enzyme might mediate, leading to a phenome-
nologically apparent bimolecular cooperativity (i.e., inter facial
cooperative changes of the whole protein or subdomain confor-
mation, substrate clustering at the inter face mediated bimolec-
ularly by the enzyme, thermodynamically coupled synergistic
formation of product by enzyme molecules not necessarily in di-
rect contact in the interface but simultaneously needed to
achieve catalysis through structural-dynamic changes of the
lipid-protein substrate organization). Some of these phenom-
ena have been mentioned (2, 14, 33), as well as the visualization
of interfacial enzyme clustering (34) of unknown cooperativity
for catalysis, as possible factors participating in the regulation of
lipolysis.

P[ ] t( ) Ai t
2

�
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The kinetic models involve the following steps.

 

Model I.

 

It is assumed that there is a penetration of the en-
zyme in the lipid interface while binding to the substrate, fol-
lowed by a slow activation process before reaching maximum
catalytic capacity. This model also assumes that the amount of ac-
tivated enzyme is negligible compared with the total.

 

Eq. 1)

Eq. 2)

Model II.

 

Model II assumes a rapid equilibrium between a mo-
nomeric and a dimeric state of the enzyme in solution, with the
equilibrium displaced in favor of the monomer; only the dimer
form can bind to the interface and undergoes a slow activation.
It is also assumed that the amount of enzyme adsorbed to the in-
terface is much smaller compared with the soluble form.

 

Eq. 3)

Eq. 4)

Model III.

 

Model III assumes a dimerization step after the en-
zyme associates to the substrate in the inter face, and that only
the dimer form is active. Again it is assumed that the amount of
activated enzyme is small.

 

Eq. 5)

Eq. 6)

Model IV.

 

Like model III, model IV proposes a dimerization of
the enzyme associated with the lipid inter face but preceded by a
step involving nonspecific partitioning of the enzyme to the in-
terface without initial substrate binding. As in the other models,
it is assumed that the amount of activated enzyme is small.

 

Eq. 7)

Eq. 8)

Model V.

 

The proportion of enzyme initially partitioning in
the lipid interface (

 

K

 

p

 

) was separately obtained experimentally
and not included in equations 9 and 10. After the partition step
the model involves association of the enzyme with the substrate
and subsequent dimerization before activation. In this model
the amount of activated enzyme is assumed to be much smaller
than the total amount of enzyme at the inter face.
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Eq. 9)

Eq. 10)

Model VI. As in model V, the proportion of enzyme partition-
ing initially to the interface (Kp) was separately obtained experi-
mentally and not included in equations 11 and 12. After the par-
tition step the model assumes no dimerization and involves
association of the enzyme to the substrate prior to activation,
similar to model I. Again, the model assumes that the amount of
activated enzyme is smaller than the total amount of enzyme in
the interface.

Eq. 11)

Eq. 12)

Combination model V–VI. Combination model V–VI considers
the possibility of having two populations of enzyme molecules
acting simultaneously but independently as monomers and
dimers in the interfase. It results from a linear combination of
equations 9 and 11.

Eq. 13)

Eq. 14)

In all the equations, K is the enzyme-substrate association con-
stant. Ks is the equilibrium binding constant of the substrate to
the active site of the enzyme present in the inter face (being Ks �
KM

	1, where KM is the Michaelis-Menten constant). Kd is the
equilibrium constant for the formation of enzyme dimers. Kp is
the partition constant of the enzyme between the bulk solution
and the interface. kact is the intrinsic kinetic constant for activa-
tion. kcat is the catalytic constant of the reaction. d is a dimen-
sionality factor for unit adjustment (d � 1 cm). [ET] is the total
enzyme concentration in the system. [EiT] is the total enzyme
concentration in the interface. [S] is the two-dimensional con-
centration of substrate in the interface. � is the lag time as de-
fined above.

RESULTS AND DISCUSSION

Interfacial adsorption
The hydrolytic reaction of Sphm by Sphmase in mono-

layers develops as a function of time as shown in Fig. 1B.
During the latency period the amount of Sphmase ad-
sorbed to the interface formed initially by the pure sub-
strate slowly increases up to a plateau that begins at the end
of the lag time and remains constant through the pseudo-
zero order region of constant velocity. During this time the
interface becomes progressively enriched in Cer and, when
the substrate has been degraded by about 70–80%, the re-
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action velocity decreases gradually to zero while a further
adsorption of the enzyme takes place. This result becomes
important when considering the kinetic models because it
experimentally shows that the partitioning of the enzyme to
the interface is not impaired by the formation of product.

Figure 2 shows the amount of enzyme adsorbed to the in-
terface (EiT) as a function of the total concentration of en-
zyme in the subphase (ET). The association of the enzyme
to the interface saturates when the concentration in the
subphase is about 310 (�40) 
 109 molecules cm	3. From
these experimental data the (interface/subphase) partition
constant (Kp) can be obtained. As in previous studies (35),
to account for compatible units we used a thickness of the
interface that corresponds to one enzyme diameter, assum-
ing a spherical symmetry for the protein molecule; changes
in the interfacial thickness by 0.5- to 2-fold do not intro-
duce variations on the order of magnitude of the calculated
Kp. The value obtained for Kp (7 
 104) indicates the high
tendency of the enzyme to associate with the lipid interface
and is of the order found for other proteins that can be-
come associated with lipid monolayers (35).

Pseudo-zero order catalytic reaction
After the lag time, the reaction proceeds with constant

velocity (V0) during the period corresponding to pseudo-

zero order kinetics. Without taking into account the pe-
riod of lag time (at the end of which the interfacial activa-
tion of the enzyme is completed) the dependence of V0
with the two-dimensional concentration of substrate can
be used to analyze the kinetics of the reaction catalyzed by
the active enzyme according to a classic Michaelis-Menten
treatment, independent of whichever mechanism oper-
ated for enzyme activation. The substrate Sphm is “di-
luted” at a constant surface pressure in the monolayer by
mixing it in different proportions with dlPC. We previ-
ously reported that dlPC does not affect Sphmase activity
(15, 16) and control experiments showed that this lipid
mixes ideally with Sphm and does not affect its molecular
parameters at all proportions in the monolayer (this was
concluded on the basis of no deviations found of mean
molecular areas and mean surface potential/molecule as
a function of the mole fraction of the components, at dif-
ferent surface pressure). Under these conditions, only the
active enzyme population associated with the interface
was considered for the kinetic analysis:

Eq. 15)

Figure 3 shows the variation of V0, normalized by the ac-
tual amount of enzyme adsorbed to the interface at each
point of substrate concentration, as a function of the two-
dimensional concentration of Sphm. Inhibition of activity
is observed at values of [S] above 6 
 1013 molecules/cm2

(which corresponds to a monolayer with 50% Sphm and

Ei� � S [ Ei�S u Ei� P�
Ks kcat

V
kcatKs S[ ] EiT[ ]

1 Ks S[ ]�
−−−−−−−−−−−−−−−−−−−−−�

Fig. 2. Interfacial adsorption and activity of 125I-labeled Sphmase
at various subphase concentrations. The dependence of enzyme ad-
sorption (A, solid circles), the rate of Sphmase activity (A, open cir-
cles), and the lag time (B) on the subphase enzyme concentration
is shown. The three measurements were obtained simultaneously in
each reaction curve. The results represent average values � SEM;
where no error bars can be seen these are within the size of the
point.

Fig. 3. Interfacial substrate dependence of Sphmase activity. The
rate of activity (solid circles) and the specific activity (open circles)
of 125I-labeled Sphmase acting against films with various surface
concentrations of substrate are shown. Above the maximum value
of Sphm concentration indicated on the abscissa, a gradual inhibi-
tion of the activity is observed. The reaction was carried out at a
constant surface pressure of 15 mN/m. The surface dilution of
Sphm is achieved by spreading mixed monolayers from premixed
solvent solutions of Sphm and dlPC, as neutral diluent (see Materials
and Methods), in the desired proportions. The results represent av-
erage values � SEM; where no error bars can be seen these are
within the size of the point.
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50% dlPC). The analysis of the hyperbolic curve shows
values of Ks and kcat of 0.4 
 10	13 cm2/molecule and 4 

102 sec	1, respectively (Table 1).

Activation steps
Qualitative analysis. Figure 4 shows that this enzyme,

similar to porcine pancreas PLA2 and B. cereus PLC (19,
32), does not desorb from the monolayer interface after
successive film transfer and rinsing over enzyme-free sub-
phases and does not exhibit lag time when the surface
pressure is decreased below the cutoff point for activity.
This indicates that both the enzyme partition to the inter-
face and the interfacial activation steps have occurred in
an essentially irreversible manner. On these bases all the
kinetic models proposed in this work consider a practi-
cally irreversible activation step preceded by several rapid
equilibriums.

To differentiate the existence of an operational step
(that is bimolecularly dependent with respect to the en-
zyme concentration) prior to activation, and whether this
takes place in the subphase solution or at the interface,
the initial phase of the reaction was analyzed. In this pe-
riod the degradation of substrate is below 10% and the re-
action clearly shows a second-order dependence with time
as exemplified in Fig. 1C for two different concentrations
of enzyme, [ET], in the subphase. The dependence of the
second-order coefficient A with the total enzyme concen-
tration [ET] (not shown) and with the interfacial concentra-
tion of enzyme [EiT] (Fig. 5) for the kinetic models pro-
posed was analyzed. The experimental values indicate a
quadratic dependence of the second-order coefficient with
the total and with the interfacial enzyme concentration,
suggesting the existence of a bimolecular step referred to
the enzyme that could, in principle, be accounted for by
models II, III, and V and by combination model V–VI.
The lag-time period, as defined for the activity of phos-
pholipases A2 against bilayer vesicles, is the time taken for
the reaction to reach half the maximum velocity (half the
constant velocity V0). In Materials and Methods the equa-
tions representing the lag time for the different models
are given. The dependence of the lag time (�) on the two-

TABLE 1. Kinetic parameters for the hydrolysis of sphingomyelin monolayers by sphingomyelinasea

From Parameters Units Value

Interfacial adsorption Kp 7 
 104

Pseudo-zero order catalytic
reaction

Ks
kcat

10	13 cm2 molecule	1

sec	1
0.4

4 
 102

Activation steps (model V) kcatkact sec	2 1
kactKd 10	13 cm2 molecule	1 sec	1 5 
 102

Kd 10	13 cm2 molecule	1 1 
 104

Ks 10	13 cm2 molecule	1 Not unequivocally determined,
greater than 1

K 10	13 cm2 molecule	1 Not unequivocally determined,
greater than 1

kcat
b sec	1 2 
 102

kact
b sec	1 5 
 10	3

a The results were calculated from the different approaches stated in column 1.
b Calculated from activation step data.

Fig. 4. Film transfer experiment. Shown is the actual time
course of one representative experiment. The Sphm monolayer
was exposed to a subphase containing enzyme (20 ng/ml) incu-
bated with enzyme at a surface pressure of 25 mN/m, which is
above its cutoff point (15) for activity (A). The film was subse-
quently transferred onto an enzyme-free subphase at a constant
surface pressure of 25 mN/m (B), kept there for 10 min, and
transferred again over a fresh subphase without enzyme (C). The
film was then quickly (within 30 sec) relaxed to 15 mN/m (D, ar-
row). As shown in the plot in the lower part the reaction starts
without lag time. The arrow shows the time when the film is re-
laxed to 15 mN/m.
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dimensional concentration of substrate and on the en-
zyme concentration in the interface (Fig. 6) indicates that
only models III and V can adequately fit the experimental
values.

Also, the dependence of the second-order coefficient A
on the two-dimensional concentration of Sphm [S] (Fig. 7)
clearly shows that only models III and V (and combina-
tion model V–VI, only if the contribution of model VI is
small, see below) can fit the experimental data.

Quantitative analysis. As discussed above, models III
and V can qualitatively describe the experimental results.
However, several of the kinetic constants obtained after
fitting the data with model III were inconsistent among
them or could not reach meaningful convergence. To ad-
just this problem, in models IV, V, and VI the adsorption
of the enzyme to the interface was considered as a parti-
tion equilibrium between the subphase and the interfacial
milieu as an initial step independent of a specific associa-
tion with the substrate, with the latter event occurring
after the partition has taken place. Because the partition
constant Kp was experimentally determined in our work,
model V could be analyzed from the step in which the en-
zyme is already in the interface onward; this eliminated
the inconsistencies and the fitting algorithms could pro-
ceed to successful convergence. The complete fitting anal-
ysis provides the data shown in Table 1.

The data in Table 1 result from the combined analysis
of the dependence of the second-order coefficient A
(Fig. 7) and the lag time (Fig. 6) with [S] and with [EIT]
(Figs. 5 and 6). As shown in Fig. 5, a better fitting of the
experimental data is obtained if a linear term in [EIT] is
introduced in equation 9. This essentially represents the
linear combination of model V with model VI (see equa-

tions 13 and 14) and the mathematical fit suggests the
presence of two enzyme populations in the interface, one
acting in the reaction with a monomolecular and the
other with a bimolecular dependence on the Sphmase
concentration at the interface. However, from the combi-
nation of both models the value of Kd is 1 
 104 (in units
of 10	13 cm2 molecule	1) and this value indicates that
only about 0.07% of the interfacial enzyme should be act-
ing monomolecularly. In practical terms, therefore, model
V offers the more plausible kinetic representation of the
experimental data.

From model V, the equilibrium binding constant of the
substrate to the active site of the enzyme present in the in-
terface, Ks, and the association enzyme-substrate constant
K are not unequivocally determined as single figures and
several values can give equally good fits. However, only
when these constants are greater than 1 do the figures for
all the rest of the kinetic parameters remain independent

Fig. 5. Dependence of the second-order coefficient A on the ad-
sorbed protein surface concentration. The curve could be fitted by
model II, III, or V (see Materials and Methods) as a quadratic ex-
pression (dashed curve); a better fit includes a linear term as taken
into account by the combination of models V and VI (dotted
curve). The results represent average values � SEM; where no error
bars can be seen these are within the size of the point.

Fig. 6. Dependence of the lag time � with the surface concentra-
tion of substrate and enzyme. (A) The experimental dependence
of � on the Sphm surface concentration (diluted with dlPC as in
Fig. 3). Dotted curves represent the best fitting by model I or VI
(1), II or IV (2), and III or V (3). Curve (3) shows a well-defined
minimum (arrow) at a substrate concentration of 0.15 
 1013 (mol-
ecules cm	2). (B) The experimental dependence of � on the ad-
sorbed 125I-labeled Sphmase surface concentration. Dotted curves
represent the best fitting by model I or VI (1), and by model II, III,
IV, or V (2). The results represent average values � SEM; where no
error bars can be seen these are within the size of the point.
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of the values of Ks and K. In this manner these constants
effectively describe equilibrium situations, with enzyme
activation being the rate-limiting step for the reaction.
When the values for Ks and K are less than 1, to adequately
fit the experimental data the values of Kd and kcatkact
should increase exponentially as Ks and K tend to zero.
This dependence indicates that when the association steps
described by the latter constants (K and Ks) become slow
these processes become the rate-limiting steps for the in-
terfacial degradation of Sphm and all subsequent steps
become dependent on the rate of their occurrence. On
the other hand, classic Michaelis-Menten analysis that is
performed using the data obtained under conditions in
which the reaction is proceeding in the constant velocity
region (and thus independently of the mechanisms for ac-
tivation) gives a defined value for Ks of 0.4. It is interesting
that this value is in the range discussed above, which sug-
gests that the initial processes involved in the interfacial
association of the enzyme could act as key regulatory steps
for the reaction. The value of kcat calculated from the clas-
sic kinetic analysis is 4 
 102, which is of the same order
and totally in keeping (only twice the figure and the same
order of magnitude) with the value for this constant ob-
tained from the fitting of the data by model V, with values
for Ks and K above 1 (Table 1); this supports the idea that
enzyme activation and formation of product are rather
slow and irreversible steps.

In conclusion, the kinetics of the phosphohydrolytic re-
action catalyzed by Sphmase in monolayers of pure Sphm
is consistent with a mechanism involving an initial enzyme
partition into the interface, a subsequent step that can op-
erationally be simulated as a surface process depending
bimolecularly on the interfacial concentration of enzyme

(which would be kinetically indistinguishable from a
dimerization process of the enzyme bound to the sub-
strate; see Materials and Methods), and a subsequent step
of activation. About 99.93% of the enzyme bound to the
interface is probably acting bimolecularly [Kd � 1 
 104

(10	13 cm2 molecule	1)]. The kinetics of activation is
slow compared with the rate of catalysis (kact � 3 
 10	3

and kcat � 4 
 102). This indicates that the establishment
of an equilibrium between apparent monomolecular and
bimolecular activated states of the enzyme in the inter-
face, coupled to a slow activation process, appears to con-
stitute the rate-limiting steps that can explain the exist-
ence of the lag time in the reaction catalyzed by B. cereus
Sphmase in Sphm monolayers.
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