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Abstract
A novel assay employing D-enantiomers of phospholipids as diluents for characterizing surface
kinetics of lipid hydrolysis by phospholipases is introduced. The rationale of the method are: (i)
D-enantiomers resist hydrolysis because of the stereoselectivity of the enzymes toward L-
enantiomers and (ii) mixtures of L+D-lipids at various L:D ratios but constant L+D-lipid
concentrations yield a surface dilution series of variable L-lipid concentration with constant
medium properties. Kinetic characterization of bee-venom phospholipase A2 activity at bile salt +
phospholipid aggregate-water interfaces was performed using the mixed L+D-lipid surface
dilution assay and interface kinetic parameters were obtained. The assay applies to bio-membrane
models as well. Activity was measured by pH-Stat methods. Aggregation numbers and interface
hydration/microviscosity measured by time resolved fluorescence quenching and electron spin
resonance respectively confirmed that interface properties were indeed invariant in a surface
dilution series, supporting rationale (ii) and were used to calculate substrate concentrations.
Activity data show excellent agreement with a kinetic model derived with D-enantiomers as
diluents and also that D-phospholipids bind to the enzyme but resist hydrolysis; underscoring
rationale (i). The assay is significant to enabling determination of interface specific kinetic
parameters for the first time and thereby characterization of interface specificity of lipolytic
enzymes.
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Introduction
Phospholipase A2 (PLA2) catalyzes hydrolysis of the fatty-acid-ester linkage at the sn-2
position of phospholipids [1]. Enzymatic activity is most significant when lipid substrates
are in aggregated forms[2–5]. The activity occurs at the aggregate-water interface[6].
Kinetic investigation is a useful approach to elucidate the mechanistic role of the interface in
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the rate of membrane lipid hydrolysis which is as yet not fully understood. The basic
requirement for testing any kinetic model is that the medium properties not change as the
substrate concentration is varied. Otherwise the concentration effects and medium effects
become inextricably linked and it is not possible to test kinetic schemes. Designing a surface
dilution series with invariable medium properties to test models of interfacial enzymatic
kinetics has been a long standing problem in interfacial enzymology. The problem in the
case of lipid substrates solubilized in detergent micelles is that, the interface properties
change as the lipid concentration or lipid to detergent ratio is varied because aggregation
numbers, micellar shape, surface charge, interface hydration, and microviscosity are quite
sensitive to the lipid/detergent ratio as well as the total lipid + detergent concentration. In the
case of membrane models, such as vesicle bilayers, the surface concentration cannot even be
varied because the only component in the medium is the substrate lipid.

A new approach to designing a variable concentration interface, without drastically affecting
interface properties, for characterizing kinetics of surface active enzymes is much needed.
We propose the mixed L+D lipid assay as a novel solution to this long standing problem in
surface enzymology. In this assay, the total L+D-lipid concentration is kept constant while
the L:D ratio is varied. The enzyme is stereoselective for the L-lipid substrate [7,8].
Therefore the substrate is the L-lipid and the D-lipid is the diluent together with any other
diluents that may be used such as detergents in the case of micellar aggregates. In traditional
methods surface-dilution of substrate L-lipid concentration was achieved by addition of
detergents as diluents [3,4,9–12]. In contrast, substrate concentration in the present system is
diluted within the lipid portion of the kinetic medium with a neutral diluent in the form of
the respective D-phospholipid enantiomer that has been found to resist hydrolysis and also
to preserve the integrity of the medium when substituted for the L-phospholipid in the act of
dilution. A surface dilution series is achieved by decreasing the L:D ratio. The advantage of
such a series is that medium properties remain constant as substrate concentration is varied,
because the total lipid concentration and detergent concentration (in the case of micellar
interfaces) remain constant. This allows direct determination of the concentration
dependence of the enzyme activity with respect to a specific target substrate without having
to adjust for medium property variations. In existing methods, presence of medium property
variations and their impact on kinetic parameters have always been recognized to be a
source of problem in data analyses and interpretation[3,12–14]. The present method should
therefore offer significantly better grounds for investigating kinetic schemes and deriving
interface-enzyme and lipid-enzyme interaction parameters.

We use this assay to characterize the kinetics of enzymatic activity of bee-venom
phospholipase A2 (PLA2) at the bile salt sodium taurocholate (NaTC) + (L+D-DPPC)
aggregate–water interface. The power of the assay is most effectively demonstrated with
these aggregates but applies to bio-membrane models as well. Activity was measured by
pH-stat methods. Biophysical characterization of the mixed bile salt + phospholipid
aggregates was performed to obtain the interface substrate concentration; which also
confirmed that properties of aggregation number, interface hydration (polarity), and
microviscosity do not change with change in L:D-lipid ratio, as long as the total lipid (L+D-
lipid) and total bile salt concentrations are each kept constant. Thus, the series satisfies basic
requirements for testing kinetic models namely that, medium properties remain invariable
while the substrate concentration is varied. This would not be possible with use of just the L-
lipid alone because varying the lipid to bile salt ratio to vary substrate concentration
significantly affects aggregate properties; that is, the parameters defining the kinetic medium
are not constant. Using the mixed lipid surface dilution series as the new assay, interface
kinetic parameters are obtained for the activity of bee-venom PLA2. Excellent agreement of
the measured enzymatic activity with an interface kinetic model that includes the presence
of the D-enantiomers shows that both of the L and D-lipids bind to the enzyme but the D-
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enantiomer is not hydrolyzed. The present assay allows mapping of the functional
dependence of the kinetic parameters on interface microstructure and thus a paradigm that
the role of the interface is expressed through the kinetic parameters.

Materials and Methods
Materials

The lipids, L-α-phosphatidylcholine, dipalmitoyl (L-DPPC; Avanti polar lipids, 100%) and
D-α-phosphatidylcholine, dipalmitoyl (D-DPPC; Sigma, >99%) were obtained as
lyophilized powders. The bile salt, sodium taurocholate (NaTC, >95%) was obtained from
Sigma and used as received.

Phospholipase A2 (PLA2) from honey bee venom was obtained from Sigma as a lyophilized
powder. The enzyme was dialysed against 0.05M sodium phosphate buffer at pH 8.0 for
three days, changing the buffer every 8 hours. Protein concentration was determined by the
method of Lowry et al. [15] using bovine serum albumin (BSA) as standard and also by the
extinction coefficient method [16,17]. Both of these methods gave results consistent to
within ±5%. The dialyzed enzyme was stored at pH 8.0 in 0.05M sodium phosphate buffer
at 4°C.

Fluorescence probe pyrene (optical grade, 99%, Aldrich) and quencher 3,4-dimethyl
benzophenone (DMBP, 99%, Aldrich) were used for biophysical characterization of the
aggregate by time resolved fluorescence quenching (TRFQ). 5-doxyl stearic acid methyl
ester (5DSE) obtained from Sigma was used as spin probe in the ESR experiments. Double
distilled water was used to prepare all the solutions.

Kinetic Model
The kinetic scheme comprises of three key sequential steps: 1) enzyme-interface binding,
with association and dissociation rate constants k1 and k−1 respectively, and equilibrium

dissociation constant denoted by , to form the bound enzyme E*; 2) enzyme-
substrate lipid binding at the active site to form the interfacial complex E*L with association
and dissociation rate constants k2s and k-2s respectively; and 3) substrate lipid hydrolysis
with rate constant k3[3]. When another entity that also binds to the enzyme active site but
resists hydrolysis is included in the interface, the scheme gives for initial reaction velocity
per mole of enzyme referred to as activity, A[18]

(1)

where [micelles] is the concentration of bile salt + lipid aggregates in solution; n is the
number of binding sites per aggregate. The subscript s on the concentrations refers to
interface or surface concentrations; thus: [L]s and [D]s are respectively the interface
concentrations of substrate and the hydrolysis resistant D-enantiomer, KDs is the interfacial
equilibrium D-enantiomer-enzyme dissociation constant, and

(2)
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is the interface Michaelis-Menten parameter defined by the interface reaction rate constants
k3, k2s and k−2s. When vesicles are used as membrane models, [micelles] is to be replaced
with [vesicles]. Eq. 1 is the generalized result that includes the special cases: (i) D-
enantiomers or the other binding entity is absent, [D]s = 0 and we get back the classic
equation of Deems et al. [3, 9]; (ii) the second entity is hydrolysis resistant and much
stronger binding than substrate (like an inhibitor), then eq. 1 is the same as the one derived
by Berg et al., in the presence of inhibitors (also eq. 1 in the reference cited) [18]; (iii) the D-
enantiomer does not bind, then it would be a neutral diluent just like the detergent. The
activity would then be given by eq. 1 with KDs → ∞ and expected to exhibit the well-
known saturation behavior with increase in [L]s. The assay method does not require that the
D-enantiomers bind to the enzyme. The function of the D-enantiomers is to facilitate
variation of the substrate concentration without compromising the underlying structure.

If the total surface lipid concentration, [L]s+[D]s = [Total Lipid]s is constant, then eq. 1 may
be rewritten as,

(3)

(4)

(5)

The consequence of the presence of a competitively binding but hydrolysis resistant
component is the negative sign in the denominator in eq. 3 which leads to a continuous non-
saturating increase in activity with [L]s.

The two variables for testing the model for activity in eq. 1 or 3 are [L]s and [micelles]. The
micelle concentration is given by,

(6)

where [NaTC], [L-DPPC] and [D-DPPC] are the solution concentrations of sodium
taurocholate, L-DPPC and D-DPPC respectively, Nagg is the number of molecules forming
the aggregate and [free NaTC] is the unassociated free NaTC monomer concentration in the
aqueous phase. The concentrations of unassociated monomeric lipids can quite reasonably
be taken to be negligible.

Problems with using only the L-enantiomers
If only the L-enantiomers are present as in the usual assays, varying the concentration of the
lipid while keeping the detergent concentration constant, or varying the lipid to detergent
ratio while keeping the total lipid + detergent constant causes the aggregation number,
micelle concentration, and interface properties of hydration (polarity) and microviscosity to
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change quite significantly [10]. The parameters KS, KM, and k3 that define the kinetic
medium are sensitive to interface properties and are not constant anymore. Properties of
ionic as well as non-ionic micelles are also sensitive to the total detergent + lipid
concentration even if the lipid to detergent ratio is held constant [10,19–21]. So the idea of
varying [micelles] while keeping the lipid to detergent ratio constant does not achieve a
reliable kinetic medium either. Furthermore [L]s and [micelles] cannot be varied
independently of each other.

Mixed L+D-lipid assembly
The ability to vary [L]s without varying [micelles] or any of the interface properties is
possible if the [Detergent] and [L+D-lipids] are each constant and the L:D-lipid ratio is
varied. This is the surface dilution series and eq. 3 applies. The aggregation number, and
hence [micelles], hydration and microviscosity are constant for this series, as shown in this
work (Appendix Fig. A1). It is reasonable therefore to expect that the kinetic parameters
would be invariant. Thus the mixed lipid assay is close to being an ideal kinetic medium to
investigate kinetic models. [L]s and [micelles] can be varied independently of each other.

Mixed micelle solution preparation
The ratio of [NaTC] to [Total Lipid] (i.e. [L-DPPC]+[D-DPPC]) was kept constant at 6 in all
the samples. The composition of the samples was expressed in molar fraction of L-DPPC
(XL-DPPC), defined by,

(7)

For enzyme activity measurements, five different series’ of samples were prepared each with
[Total Lipid] = 2, 5, 10, 15, and 20mM. In each of the surface dilution series the fraction of
L-DPPC in the lipid portion ranged from 0.1 to 1.0. For each series, stock solutions of NaTC
+L-DPPC and NaTC+D-DPPC were prepared by mixing appropriate amount of lipid
powder with few drops of ethanol. The resulting mixture was vortexed thoroughly to
produce a clear solution which was then dried under dry N2 flux to produce a film of lipid.
Thereafter, the required amounts of the NaTC and water were added to the dry film to
achieve the final concentrations. The solution was stirred overnight to ensure the complete
solubilization of phospholipid. Then appropriate volumes of two stock solutions were mixed
to achieve the final XL-DPPC. Finally, CaCl2 was added to a concentration of 10mM to all
the samples, as calcium ion is a required cofactor for hydrolysis by PLA2.

In the samples for TRFQ characterizations, pyrene as the probe and DMBP as quencher,
were included. The concentration of pyrene was kept at about one hundredth the
concentration of micelles to ensure that the fraction of micelles with two or more pyrene is
negligible. The quencher (DMBP) concentration was kept at about 1.3[micelles]. The
samples for ESR were similarly prepared with 5DSE as the spin probe at a concentration of
0.003[total surfactant].

Enzyme activity
The activity of enzyme was measured as the μmol of fatty acid released per milligram of
enzyme per unit time. The enzyme activity measurements were conducted employing
standard pH-stat methods [9]. Deprotonation of the fatty acid released by the chemical
reaction causes the pH to drop and the amount of NaOH needed to bring the pH back to a
preset value is a measure of enzyme activity. PLA2 activity in NaTC/DPPC aggregates was
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measured by addition of 30 μL of enzyme (≈7 μg) into 5 mL of aggregate solutions, and
monitoring the amount of 0.01 M NaOH required per minute to maintain a constant pH of
8.00 using a Radiometer pH-stat assembly consisting of a titrator, an auto burette, and a pH
meter, Model TIM 854 electrode, interfaced to a computer for recording data. The reaction
was followed for about 6 min. The initial rate of activity was determined from the first 1 to 4
min of data. The yield increases linearly with time and the slope of the line divided by the
mass of the enzyme in mg gives the activity, in units of μmol/min/mg. The error in the fitted
slopes was < 1%. All activity measurements were conducted at 37 °C.

To account for possible batch to batch or temporal variations in enzymatic activity,
hydrolytic activity towards standard assay systems was used as reference to obtain
normalization factors. Two different reference assay mixtures used in this study were (i)
standard egg yolk emulsion as described by Nieuwenhuizen et. al. [22] and (ii) an internal
standard mixture of a zwitterionic surfactant 3-Dodecyldimethylammoniopropanesulfonate
(DPS) and DMPC as explained in our previous work [9]. The composition of the DPS
+DMPC mixture used as standard was [DMPC] = 4mM and [DPS] = 8mM. The observed
activity in DPS+DMPC assay mixture was 2200 (±10%) μmol/min/mg. The stock solution
of PLA2 showed no loss of enzymatic activity over the time period of study. All the
experiments were conducted with the same batch of enzymes to avoid batch to batch
variations in enzymatic activity. The precision error in the activity was determined from
several repeated measurements on a few samples, with the same batch of enzyme under the
same experimental conditions, over the course of the entire set of experiments, and was
found to be ±5%. Care was taken to maintain identical experimental conditions (instrument
warm up time, sample preparation and equilibration times). These cautionary measures are
believed to have minimized scatter in the data so that reliable conclusions could be drawn.

Results and Discussion
The dependence of the activity of bee-venom PLA2 on interfacial substrate concentration is
shown in Fig. 1 for five surface dilution series’, differing in total [NaTC] + [Total Lipid]
concentration but with the same detergent to total lipid ratio. Each of the curves therefore
refers to some constant micelle concentration that is different from the others. [L]s was
determined from the measured aggregation number, interface hydration and model
calculations as described in the Appendix.

The initial slow increase in activity with [L]s followed by a rapid rise with no saturation
agrees with the prediction of eq. 3 confirming that the D-enantiomer binds but resists
hydrolysis.

The constant α1 extracted by fitting of eq. 3 to each of the curves varies with [micelles] as
shown in Fig. 2. Examination of the behavior of α1 as a function of [micelles] must take into
account the dependence of [Total Lipid]s on [micelles]. This is because aggregation number
varies with NaTC + lipid concentration. The lipid surface concentration, therefore, is not
constant even though the lipid to detergent ratio in solution is constant. Fit of eq. 4 to α1 vs.
[micelles] after including the empirical dependence of [Total Lipid]s on [micelles] given by
eq. A6 in the Appendix, yields

(8)
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(9)

(10)

The values of α2 from each of the fits in Fig. 1 have a larger precision error and the average
value is:

(11)

The individual kinetic parameters were then calculated as solutions to the fitting results in
eq. 8–11 and the values are reported in Table 1.

The fits in Fig. 1 and Fig. 2 show the appropriateness of expressing the lipid concentration
as surface concentrations rather than mole fractions. If the lipid surface concentrations were
expressed as mole fractions, then [Total Lipid]s in eq. 4 would be replaced by a constant (=
1/7 in this work) and would appear to not contribute to the variation of α1 with [micelles].
The dashed line is the fit obtained when only the inverse variation of α1 with [micelles]
through just the first term alone in eq. 4, is considered and the [Total Lipid]s variation with
[micelles] is ignored. However the surface concentration does vary because of the variations
of the aggregation number, aggregate shape, and hydration with total lipid + detergent
concentration (Fig. A4 in Appendix).

Biophysical characterization of aggregates thus allows determination of surface
concentrations and verification of not only the appropriateness of the interface medium for
kinetic characterization, but also the effects on the substrate concentration due to changes in
size and shape.

Data presented in Fig. A1 confirm that aggregate properties do not vary with L:D lipid ratio
and therefore it is possible to realize a true surface dilution series; one with constant medium
properties. On the other hand a micelle dilution series is not dependable as Fig. A2 an A4
clearly show that aggregate properties and substrate concentration vary with micelle
concentration although the lipid mole fraction is constant.

The three step kinetic scheme and the resulting model for activity in eq. 1 (with [D]s = 0)
was originally proposed and tested by Deems at al. with cobra venom PLA2 acting on
phospholipids in Triton X-100 micelles. Activity vs. total detergent + lipid concentration
was measured for each of several different constant lipid to detergent ratio. The data of
Deems et al. and subsequent experiments along the same lines, by other researchers, exhibit
saturation kinetics and general viability of the surface dilution kinetic model [4,5,11–14].
However the scatter in the data and lack of agreement of the model with the observed
activity dependence on lipid mole fraction have led the same authors to question the validity
of their assumptions on lipid mole fraction effects on micellar structure [3,12]. The micelle
physicochemical characterization data in the appendix indeed show that the aggregation
number, interface polarity and microviscosity not only vary with lipid mole fraction but also
with total concentration (Fig. A2 and A4). Therefore series’ of varying L-lipid mole fraction
or varying [micelles] using mixed micelles of detergent and only L-lipid are not ideal
systems for testing kinetic schemes and deriving kinetic parameters [13]. Nevertheless,
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mixed micelle kinetic media continue to be in use and have yielded useful information on
kinetic parameters, schemes, and protein-lipid interactions, notwithstanding problems due to
non-invariable interface characteristics within a series that can lead to scatter in the data
[11,12]. This type of information can be reliably obtained and substantially improved with
the platform of mixed lipid systems here presented because the mixed lipid surface dilution
series’ are an innovative way to vary the substrate lipid concentration while keeping the total
L+D-lipid mole fraction, and hence medium properties, constant.

Detailed kinetic analysis and kinetic parameters are potentially keys to understanding the
differences between different forms of enzymes. A significant point about the present mixed
lipid surface dilution is that it is capable of addressing specificity of the kinetic parameters
to the type of interface, substrate lipid, and enzyme individually, precisely because the
interface properties can be held constant and interaction parameters of a specific lipid-
specific enzyme at a specific interface can be determined. In this context, for example, the
activity of two forms of phosphatidylinositol 4-kinases at phosphatidylinositol +Triton
X-100 micellar interfaces were shown to exhibit significantly different interfacial
enzymological characteristics and kinetic parameters [11,12]. These experiments clearly
make the case for the presence of specificity of kinetic parameters to not only the lipid and
enzyme but also to the interface. Kinetic characterization with the present mixed lipid assay
system would advance the approach to better elucidate protein-lipid interactions at interfaces
through derivation and comparisons of kinetic parameters of mutant enzymes and different
isoforms [14,23].

The application presented here shows how kinetic parameters specific to an interface, lipid,
and enzyme can be derived. It is part of a broader approach toward interfacial enzymology
because the mixed lipid assay and proposed surface kinetic schemes apply to all types of
lipid interfaces including mixed micelles, and lipid bilayer membrane models like vesicles
and liposomes [14]. In the case of membrane models one would use mixtures of L+D-lipids
in various proportions to prepare vesicles or liposomes. Our initial investigations using
electron spin resonance of spin probes incorporated into mixed L and D-DPPC vesicles to
measure the temperature dependence of the micropolarity (hyperfine coupling constant) and
microviscosity of the bilayer medium [24,25] showed that these properties not only are
independent of the proportion in the mixture but also show a sudden change at 41°C, for all
mixtures, which corresponds to the gel-liquid phase transition temperature of DPPC. Phase
transition temperatures are quite sensitive to intermolecular interactions. The observation
that each of L-DPPC, D-DPPC and their mixtures exhibits the same phase transition
temperature is indicative that any complexation between L and D-lipids is either absent or
does not affect physicochemical properties. The other chiral molecule in the sample solution
is the enzyme. Possibility of complexation of the D-phospholipids with the enzyme is taken
into account through the inclusion of the interfacial enzyme-lipid dissociation constant KDs
in the kinetic scheme (eq. 1).

Conclusions
The new surface dilution assay using the D-enantiomers of the phospholipid substrate as
diluents represents a significant advance in interface enzymology, because the surface
substrate concentration can be varied without affecting the underlying kinetic medium. The
results show that the D-enantiomers bind to enzyme, resist hydrolysis and do not change
medium properties when substituted for the substrate L-enantiomers. In this sense they are
neutral diluents. The medium effects can be disentangled from the substrate concentration
effects and kinetic parameters specific to the interface medium can be determined. The assay
permits separation and characterization of the individual steps of hydrolysis.
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As an illustration, the assay was employed to determine the kinetic parameters for the
interfacial activity of bee-venom PLA2 in sodium taurocholate+phospholipid aggregates for
a particular lipid mole fraction of 0.14. Conducting the assay on surface dilution series’ at
different mole fractions would allow the investigation of the dependence of the kinetic
parameters on interface structure.

The idea of using enantiomeric mixtures should be applicable to kinetic characterization of
other stereoselective surface acting enzymes. The assay is also applicable to membrane
models and should open the door to characterize the kinetics of membrane lipolysis and the
role of the membrane interface in it. There have been no studies of activity dependence on
interface substrate concentration in membranes presumably due to lack of a method to vary
this concentration. Mixed L+D-lipid bilayers can be a platform for investigating enzymatic
kinetics in membranes and it is the future course of the present project.
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Appendix

a. Characterization of Sodium Taurocholate + DPPC aggregates
The methods used to characterize micellar aggregates and obtain the substrate concentration
have been described in some detail in our previous publications [20,26–28]. Only a brief
outline and data are presented here.

Aggregation numbers were determined by time resolved fluorescence quenching (TRFQ).
DMBP quenched decay of the fluorescence from pyrene solubilized in the aggregates was
measured [29–31]. TRFQ measurements were carried out on several NaTC/L+D-DPPC
solutions of various compositions. The aggregate concentrations and the aggregation
numbers were determined from fits of the decay curves to the Infelta-Tachiya micellar
quenching model [32].

The decay curves indicated small globular (spherical, ellipsoidal or small cylinders with
length to diameter ratios of about six or less) polydisperse aggregates. The weight averaged
aggregation numbers, Nagg, were determined from the quencher concentration dependence
of the decay fit values [10,33,34]. The unassociated NaTC monomer concentration is
expected to be less than 10 % of the [NaTC]+[Total lipid] (> 12 mM in this work) and is
neglected in the calculation of Nagg and [micelles] [10].

The aggregation number does not vary with L to D-DPPC ratio for the surface dilution series
where the NaTC and total L+D-DPPC are each kept constant as confirmed by Fig. A1.
However the aggregation number does vary with the total concentration of NaTC and Lipid
as shown in Fig. A2. The data in Fig. A2 are obtained with all L-DPPC in the lipid portion
of the mixture because Nagg does not depend anyway on the proportions of the enantiomers
(Fig. A1).

Also shown in Fig. A1 and A2 are the hydration index, H, and microviscosity, η, measured
by electron spin resonance (ESR) using the spin probe 5-DSE incorporated in the aggregate
[10,26,35]. The hydration index is the polarity of the environment of the spin probe and is
given by the volume fraction of OH dipoles (including those from water as well as NaTC) in
that environment [35,36]. The precision errors in H and η are < 1%. b. Model calculations of
[L]s. Taking the entire lipid population to be solubilized in the aggregates, the surface
substrate concentration is,

A1

where Amic is the aggregate surface area. The following procedure is used to calculate Amic.

Mixed aggregates of bile salts and phospholipids are generally known to form cylindrical
aggregates [10]. The aggregate and its components are shown in Fig. A3. In the present
calculation the aggregate form is represented as a cylinder whose volume, Vmic (with radius
and length denoted respectively by Rmic and Lmic) is
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A2

Hydration index data (Fig. A1 or A2) show that the OH dipoles from NaTC and the
associated water occupy 43 % of the volume in the spin probe environment and therefore
water is an important micelle component. The volume VOH in eq. A2 includes the volume of
aggregate associated water and the volume of the OH portion of the NaTC. VTC-OH is the
volume of the taurocholate excluding the OH (≅496 Å3) and VL is the volume of a
phospholipid molecule (≅ 797 Å3) [10,37]. NDPPC and NTC are the numbers of the
phospholipid and taurocholate molecules in the aggregate. The counterion (sodium) volume
is not included because it is negligible in comparison to volumes of the phospholipid and
taurocholate headgroups. The arrangement of the molecules in the aggregate is visualized in
Fig. A3. Such an organization is attributed to the non-linear boat-like architecture of the bile
salt molecule resulting from the differences in the planes of the headgroup and each of the
steroid rings and to the flexibility of the lipid chains[10]. The surface of the cylinder is
nonuniform because of the heterogeneity in the sizes and shapes of the molecules in the
aggregate. The occurrence of the largest radius of the aggregate is due to the (taurocholate
headgroup + the steroid rings) (14.6 Å) + the cylindrical radius of lipid chain (~1 Å). The
smallest radius occurs in the bile salt rich region and is about 14.6 Å. The compositionally
averaged radius is thus;

A3

where  and  are the mole fractions of DPPC and NaTC in the aggregate
respectively and are taken to be equal to their solution concentrations because the free
monomer concentrations are insignificant compared to the total concentrations, particularly
for the lipids. For the same reason the NDPPC and NTC are also taken as their molar
concentration fraction of the total aggregation number.

The volume of the spin probe environment is taken to be the total micelle volume, so that,

A4

In micelles of conventional linear surfactants, the ESR signal from the spin probe is due to
the polar nitroxide moiety which points in to the polar interface of micelles and in this case
the spin probe environment is the interface [26]. On the other hand in bile salt assemblies
containing lipids, the majority of the steroid ring volume is part of the aggregate surface as a
result of the boat shape of the bile salt molecule (Fig. A3). The contribution of the NaTC
headgroup to the aggregate radius is much greater than that of the steroid rings. Therefore
there is no clear subdivision of the aggregate volume into an interface volume and
hydrophobic core volume as in micelles of conventional linear surfactants. (For this reason
bile salt assemblies are often described as aggregates rather than micelles).

Applying eq. A4, VOH in eq. A2 is replaced by . Eq. A2 can then be
solved for Lmic using the numerical value of Rmic given by eq. A3. Amic is then calculated
using,
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A5

Substitution in eq. A1 yields [L]s.

The importance of the calculation of the interface substrate concentration is illustrated in
Fig. A4, which shows that it is not constant, although XDPPC is constant. The lipid surface
concentration dependence on [micelles] is an outcome of the aggregation number
dependence on the total solute concentrations of bile salts and lipids. The data are described
empirically by the fit;

A6

This dependence is of consequence in treating the data of α1 vs. [micelles] in Fig. 4 because
of its presence in eq. 4.
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Figure 1.
Enzymatic activity of bee-venom PLA2 (±5%) on L-DPPC in mixed aggregates of sodium
taurocholate + L-DPPC +D-DPPC as a function of the interface substrate concentration, [L]s
for five surface dilution series’. The concentration ratio of bile salt to total DPPC is constant
at six. The total DPPC concentration varies from 0.002 to 0.020 M. Within each of the
series, variation in [L]s is achieved by varying the L-DPPC to D-DPPC ratio. [L]s was
calculated from measured values of aggregation number and interface hydration according
to the methods in the Appendix. The lines are fits to eq. 3.
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Figure 2.
The value of α1 from the fit of eq. 3 to the data in Fig. 1 viewed as a function of the
measured concentration of [micelles]. The solid and dashed lines are respectively the fits
obtained to eq. 4 with and without inclusion of the observed [Total Lipid]s dependence on
[micelles] according to eq. A6 and Fig. A4 (Appendix).
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Figure A1.
The aggregation number (by TRFQ), hydration index, H (by ESR) and microviscosity, η (by
ESR) of NaTC+L-DPPC+D-DPPC aggregates do not change with the L-DPPC fraction in
the lipid portion. Aggregate properties remain invariant with substrate concentration. The
NaTC and total L+D-DPPC concentrations are each [L - DPPC] constant. The L-DPPC to

D-DPPC ratio is varied.  H and η are referred to their
values H0 (=0.43) and η0 (= 0.17 cP) at xL-DPPC = 0 (xD-DPPC = 1).
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Figure A2.
The aggregation number (by TRFQ) and hydration index (by ESR) of NaTC+L-DPPC
aggregates change with total NaTC+L-DPPC concentration even when the NaTC to Lipid
ratio is constant.
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Figure A3.
(a) Components of the aggregate. (b) NaTC+DPPC cylindrical aggregate. (c) Structural
formulae and arrangement of NaTC, DPPC and water molecules in a cylindrical aggregate.
The dimensions shown are the local radii, estimated by Chemdraw 3D ultra 5.0, from which
the average radius was derived as in eq. A3.
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Figure A4.
The total lipid (all L-DPPC in this measurement) interface concentration in units of Mcm−2

varies with micelle concentration due to the dependence of the aggregation number and
hydration on the total NaTC+lipid concentration (as shown in Fig. A2), even when the lipid
mole fraction is constant at 1/7. The solid line is the empirical fit given in eq. A6.
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Table 1

Numerical values for the kinetic parameters derived as solutions to eq. 8–11.

n KC/10−12(Mcm−2) Ks/10−3(M) Km/10−12(Mcm−2) k3(μmol/min/mg)

4 6.05 1.12 2.2 2658
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