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Abstract

Phospholipase C catalyzed hydrolysis of dimyristoyl phosphatidylcholine (DMPC) in phospholipid—bile salt mixed micelles was studied with
particular attention on the relationship between interfacial enzyme activity and the physicochemical properties of substrate aggregates. Steady state
kinetics is observed and it is argued that conditions for steady state exist because the enzyme encounters a steady supply of substrate by hopping
between micelles at a rate faster than the chemical reaction rate. An existing kinetic model is reformulated to a more usable form. This presents a
new approach to treating the kinetic data and allows extraction of the kinetic parameters of the model from the activity dependence on micellar
lipid substrate surface concentration. The kinetic parameters were found to depend on the physicochemical properties of substrate aggregates, but
remain constant over a range of lipid and bile salt concentrations. The substrate aggregates were characterized by time-resolved fluorescence
quenching (TRFQ). The activity values and the micelle sizes group into two sets: (i) larger micelles for bile salt/lipid <5 showing higher activity
and shorter steady state duration (<4 min) and (ii) smaller micelles for bile salt/lipid > 5 with lower activity and longer steady state (= 10 min). At
least two sets of parameters, for bile salt/lipid <5 and >5, characterize the kinetics. Higher enzyme—micelle dissociation constant and lower
catalytic rate are found for the group of smaller micelles. An explanation supporting our finding is that as micelles become smaller the overlap area
for enzyme—micelle binding decreases, leading to weaker binding. Consequently the enzyme dissociation constant increases. Extension of the
present approach to other phospholipases and substrates to establish its generality and correlation between micelle size and the catalytic rate are
areas for future investigations.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Phospholipases are a superfamily of lipolytic enzymes that
catalyze phospholipid hydrolysis [1]. The uniqueness of these
enzymes is that their activity is thousand fold or more enhanced
when the lipid substrate is in an aggregated form as vesicles or
in mixed micelles with other surfactants [2—5]. Enzymatic
action occurs at the aggregate/water interface. For this reason
the phospholipases are classified as interface enzymes [1]. In
this work a kinetic investigation of the activity of the bacterial
phospholipase C enzyme at the lipid water interface of lipid/bile
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salt aggregates in water and its correlation with the physico-
chemical properties of the substrate aggregate are conducted.
Experiments include both enzyme activity and substrate
characterization measurements. Time-resolved fluorescence
quenching methods are employed to characterize the substrate
aggregate and results are used in interpreting the kinetic data. A
problem in seeking a correlation between microstructure and
kinetics is that the microstructure changes during the course of
enzyme activity and therefore it may not be a good parameter.
However, we do observe an initial linear product formation vs.
time curve and it is this initial activity that we address in this
work. The duration of linearity (steady state) increases as the
bile salt to lipid ratio increases. The velocities (slope of product
vs. time) derived from the linear regions at various bile salt/lipid
ratios are examined against a kinetic model and the kinetic
parameters are extracted. Our goal is to understand not only the
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substrate concentration effect but also the differences in the
characteristics of the kinetics between different bulk bile salt to
lipid concentration ratios that are due to effects other than the
substrate concentration effect. A question that is addressed in
this work is the existence of conditions for steady state for
micellar substrates, concerns about which were raised by Jain et
al. [6]. A basic requirement for the existence of steady state
kinetics is that substrate replenishment must occur at a faster
rate than the chemical conversion rate [6]. In micellar
aggregates, the number of lipid molecules in an aggregate is
typically less than fifty. So either the enzyme must hop between
micelles or the lipids must exchange between micelles at a
suitable rate to satisfy this requirement. The observation of
steady state means that the enzyme “sees” all the micelles.
Furthermore, the effects of polydispersity in micelle size and
composition are averaged out and one may derive a set of
kinetic parameters from the initial linear regions of kinetics at
various bile salt to lipid ratios.

The model used to analyze the kinetic data treats the interface
as a cofactor and was originally applied towards the study of
kinetics of phospholipase A, activity on Triton X-100/
phospholipid micelles [3] and later, on sodium cholate/lipid
micelles [4]. We begin with a recasting of the equation for the
initial rate of hydrolysis to reveal a straightforward dependence
on the surface concentration of lipids in a form that is more
accessible for analysis of experimental data. With this new form
it is shown that the kinetic parameters of the model can be
individually determined, which was not possible before without
making assumptions concerning the headgroup surface areas
[3]. In earlier work the kinetic parameters were determined in a
combined form [4]. The significance of determining the kinetic
parameter, namely the catalytic rate, denoted by k3 in this work,
is that the effect of the biophysical property of the aggregate on
k3 can be investigated and this can lead to mechanistic models
for enzyme activation. The kinetic parameters show a
correlation with micelle size. The idea developed is that larger
micelle size promotes stronger enzyme-micelle binding
because of increased availability of overlap area. This restricts
the enzyme from intermicellar hopping and leading to non-
steady state conditions. However continued presence of activity
is observed over long periods of time at all concentrations
studied in this work. Thus a clearer picture of the nature of
involvement of the micellar interface emerges.

The enzyme selected in this investigation is bacterial
phospholipase C (PLC) isolated from Bacillus cereus. The
reason for beginning our studies with PLC is that this enzyme
does not require calcium as a cofactor unlike the more widely
investigated lipolytic enzyme, phospholipase A,. Added salts
are known to change micelle microstructure [7]. In beginning
our investigations on the role of micelle microstructure, this
additional complication due to calcium is avoided by the choice
of PLC. Lipid/bile salt aggregates are the natural substrates for
the digestive enzymes and are chosen as the substrate for our
investigations [1]. The lipid substrate, dimyristoylphosphati-
dylcholine (DMPC), is solubilized in micelles of the bile salt,
sodium deoxycholate (NaDC). The chemical reaction involves
the hydrolysis of the phosphodiester bond as described in Eq.

(1) below. The products released are dimyristoyl glycerol and
phosphorylcholine. The latter is the acidic function that is titrated
with sodium hydroxide to measure the activity of the enzyme.

0 0
0 CHO-CR _ 0 CHoCR O
R-C-0-C-H 0 . Mﬁa*c- R-C-0-CH  + HO-P-OCHCHCHg)
CHy0-P-OCH,CH,N(CHy)y CH,OH 0
0

(1)
1.1. The kinetic model

The model of interface enzyme kinetics, based on the
putative Michaelis—Menten scheme, first proposed by Deems et
al. is presented below. Three steps define the process [3]:

(1) Enzyme binds to the micelle interface to form a micelle
bound enzyme, E¥;.

k

[E] + n[micelles] <:> ], (2)

n is the number of binding sites per micelle, [micelles] is
the concentration of micelles.

(ii)) The bound enzyme binds a substrate lipid in the
aggregate, forming the complex E%;.S. [S] is the interface
substrate concentration.

(B + 1) 2 B, ()

(iii) The enzyme catalyzes hydrolysis of the lipid in the
chemical step, forming the product P.

[EeS] > [Edic] + [P) )

The Ef;. on the right side of Eq. (3) is still bound to the
micelle and can dissociate through the reverse reaction step of
Eq. (2). The enzyme activity is defined by the rate of product
formation, v, per mole of enzyme present, that is v/[Et], where
[E7] is the total enzyme concentration. The steady state solution
for the activity at the aggregate interface is

v ksn|micelles][S]

Activity = —— =
ctivity [Er]  KsKm + Kvn[micelles] + n]micelles][S]

(5)

and its inverse is

Ex] KsKy Ky 1
Ll — 6
v Tonmicelles][S] T kSl (6)
ko + k3

Ks = k- /ki; Km =

- )

The steady state solution, Eq. (5), clearly shows that the
activity depends explicitly on the three physicochemical
properties of micelles: the number of binding sites, n; the
concentration of micelles, [micelles]; and the interface lipid
concentration in the micelle, [S]. Previous studies have used the
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equations in the form displayed in Eqgs. (5) and (6), which
require designing a series of samples with a variation in one
variable while the other two are constant [3,4]. This is not
always practical. We now proceed to show that a simplification
ensues when we consider that the three variables are interrelated
because the lipid surface concentration is the number of moles
of lipid molecules per micelle per unit surface area of micelle
and n depends on the micelle surface area. Thus [S] depends, not
only on the bulk lipid concentration, but also on the
concentration of micelles and the micelle surface area. This is
expressed by,

5] = [lipid] (8)

[micelles|AmiceneNo ’

where, [lipid] is the bulk lipid concentration, Apicere 1S the
micelle surface area and NV, is Avogadro’s number. The number
of binding sites per micelle, 7, is the ratio of micelle surface area
to the area per binding site. Thus,

Amicelle
— Zmicelle 9
n a0 ( )

The area per binding site, g, may be treated as the projection
of the enzyme’s cross-sectional area on to the micelle surface
[3]. The identifications of [S] and » as in Egs. (8) and (9) give
for the product n[micelles][S],

. Amicelle . [hpld] [hpld]
lles||S| = ——— 11 — .
n[micelles][S] a [micelles] fmicelles]AmancNo ~ doNo
(10)

The result in Eq. (10) allows a rewriting of Egs. (5) and (6) in
the forms,

\4 k3 [S]

L o 11
[Er]  Ciks[S]+ Kum (1)
where,
KsKMa()N() 1
Ci=——F+—. 12
' ks [lipid] T h (12)

Apart from the constants @y and N,, C; contains only the
kinetic parameters and the total lipid concentration. The
reciprocal of the activity is,

[ET] KsKMa()N() KM 1 KM 1
T hlipd ke TR R <[S]> 12)
For a series of concentrations where [lipid] is constant and
the [bile salt] is varied, the activity itself should show a
saturation behavior according to Eq. (11). A plot of the
reciprocal of the activity vs. the reciprocal of the lipid surface
concentration should be linear with slope=Ky;/k; and
intercept=C;. A plot of C; vs. 1/[lipid] has a slope =
%}"ON" and intercept=1/ks.
Combining the slope Ky/k3 of the double reciprocal plot
together with slope and intercept of C; vs. 1/[lipid] yields the
individual values of Kg, Ky, and ;.

A further reduction occurs upon a consideration of the
different terms in Eq. (8) for [S]. The micelle concentration is,

[bile salt]-IMC

[micelles] = ,
Nos

(14)
where [bile salt] is the total bulk concentration of bile salt, IMC
is the intermicellar concentration of bile salt, and N, is the
aggregation number of bile salt molecules in a micelle. The area
of the micelle is,

Amicelle = Npsas + Nipid@lipid, (15)

where Njipiq is the number lipid molecules solubilized in an
aggregate and aps and ayipig are the surface areas of the bile salt
and lipid headgroup, respectively. Furthermore, Nj,iq is given
by

[lipid] [lipid]Nps

Nipid = 7 =— ; 16
P4 = Tmicelles]  [bile sal]-IMC (16)

where Eq. (14) is used to obtain the second equality.
Introducing Egs. (14)—(16), in to Eq. (8), gives

5] = [lipid]
~ aps([bile salt]-IMC) + [lipid]aipia (17)
1 [bile salt]-TMC
— o7 1 Qipid-

[S]~ ™ Tripid]

Apart from the bulk concentrations and molecular surface
areas the only physicochemical property needed to determine
[S] is the intermicellar concentration of bile salt. This renders
the calculation of [S] and thus Egs. (5) and (6) through the
forms Egs. (11) and (13) easily usable. According to Eq. (13),
for a series of samples with constant [lipid] and varying [bile
salt], the slope, Ky/ks, of the reciprocal of the activity vs. 1/
[S], is not affected by the value of IMC, but the intercept
(: Cl) is.

The equations in the form of Egs. (13) and (17) offer a
method to determine the kinetic parameters Ky, k3, and Ks.
The slopes of the reciprocal of the activity vs. 1/[S] for
different series of samples each with a constant [lipid] and
varying [bile salt] gives the slope Ky;/ks;. Such a series is
easily prepared. Then the intercepts, C; (Eq. (12)), of each of
the plots vs. 1/[lipid], yields the individual values of Kg, Ky
and k.

2. Materials and methods
2.1. Chemicals

The bile salt utilized was sodium deoxycholate, NADC,
(Sigma), the phospholipid was dimyristoylphosphatidylcholine,
DMPC (Avanti), and the enzyme was bacterial Phospholipase
C, PLC (B. cereus — Sigma-Aldrich). The fluorescent probe
used for the physicochemical characterization of the substrates
by time-resolved fluorescence quenching was pyrene and the
quencher was a nitroxide labeled phospholipid whose structure
is shown in Fig. 1 [8].



82 R. Ranganathan et al. / Biophysical Chemistry 122 (2006) 79-89

Fig. 1. The quencher lipid. The nitroxide free radical attached to the fatty acid
tail quenches the fluorescence emission from pyrene [8].

2.2. Mixed micelle solution preparation

In a Potter—Elvehjeim tube, a dried film of DMPC is mixed
with the NaDC solution and homogenized by stroking twenty
times with the Teflon pestle of the homogenizer. The
compositions and concentrations investigated were (i)
[DMPC]=2 mM and NaDC ranging from 10 to 50 mM, (ii)
[DMPC]=4 mM and NaDC ranging from 10 to 50 mM, and (iii)
[DMPC]=6 mM and NaDC ranging from 10 to 40 mM.

2.3. Enzyme kinetics

Studies of the kinetics of enzymatic hydrolysis of DMPC in
DMPC/NaDC mixed micelles by bacterial PLC were conducted
employing the pH—stat method [4]. The enzyme was dialyzed
for three days in a 0.05 M phosphate buffer at pH 8, changing
the buffer every 8 h. The solution of the PLC was stored at 4 °C
and the protein concentration was determined by the method of
Lowry et al. using the bovine serum albumin (BSA) as a
standard [9]. The activity of the enzyme stock solution was
routinely checked with a standard egg yolk emulsion assay [10].
The activity is the amount of phosphorylcholine released per
milligram of enzyme per unit time. It is measured in units of
pmol of acid released, due to lipid hydrolysis, per minute per
milligram of enzyme (umol/min/mg). Expressed in these units it
is equivalent to v/[ET] of Egs. (5) and (11). The activity of the
enzyme in the standard egg yolk assay was 600 pmol/min/mg.

The activity of PLC in mixed micelles of NaDC/DMPC was
measured by addition of 250 pL of enzyme (0. 67 pug) into 5 mL
of mixed micelles solutions, and monitoring the amount of
0.01 M NaOH required per minute to maintain a constant pH of
8 using a Radiometer pH—stat assembly consisting of a titrator,
an auto burette, and pH meter, Model 290 PHM, interfaced to a
computer for recording data [4]. The basis for this method is that
the phosphorylcholine released by the action of the enzyme
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.
The reaction was followed for 10 min. The initial rate of activity
was determined from the first 2 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
pmol/min/mg. The assay was conducted at 40 °C.

2.4. Time-resolved fluorescence quenching (TRFQ)

It may appear from Eqs. (11) and (17) that microstructural
characterization of micelles is not necessary, because the only

micellar property that appears explicitly is the IMC. It turns out
however that the kinetic parameters Kg, Ky, and k3 are affected
by micelle microstructure. TRFQ characterization also helps in
the determination of the criteria for the existence of steady state
conditions. This is shown to involve Kg, micelle size and
concentration.

In the course of the past few decades TRFQ has been
established as a direct technique to determine micelle
aggregation numbers and bimolecular reaction rates in micelles
[11-14]. In the TRFQ method fluorescence probes and
quenchers, being themselves hydrophobic, are dispersed in
micelles and the quenched time-decay of the probe fluorescence
is measured. Under the conditions that (i) micelle size is
monodisperse, (ii) probes and quenchers occupy the micelles
according to Poisson statistics and (iii) the probes and
quenchers do not migrate between micelles within the lifetime
of the probe fluorescence, the quenched decay of the
fluorescence, F(f), is given by the Infelta model [11,15-19].

F(t) = F(0)exp[kot—As {1-exp(—kg) . (1)

The decay rate kj is the rate of pyrene fluorescence decay in
micelles with zero quencher occupation, & is the decay rate due
to quenching by one quencher, and is thus the quenching rate
constant. The Infelta quenching model (Eq. (18)) is basically an
analytical sum of exponential decays of fluorescence in micelles
with zero quenchers (decay rate, kj), one quencher (decay rate,
kq), two quenchers (decay rate 2 ky), and so on, where the
number of micelles with a number » of quenchers is given by a
Poisson distribution. The quantity 45 is the average number of
quenchers per micelle. A fit of Eq. (18) to the quenched decay
curve returns ko, kq, and 43. The physicochemical properties of
micelles that are relevant to the goals of this work are:

1. Concentration of micelles, [micelles]. The quencher con-
centration, [Q], is a known sample parameter. Using the
fitted value of 43, and the known [Q], the concentration of
micelles may be calculated from

[micelles] = [Q]/A4;. (19)

2. Bimolecular collision rate in a micelle and the micelle size.
(i) fluorescence quenching is diffusion controlled and as
such the quenching rate constant, k,, determined from the fits
to the quenched decay curve is given by the bimolecular
collision rate between probe and quencher, (ii) the larger the
size of the micelle, the smaller is the probe—quencher
encounter rate; thus k, is inversely proportional to micelle
size and has been observed to be so in all TRFQ experiments
[20-25]. This is proven besides being intuitive. Therefore
kq ! is a measure of micelle size, that is,

micelle size ok, ' (20)

A numerical value of size is not used anywhere in this work.
kq " is used as an indicator of micelle size and to aid
interpretation of the activity data.
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3. The inter-micellar concentration of bile salt. The micelle
concentration determined from the fits to the experimental
decay data according to Eq. (19) is related to the bulk bile
salt concentration through Eq. (14). A plot of [micelles] vs.
[bile salt] may be used to determine N and the IMC, if the
plot is found to be linear. In a first approximation, over a
small range of bile salt concentration, if N is assumed to be
constant then N,s and IMC may be computed from the slope
and intercept of [micelles] vs. [bile salt]. The details of the
procedure used to determine the listed micelle properties are
given in an Appendix.

The fluorescence decay curves of pyrene were obtained using
a nanosecond flashlamp FL900 lifetime measurement spec-
trometer of Edinburgh Analytical Instruments. Pyrene fluores-
cence was excited by nanosecond pulses from a flashlamp
enclosed in hydrogen atmosphere. The excitation monochro-
mator was centered at 335 nm. The fluorescence emission was
measured by time-correlated single photon counting with the
emission monochromator centered at 372 nm. The decay curves
were corrected for instrument response and then analyzed using
Eq. (18) and polydispersity was treated according to the details
in the Appendix which includes sample fluorescence decay data
and fitted curves. The mixed micellar substrate aggregates of
DMPC and NaDC were characterized at 40 °C. All samples were
degassed to remove dissolved oxygen in order to eliminate the
quenching of pyrene fluorescence by oxygen. The de-oxygen-
ation was accomplished by a sequence of freezing the sample,
pumping on the sample, followed by thawing. The freeze, pump,
thaw sequence was repeated three times.

3. Results and discussion
3.1. Reaction progress curves

The time dependence of the amount of product released due
to enzymatic hydrolysis of DMPC, dispersed in sodium
deoxycholate (NaDC) bile salt micelles, by B. cereus phospho-
lipase C, measured as described in Section 2.3, is shown in Fig.
2 for the three series of samples. In each of the series, [lipid]
was held constant and [NaDC] was varied from 10 to 50 mM.
A marked change in behavior is observed at about [NaDC]=
25 mM. For [NaDC]>25 mM, the reaction progress curve is
linear over 8 to 10 min, signifying a long lived steady state.
A clear demarcation at [NaDC]~ 25 mM is seen which is par-
ticularly obvious in the case of [DMPC]=2 mM. The reaction
rate given by the slope of the graphs in Fig. 2, decreases as
[NaDC] is increased. There is no latency period in activity as
observed in the case of bilayer and large vesicular substrates.
The latency period followed by a burst of activity has been
attributed to the build up of reaction products that induce
surface irregularities which aid in enzyme binding [26—28].

3.2. Activity

The initial rate of hydrolysis was determined as the slope of
the reaction vs. time curves in the first 4 min for the higher

MDY T VI —
e !NaD.C] .=§.10mM.: :

Product X 10"3(um01./mg)
&
|

Product X 107 (umol./mg)
[T N O N O e

NG = L5 M

Product X 10~ (umol./mg)
O = N W A L NN

.4 .6
time (minutes)

Fig. 2. Reaction progress curves in three series of samples, each with a constant
[DMPC] and varying [NaDC] as shown. The Y-axis represents the amount, in
umol, of phosphorylcholine released per mg of enzyme, following catalytic
hydrolysis of DMPC by bacterial phospholipase C at 40 °C.

[NaDC] samples which show a long lived steady state. For the
lower [NaDC] cases, the first 1 to 2 min were used. The activity
was then calculated as the slope divided by the mass of enzyme
in solution (Section 2.3) and represents v/[Et] of Egs. (5) and
(11). Fig. 3 shows the activity as a function of [NaDC] for each
of the constant [DMPC] series. The activity decreases more
steeply between [NaDC]=10 and 25 mM than for [NaDC]
>25 mM.

3.3. Micelle size and correlation with activity

TRFQ allows the determination of the micelle aggregation
number, which in this case is the sum of the number of bile salt
and lipid molecules per micelle, Nys+Niipia, from the experi-
mentally determined [micelles], the IMC, and the operational
definitions in Egs. (14) and (16). The inverse of the quenching
rate constant, kq, as described in Section 2.4, is a measure of the
geometrical size of the micelle (Eq. (20)). It is generally known
that lipid/bile salt mixed micelle size decreases as the bile salt to
lipid ratio increases [29]. This is because the micelle
concentration increases as more detergent is added and thereby
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Fig. 3. The activity (in units of pmol of phosphorylcholine released per minute
per mg of enzyme) of Bacillus cereus phospholipase C vs. the concentration of
the bile salt, NaDC, at constant [DMPC].

the number of lipid molecules per micelle decreases. Neither the
aggregation number nor the physical micelle size is actually
needed for applying the final equation for the velocity (Egs.
(11)—(13)) to the kinetic data. However the size information,
even if it is only indirectly known through ky " is useful in
understanding the change in the kinetic behavior that occurs at
[NaDC]=25 mM. The aggregation numbers for [NaDC]
<25 mM were calculated and are discussed in the next section.
TRFQ data showed clearly that micelle size decreases (kq
increases) more rapidly with increase in [NaDC] up to about
[NaDC]=25 mM than in the region [NaDC]>25 mM. The size
variation is shown in Fig. 4. The steepest drop in size occurs in
the region 20 mM <[NaDC]<30 mM. We treat the micelles and
[NaDC] concentration as belonging to either of two groups:
larger micelles for [NaDC]<25 mM and smaller micelles
[NaDC]>25 mM. This grouping is prompted by the observed

10
O
107 EY’O
Od
. g
~ 0
10 o
8 g 8 @
10?
0 10 20 30 40 50

[NaDC] mM

Fig. 4. Variation of micelle size as indicated by the fluorescence quenching rate,
kq !, with increase in [NaDC] and a constant [DMPC] of 2 mM (O); 4 mM (CJ);
and 6 mM (<>). The fluorescence quenching rate was measured by time-resolved
fluorescence quenching. The micelle size is proportional to k;l.

distinctive behavior of activity between the same two
concentration regions of [NaDC]<25 mM and [NaDC]
>25 mM.

Examining the reaction progress curves and the activity data
against such a grouping of micelle size shows that: (i) long lived
steady state observed for [NaDC]>25 mM corresponds to the
smaller micelles and (ii) the dependence of the activity on
NaDC concentration shows a slower variation for the smaller
micelles ((NaDC]>25 mM) than for the larger micelles present
at [NaDC]<25 mM. This suggests that at least two sets of
kinetic parameters, depending on detergent concentration,
define the kinetics. Note that this correlation does not involve
particular micelle sizes or microstructure but rather the
reference is to whether the micelles are large or small.

3.4. Intermicellar concentration of NaDC and aggregation
numbers

Table 1 gives the values of IMC and the bile salt aggregation
numbers determined for NaDC/DMPC mixed micelles from the
slope and intercept of the experimentally determined [micelles]
vs. the total bile salt concentration [NaDC] according to Section
2.4 (item 3) for [NaDC]<25 mM. The details are given in the
Appendix which includes the plots of [micelles] vs. [NaDC].
With the values of IMC and the bile salt aggregation number,
Ny, the lipid aggregation number Njiyig, for any particular bile
salt/lipid mixture may simply be calculated using Eq. (16). The
results (Appendix, Fig. 8) show that at any given lipid
concentration (2, 4, or 6 mM) the concentration of micelles
increases with [NaDC] and N, remains about constant. Because
the samples are a constant [lipid] series, this means that Njpiq
per micelle decreases as [micelles] increase with [NaDC].
Therefore this result together with Fig. 4 is evidence that the
micelle size decreases as the lipid to bile salt ratio decreases.

3.5. Application of the kinetic model, Egs. (11) and (13)

The substrate concentration was calculated using Eq. (17)
with the values of IMC from Table 1, the bulk NaDC
concentration, and with the surface areas for NaDC,
aps=346 A% and ayq=85 A® [3,30]. The graphs in panels A
and B of Fig. 5 show the plots of activity vs. [S] and 1/activity
vs.1/[S], respectively, for [NaDC]<25 mM. A saturation
behavior is indicated in Fig. 5, panel A and a linear relation
between the reciprocals in Fig. 5, panel B as predicted by Eqgs.
(11) and (13). Linear regression fits yield the slopes, K/ k3 and

Table 1
Intermicellar concentration (IMC) of NaDC in mixtures of NaDC and DMPC at
three fixed DMPC concentrations at 40 °C

[DMPC] IMC?* (M) Nos
0.002 0.0087+0.0015 22
0.004 0.0082+0.0012 37
0.006 0.004+0.001 47

* The determination of IMC is based on Eq. (14) and is computed from the
slope and intercept of a plot of [micelles] vs. [NaDC]. [micelles] is determined
by TRFQ.
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Fig. 5. Application of the kinetic model in the form, Egs. (11) and (13) to the
three series of samples with constant [DMPC] of 2 mM (O); 4 mM ([J); and
6 mM (<) and varying [NaDC] for 10 mM < [NaDC] <0.25 mM. A. Activity
vs. the lipid surface concentration, [S]. B. The double reciprocal plot of 1/
activity vs. 1/[S]. (C) The intercept (Cy, Eq. (12)) of the plots in panel B vs. 1/
[DMPC].

intercepts, C; for each of the lipid concentrations. The intercept,
C; (Eq. (12)) is an algebraic package that is inversely
proportional to [lipid], where the lipid in the present experi-
ments is DMPC. Linear fits to the plot of the intercept, C vs. 1/
[DMPC] yields the slope KgaoNo% and intercept 1/k3. Using
the values of Ky;/k; determined as the slope of the double
reciprocal plots obtained previously (Fig. 5, panel B), and the
constants N, allows determination of Kg aq, Ky, and ki
individually. The values are listed in Table 2. The value of the
area per binding site, ay, is required to determine Kg from Kg ay.

Table 2
Kinetic parameters of enzymatic hydrolysis of DMPC solubilized in NaDC
micellar aggregates by bacterial phospholipase C at 40 °C

Concentration of NaDC Ky ag Ks M)* Ky k3 (umol per
(M cm?) (mol. cm™?) min per mg)
10 mM < [NaDC] 85x10717  2x1073 4x107 ! 2249
<5mM
25 mM< 51x107'% 12x1072 8x10 "2 849

[NaDC] <50 mM

2 The values for K are calculated from Ksag for ag=>5x 85 A” (Section 3.5).

It is not available at present. If the overlap area is taken to be the
area of about five phospholipid headgroups, ao=>5x 85 A? [3],
then the Ky is as reported in Table 2. Error in the value of ag
gives rise to a systematic error in K.

A similar analysis was conducted on the data for [NaDC]
>25 mM where small micelles are present. The variation of the
activity with [S], Fig. 6 panel A, is slower than for
[NaDC] <25 mM (Fig. 5 panel A). This results in a shallower
slope in the 1/activity vs.1/[S] graph, Fig. 6 panel B.
Calculations of the kinetic parameters for the smaller micelles
yield a value of Ky that is an order of magnitude smaller and Kg
an order of magnitude larger than those obtained for the larger
micelles. The values are listed in Table 2.

The accuracy in the values of the kinetic parameters derived
from the use of Egs. (11)—(17) is limited by the accuracy in IMC
and in the molecular surface areas. These are systematic errors.
The error in IMC gives a systematic error to less than one order
of magnitude.
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Fig. 6. Application of the kinetic model in the form, Egs. (11) and (13) to the
three series of samples with constant [DMPC] of 2 mM (O); 4 mM ([J); and
6 mM (<) and varying [NaDC] for 30 mM < [NaDC] <0.50 mM. A. Activity
vs. the lipid surface concentration, [S]. B. The double reciprocal plot of 1/
activity vs. 1/[S]. C. The intercept (C;, Eq. (12)) of the plots in panel B vs. 1/
[DMPC].
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The present results show that Eqs. (11) and (13) describe
bacterial phospholipase C interface kinetics. The kinetic
parameters are not constant over all concentrations because
they are affected by the microstructure of the substrate aggregate
which changes according to concentration. However the data
could be grouped into two concentration regions of bile salt in
both of the two independent experiments of enzyme activity and
TRFQ. This classification yields two sets of kinetic parameters
and steady state duration and two groups of micelle sizes. A
correlation is therefore sought between the effect of micelle size
and enzyme activity, beyond just the substrate surface
concentration effect. Detergent mixed micellar substrates
typically have a few lipid molecules per aggregate. In order to
achieve steady state, the substrate should be replenished at a rate
faster than the rate at which they are consumed [6]. If the enzyme
is bound strongly to a micelle (low Kg) there is a waiting period
after the first round of reaction with those lipids already present
before the next supply of lipids which occurs either by exchange
between micelles during inter micellar collisions or by the
transfer between micelles through water. Both of these are slow
processes compared to the catalytic conversion rate [31,32].
Therefore unless the enzyme is weakly bound and the inter
micellar hopping of the micelle is at a rate faster than the catalytic
rate, conditions for steady state are not present and the reaction
would be completed in a very short time. The measurements
presented in this work show the presence of continued activity
over long periods of time. Therefore these results must mean that
the enzyme dissociates from the micelle rapidly, corresponding
to weak binding or high K. Furthermore, application of the
kinetic model gives higher Kg values for the smaller micelles. Kg
increases by an order of magnitude for the smaller micelles,
indicating that enzyme/micelle binding depends on micelle size
and gets weaker as the micelle becomes smaller. This may be
understood when considering that as the micelle surface area
decreases; the available enzyme/micelle overlap area will
decrease causing the binding to become weaker with a
concomitant faster intermicellar hopping rate. Another notable
observation is the linearity in the reaction progress curves over
longer times at the higher bile salt concentrations, where the
micelles in general are smaller, than for larger micelles. A rapid
replenishment rate and invariable kinetic parameters are
conditions for continued activity and steady state kinetics.
Microstructural changes due to the products formed can induce
non-linearity through their effect on the kinetic parameters. This
effect is more notable at the lower bile salt to lipid ratios because
of the greater number of lipid molecules per aggregate and hence
higher activity and thus an increased concentration of products.
This investigation does not address the microstructural aspects
like the ordering of lipids and the actual lipid conformation in the
micelle. Rather the kinetic properties are determined for the
microstructure, whatever it may be, according to the methods
proposed and it is found that these properties do depend on the
lipid to bile salt ratio. However within a limited concentration
range they do remain constant as determined from the model.
The differences in the values of the parameters between different
concentration ranges may be attributed to the actual microstruc-
ture and is an area for future investigation.

4. Summary and conclusions

The model for interface enzyme activity first applied to
investigate phospholipase A, [3] was adapted to study bacterial
phospholipase C kinetics at bile salt/lipid interfaces. The
principal outcomes of this work are: (i) Reduction of the
equation for the activity dependence on substrate aggregate
properties to show a more straightforward form in which the
only micellar property explicitly present is the intermicellar
concentration of the detergent. This is based on the model that
the interface substrate concentration is the number of moles of
lipid per unit surface area of the micelle and that the micelle
surface area is given by the surface areas of the constituent
headgroups present. This form is readily accessible for
application to experimental data because it can be deployed
without further assumption and only bulk concentrations and
molecular surface areas need be known. It can be used to
determine the individual kinetic parameters. (ii) The plots of the
product formed vs. time were found to be linear. The duration
over which linearity is present increases with the concentration
of bile salt. At high bile salt to lipid ratio (>5), linearity extends
to about 10 min. Presence of linearity shows that the substrate
replenishment occurs at a rate faster than the catalytic rate and
that the kinetic parameters may be treated as constant in the
linear region. Therefore, microstructural variation due to
products formed notwithstanding, one may extract kinetic
parameters from the initial linear regions of the reaction
progress curves. Microstructural variation due to polydispersity
is not an issue because the products measured are from
encounters with the entire population of micelles. (iii) The
activity was found to depend on the surface substrate
concentration as quantified by Eq. (17), in accordance with
the kinetic scheme that treats the interface as a cofactor [3]. The
parameters defining the kinetics, Kg, Ky, and k3 were
individually determined and found to depend on detergent to
lipid ratio. The micelle microstructure also depends on the
concentration of detergent. Therefore the role of the micro-
structure is implicitly present through the kinetic parameters.
(iv) Time-resolved fluorescence quenching techniques were
employed to characterize the mixed micelles and the informa-
tion was used to interpret the kinetic data. TRFQ results showed
that the micelle size decreases with increase in the bile salt to
lipid ratio. The micelles were broadly classified as large
micelles at lower bile salt to lipid ratio (<5) and small micelles
at higher ratios. The enzyme—micelle dissociation rate is higher
for the smaller micelles. This observation is consistent with the
argument that as micelles become smaller the available binding
area decreases leading to a weak binding and the enzyme
dissociation rate increases. This work thus identifies the role of
the micelle microstructure in the existence of the conditions for
steady state. Decrease in the available overlap area as micelles
get smaller is one rational explanation for the change in the
value of Kg between the large and small micelles. The decrease
in the catalytic rate k3, between large and small micelles needs
further investigation. A possible explanation may involve the
conformation imposed on the lipid in the micelle, which may
change according to micelle size. The generality of the kinetic
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model, here presented, with the substrate concentration
quantified as in Eq. (17) remains to be established. It opens a
line of investigation for kinetics of enzymatic lipolysis
including studies with related phospholipases and other lipid
substrates.
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Appendix A. Time-resolved quenching decay data fitting
and analysis

The fitting of Eq. (18) to the quenched fluorescence decay
data is complicated if micelles are polydisperse. Lipid/bile salt
mixed micelles are generally found to be polydisperse.
Polydispersity in micelle size would give rise to a distribution
in kq values and possibly in &, as well [33]. Two methods are
available that derive average properties of polydisperse micelles
from TRFQ data [33,34]. In this work we adopt a combination of
a lifetime distribution analysis and the method of Almgren and
Lofroth [33,34]. The Infelta model is used as a first
approximation to fit the decay data. A general problem
encountered in fits with multiple parameters, is that several
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Fig. 7. Time-resolved fluorescence decay data in a sample with [DMPC]=4 mM
and [NaDC]=12.5 mM. The curves in the upper graph are the fluorescence
photon counts data and fit of pyrene fluorescence in the absence of quenchers
(upper curve) and quenched decay data and fit in the presence of quenchers
(lower curve). The lower panel shows the residuals of the fit of the Infelta model
(Eq. (18)) to the quenched decay data. The quencher is the nitroxide radical
attached to a lipid (Fig. 1).
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Fig. 8. [Micelles] vs. [NaDC] to calculate the IMC of NaDC using Eq. (14).

sets of parameters can give good fits. We select the set of ko, kg,
and A5 for which the goodness of fit indicator, %2, is a minimum
and the random residuals plot shows no visible systematic
feature. First, the decay data are subjected to a lifetime
distribution analysis in which the decay curve is fit to a sum of
one hundred exponential decays. Our results show a clear
presence of two distinct distributions around a longer lifetime of
about 320 to 380 ns typical of the lifetime of unquenched pyrene
fluorescence in degassed micellar solutions and a shorter
lifetime less than about 100 ns which is attributed to the
quenching of pyrene fluorescence in micelles containing
quenchers. The longer lifetime is used as fixed value of k'
and the shorter lifetime 75 as the initial (zero order) fixed value of
kq "in the Infelta model, Eq. (18), and a fit to the decay curve is
performed to recover the zero order value of 43, denoted by A9,
The quenching constant, &, is the quenching rate due to one
quencher and is strictly not equal to 75 !, because 75 ! represents
the decay rate in a collection of micelles some of which may
have two or more quenchers. Occurrence of micelles with more
than one quencher, as given by the Poisson distribution, means
that the rate 75 ' is not just due to one quencher. At low quencher
concentrations, however, single micelle occupancy is far more
probable than multiple occupancy and kq=17 " becomes a good
zero order approximation. The zero order & is denoted by kg. In
the second iteration, A5 is fixed at 45 and the next kq is
determined. Several iterations are performed alternately fixing
A3 and kg until the values converge and a %*>=~1 and a residuals
plot with no visible periodicity are obtained. Fig. 7 is an example
of the results of such a fitting procedure.

The concentration of micelles, [micelles], derived from the
fitted A5, and using Eq. (19) depends on quencher concentration
as a consequence of polydispersity [33,34]. The average
[micelles] is then computed from the solution to a truncated
series equation, which expresses the quencher averaged
aggregation number as a power series of the quencher
concentration with the central moments of the micelle size
distribution as the coefficients [33,34]. For any given sample
composition and concentration, TRFQ measurements were
conducted for two quencher concentrations. The average
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[micelles] was then computed from two quencher dependent
values as,

[micelles] = M, (A1)
0, 0]
(0] 7 (0]

where A3 and 43 are the results for 45 of fitting of Eq. (18) to the
TRFQ decay curves at two quencher concentrations [Q;] and
[O,], respectively. The value of [Q,] was about twice [Q;] and
[01] was such that the number of quenchers per micelle, 43, was
between 0.3 and 0.4. Only the TRFQ data of the [DMPC]=
6 mM series was treated with Eq. (Al). The lower [DMPC]
series showed less than a 20% variation between the two
quencher concentrations.

The quenching constant kq (Fig. 4)) showed a variation of
<10% between the two quencher concentrations. Applying Eq.
(14) to the dependence of the concentration of [micelles] on the
total bile salt concentration, the bile salt aggregation numbers
and the IMC were determined. The plots are presented in Fig.
8 and the derived data in Table 1.

Appendix B. Uncertainties and errors

The parameter values that yield a good fit span a range which
is then adopted as the uncertainty in those numbers. The
measured values of &, and [micelles] in this work are thus each
quoted with uncertainties of 20%. To determine the uncertainty
in the activity, six different samples of the same concentration
were prepared and the specific activity was measured for these
samples over a period of three days. The standard deviation in
the measured activity is less than 5%. The error bars on the
activity in Figs. 3 and 5 are due to the errors in the determination
of the slopes of the reaction progress curves shown in Fig. 2.
These are less than about 1% for [NaDC]>15 mM. Larger
errors are found for the lower [NaDC] and are shown in the
figures.
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