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Lecithin-stabilized triglyceride emulsions are subject to hydrolysis by pancreatic lipase. The time
profiles of these reactions are characterized by a lag-phase and a zero-order phase. Lag phases are
more pronounced with long-chain triglycerides. Ca?* is effective in reducing the lag-phase and acti-
vating lipase. Kinetic analysis of the reactions suggests that, like previous findings by others, tauro-
deoxycholate (TDC) micellar solutions combine with the lipase—colipase complex to form another
catalytically active enzyme form. This enzyme form exhibits reduced activity in the absence of Ca?*.
In the presence of Ca?* the mixed micelle-lipase complex becomes more active and opens a new
pathway for lipolysis. It is suggested that this enzyme form can bind more easily to interfaces with
different physicochemical properties. Under these conditions, Ca®* activates the lipolysis of short-,
medium-, and long-chain triglycerides by a similar mechanism. Maximum activities were measured in
the presence of approximately 6 mM TDC and 30 mM Ca®*. The experimental conditions approximate
the physiological conditions in the gastrointestinal tract since all of the factors studied here have been
reported to be necessary for in vivo lipolysis and/or absorption of triglycerides. A mechanistic model
for lipolysis in the presence of Ca?* and the bile salt TDC is proposed which accounts for most of the
experimental observations in a quantitative manner.
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INTRODUCTION

Unlike enzymes acting on soluble substrates, lipolytic
enzymes act at the interface between an aqueous medium
containing the lipolytic enzyme and the water-immiscible
substrate, generally triglycerides (TG). Any compound that
can bind or interact with the interface is able, to some ex-
tent, to modify and alter the activity of these enzymes. Not
surprisingly, the number of compounds that can influence
the hydrolysis rate is almost unlimited (1). A major effort in
lipolysis research is directed to unraveling the individual
mode of action of these effectors, which can be further com-
plicated if cooperative and synergistic effects are present. To
simplify this effort, better-defined systems amenable to
quantitative scrutiny such as the monolayer approach have
been devised. Evidently, these approaches are suited for
different mechanistic studies and have shed light into diverse
aspects of lipolysis (1,2), particularly the importance of the
“interfacial quality”’ (3,4). However, studies that parallel
more closely the physiological conditions during lipolysis are
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better carried out with phospholipid stabilized emulsions.
This work studies the effect of Ca?* and taurodeoxycholate
(TDC) on the role of pancreatic lipase hydrolysis of triglyc-
eride emulsions using lecithin as emulsifier. A fat emulsion,
Intralipid 10% (IL-10), was employed as a standard emulsion
because it is readily available and relatively well character-
ized (5). The long-range purpose of this work is to under-
stand how drugs, dissolved in triglycerides, are released and
absorbed from the gastrointestinal tract. There is ample ev-
idence that very lipophilic, low-water-soluble drugs such as
mitotane (o,p’-DDD) are more effectively absorbed from the
gastrointestinal tract when administered in metabolizable
triglycerides (6).

MATERIALS AND METHODS

Chemicals

The triglycerides, tributyrin (TB; Grade I, 99%) and tri-
octanoin (TO; 99%), were from Sigma Chemical Co., St.
Louis, Mo. Anhydrous taurodeoxycholic acid (TDC), as its
sodium salt, L-a-phosphatidylcholine (lecithin; 60% from egg
yolk) and pancreatic lipase from porcine pancreas, Type 1l
(crude preparation with approximately 30% protein, which
combines the lipase—colipase complex), were also obtained
from Sigma Chemical Co., St. Louis, Mo. The refined me-
dium-chain oil, Neobee M5 (mainly trioctanoin), was from
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R. P. Scherer, Clearwater, Fla. The 10% i.v. fat emulsions,
IL-10, were from Cutter Medical (Miles Laboratories). Cal-
cium chloride dihydrate and glycerol, spectral quality, were
from Matheson Coleman and Bell, Norwood, Ohio. All other
chemicals were reagent grade. Solutions were prepared us-
ing double-distilled deionized water.

Emulsions

All emulsions were prepared to match closely the com-
position of the IL-10 fat emulsion. The emulsions, prepared
by weight, consisted of 10% oil, 1.2% lecithin,
2.25% glycerol, and water. Solid lecithin was suspended in
warm water with continuous stirring to obtain a homoge-
neous suspension. Glycerol and oil were then added with
continuous stirring to give a very crude emulsion. Finally,
water was added to adjust the desired composition. This
crude emulsion was then passed, four to six times, through a
hand homogenizer to obtain a finer emulsion. Finally, the
hand-homogenized emulsion was placed in an ice bath and
sonicated in an ultrasonifier (Branson Sonic Power Co.,
Model W-350) for 6 to 8 min (20-KHz, 350-W output). In-
variably, these final emulsions appeared homogeneous un-
der visual inspection. The particle size of stored emulsions
(except for the tributyrin emulsion) kept under refrigeration
for several months was determined when a Nicomp Model
370 submicron particle size analyzer (HIAC/Royco Instru-
ments) became available. The particle size of 8- to 9-
month-old emulsions was determined and compared with the
particle size of freshly prepared emulsions. It was found that
they did not differ more than a tenth of a micron. Average
particle sizes were 0.2 to 0.3 pm. Although kinetic studies
were carried out with only freshly prepared emulsions, no
noticeable differences in the reaction rates were observed
with emulsions kept under refrigeration for over a month.
Kinetics

The lipolysis of the emulsions were followed by contin-
uously titrating the liberated fatty acids (FA) with a Brink-
mann pH-stat (Dosimat 665, pH-Meter 632 and Impulsomat
614). The time dependence of the reaction was recorded on
a Brinkmann BR-500 strip-chart recorder. A Haake FE wa-
ter bath was used to circulate water through the jacketed
reaction vessel in order to keep the temperature constant at
25°C. In a typical kinetic run an aliquot of the triglyceride
emulsion was mixed with measured volumes of 0.1 M CaCl,,
30.0 mM TDC, and 0.2 M NaCl solutions to give the desired
concentrations in a final volume of 5.0 ml. This mixture was
brought to the pH of the reaction, 8.5-8.6, with the addition
of 0.020 M NaOH solution. The reaction was started with the
addition of the pancreatic lipase solution (30 to 50 wl) and
followed continuously for different lengths of time. Vigorous
stirring of the reaction mixture was maintained during the
kinetic run using a magnetic stirrer. The oil concentration is
reported as the percentage (w/v) of oil in the final volume
before addition of the enzyme.

The pancreatic lipase solution was routinely prepared
by dissolving 250 mg of the commercial preparation in 5.0 ml
of cold water. The solution was stirred until all soluble ma-
terial went into solution (about 15 min). The insoluble ma-
terial was separated by centrifugation, 15 min in a benchtop
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centrifuge, and the supernatant collected and kept at 4°C
during the kinetic runs. Only freshly prepared solutions were
used for the kinetic studies. A gradual loss of lipase activity
was noticed when the solutions were assayed for activity
after more than 1 day. Lipase activities were determined
with TB and olive oil emulsions in the presence of 30 mM
Ca?™, pH 8.5, with and without lecithin. When lecithin was
the emulsifier, the emulsions were prepared as indicated
above; otherwise the oil and water were mixed vigorously to
form a crude emulsion and then sonicated as above. These
emulsions were unstable and were used immediately after
preparation. Lipase activity with olive oil, in the absence of
lecithin and TDC, was 160 U/mg of protein (the lipase prep-
aration used in these studies indicates that the lipase activity
under similar conditions, pH 7.7, is 135 U/mg protein). With
a lecithin-stabilized olive oil emulsion the activities in the
presence of 6.0 mM TDC were 1420 and 960 U/mg protein at
37 and 25°C, respectively. With TB, in the absence of leci-
thin and TDC, the activity was 995 U/mg protein at 37°C.
The highest activities were obtained with lecithin-stabilized
TB emulsions in the presence of 6.0 mAM TDC. Activities at
37 and 25°C were 2600 and 1850 U/mg protein, respectively.
One unit is defined as the amount of lipase that liberates 1
pequiv of FA from a TG per hr at the temperature and pH
specified. Lipase activities reported in this study refer to TB
emulsions in the presence of 30 mM Ca?*, 60 mM TDC, pH
8.5, at 25°C. These activities are approximately two orders
of magnitude lower than for pure pancreatic lipase (sp act,
4.2 x 10%), however, since pancreatic lipase acts on water-
insoluble substrates, most of the contaminant proteins
should have little or no effect on TG lipolysis. The effect of
any contaminating phospholipase was not determined, but
based on Borgstrom’s work (7), it should be manifested in a
reduction in the lag phase and not in the final steady-state
rate (see Results). The majority of the results presented here
refers to the linear, or zero-order, phase (see Time Depen-
dence of the Reaction and Activation Phase, under Results).
Zero-order rate constants (initial rates) were calculated from
the slopes of the product versus time dependencies following
the lag phase. Part of the error in the estimation of these
slopes arises from the manual calculation and the difficulty
in assessing the end of the activation phase. Nevertheless,
reproducibility in the slopes was normally better than 5%.

RESULTS

Effect of Lipase and “Substrate’” Concentration on the Rate
of Lipolysis

Initial rates of lipolysis for all substrates studied in-
creased proportionally to the lipase concentration under all
conditions examined. Hydrolysis rates of IL-10 displayed
saturation kinetics with respect to total oil (substrate) con-
centration. The results under saturating Ca®* concentra-
tions, with and without TDC, are displayed in Fig. la. The
saturation data do not obey the typical Michaelis—Menten
equation. The increase in rate with concentration is faster
than expected from a square hyperbola. The substrate de-
pendence in the presence of TDC and Ca®?* shows a fast
increase in rate with the first additions of oil. A small inhi-
bition at high substrate concentrations is observed in this
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Fig. 1. Observed dependencies of the zero-order rates of lipolysis of
IL- 10 (a) and TB (b) emulsions on the total oil concentration. (a) One
thousand four hundred units of lipase (50 ul, 0.75 mg protein); Ca®* =
30 mM; TDC = 0.0 mM () and 6 mM (O). (b) Eight hundred forty
units of lipase (30 pl, 0.475 mg protein); Ca?* = 30 mM and TDC = 6.0
mM (O); Ca?* = 0.0mM and TDC = 0.0 mM (R); Ca’* = 0.0 mM and
enough TDC to saturate the system at each oil concentration and inhibit

lipase action (0J). T = 25°C, pH 8.5.

case. This apparent substrate inhibition at high oil concen-
trations has a different origin and it is discussed below. Sim-
ilar results were obtained with TO and Neobee-M5. Data for
TB are shown in Fig. 1b.

Stoichiometry of the Lipase-Catalyzed Hydrolysis of
Triglyceride Emulsions with Varying FA Chain Lengths

The hydrolysis of IL-10, TO, Neobee-MS5, and TB was
followed to completion to calculate the number of liberated
FA from each TG (Table I). IL-10 lipolysis showed that re-
lease of the first two FA was much faster than the release of
the third FA. The release of the third FA from pancreatic
lipase hydrolysis of IL-10 probably involves an intramolec-
ular transesterification step (1,8) of the 2-glyceride to the 1-
or 3-monoglyceride, a facile step at pH 8.5, followed by
lipolysis. In the absence of a lag phase, the linear part of the
reaction extended for approximately 30 to 50% of the total
reaction. A 100% reaction is considered to be the release of
the number of FA indicated in Table I. Only two FA could be
quantitated during the hydrolysis of TO (Table I). Similar

results were obtained with Neobee-M5, where it was as-
sumed, for calculation purposes, that this oil is composed
solely of TO. Finally, hydrolysis of TB emulsions resulted in
the production of only one equivalent of butyric acid (Table
I). If other FA are produced, their rate of formation is much
slower than the hydrolysis rate of the third FA in IL-10. It is
of interest to note that the hydrolysis of TO and TB emul-
sions resulted in clear solutions at the end of the reaction.
These results suggest that the observed change in stoichiom-
etry with change in FA chain length is not due to a particular
order of specificity by lipase but probably to the fact that the
diglyceride derived from TB and the monoglyceride from TO
are polar compounds soluble in the aqueous micellar me-
dium employed. Substrates in solution can be hydrolyzed by
lipase but at a greatly reduced rate (1,2).

Time Dependence of the Reaction and Activation Phase

The time dependence of the reactions, particularly in
the absence of TDC, are characterized by three distinct
phases. (a) In the activation phase or lag phase, the rate of

Table I. Stoichiometry of the Lipase-Catalyzed Hydrolysis of Different Triglyceride Emulsions®

TB Neobee-MS5 TO IL-10
C-4 C-8 C-8 C-18, C-20
pmol TG 16.5 10.5 10.5 27.5
pmol OH 16.8 20.0 20.0 82.0
~“OH/TG 1.02 1.91 1.91 2.98
pmol TG 33.0 33.0 52,5 21.0
pmol OH 35.0 32.0 98.0 42.0
OH/TG 1.06 0.97 1.87 2
pmol TG 82.0 82.0 105.0 31.5
pmol OH 78.0 81.0 212.0 62.0
OH/TG 0.95 0.99 2.02 1.97
FA/TG 1 1 2 2 3

“ pmol TG, pmol of TG at the beginning of the reaction; pmol OH, total pmol of hydroxide consumed
at the end of the reaction; FA/TG, the apparent number of fatty acids released from a TG molecule
under the experimental conditions of this study. Reaction conditions: T = 25°C, pH 8.5, 840 to 1400
U of lipase, Ca?* = 30 mM, and TDC = 6 mM per run.
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the reaction increases continuously until a maximum rate is
reached (7,9). (b) In the zero-order or initial-rate phase, the
rate of FA production is linear with time. Linear kinetics
were observed for up to 30-50% based on the observed num-
ber of FA released (see stoichiometry discussion). (¢) The
final phase is characterized by a continuous decrease in rate
until it stops when all the possible FA have been released or
when the rate of FA formation becomes negligible compared
with the zero-order rate.

The presence of an activation phase and a lag phase
depended on the nature of the TG and the experimental con-
ditions used. Qualitatively, long-chain TG had a more pro-
nounced and longer lag phase than medium- or short-chain
TG. Lag phases decreased with calcium concentration. Fig-
ure 2a shows the dependence of the lag phase on the recip-
rocal of Ca®™* concentration for the lipolysis of IL-10 (2%). A
good linear dependence is obtained when the data are plotted
in this manner (intercept, —0.003 = 1.004; r = 0.966). The
lag time for these reactions decreased with increasing en-
zyme concentration (data not shown). In contrast with the
results obtained with IL-10 and other long-chain fatty acid
triglycerides (10), the lipase-catalyzed hydrolysis of TO and
Neobee-MS5 did not show a lag phase in the absence of TDC.
Lag phases were observed in the presence of TDC depend-
ing on whether Ca®>* was present and on the TDC concen-
tration. The TDC dependence in the inset in Fig. 3 shows a
large increase in the lag phase with an initial addition of
TDC. Further increases in TDC concentration produced a
maximum followed by a rapid decrease in the lag phase until
the lag phase disappeared completely.

Dependence of Lipolysis on Ca?>* Concentration in the
Absence of TDC

The effect of Ca®* concentration on the initial rates of
TG lipolysis varied depending on the length of the triglycer-
ide’s FA side chain. IL-10 displayed a sigmoidal saturation
dependence on Ca”* concentration (Fig. 2b). In the absence
of added Ca?™, no lipolysis was observed. Concentrations in
the 30 to 40 mM range were required to achieve maximal
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Fig. 2. (a) Observed lag-phase times versus the reciprocal of the
Ca?* concentration during lipolysis of IL-10 emulsions (1400 U of
lipase, 50 pl, 0.75 mg protein), T = 25°C, pH 8.5. Observed lag
phases were proportional to the lipase concentration. The solid line
was calculated from a linear least-squares regression to the data.
Intercept = —0.003 = 1.004, r = 0.966. (b) Calcium concentration
dependence of the observed zero-order rates during lipolysis of IL-
10 emulsions in the absence of TDC: 1400 U of lipase (50 ul, 0.75 mg
protein), T = 25°C, pH 8.5. IL-10 concentrations are indicated.
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rates, independent of the oil concentration. A relatively
short lag phase was still observed under these experimental
conditions (Fig. 2a).

The hydrolysis of Neobee-M5 and TO (medium-chain
TG) was described by apparent exponential kinetics. In the
absence of added Ca®*, the reaction proceeds to only a
small extent, approximately 20-25%, and is rapidly inhib-
ited, k(inh), by the products. Total amounts of product
formed were proportional to Ca>* and oil concentrations
present in the system (Table II). In contrast, initial rates of
TB hydrolysis were independent of the Ca2* concentration.
In all cases, the extent of reaction showing linear time de-
pendence, increased with the Ca2™* concentration.

Dependence of Lipolysis on TDC Concentration in the
Presence of Ca?*

TDC effect on the hydrolysis rate of long-chain TG was
studied under saturating calcium concentrations, 30 mM.
Figure 3 shows the effect of increasing TDC concentration
on the rate of hydrolysis of IL.-10 and TO. There appears to
be a moderate increase in hydrolysis rate up to about 0.5 mM
TDC. In the 0.5 to 1.5 mM range the rate of lipolysis levels
off and then increases again following typical saturation be-
havior. This unusual dependence manifested by the ‘‘break’’
or discontinuity in the TDC dependence was reproducible
using different enzyme preparations, emulsions, and TG
concentrations. Interestingly, the maximum seen in the inset
in Fig. 3 for the lag-time dependence on TDC concentration
occurs in this discontinuity range.

Dependence of Lipolysis on TDC Concentration in the
Absence of Ca**

TB was the only substrate examined whose hydrolysis
rate was independent of Ca?* concentration. Therefore, it
was the only substrate where the effect of TDC could be
isolated. This represents the only example where
“‘inhibition’” by a bile salt on the lipolysis of a TG was ob-
served (Fig. 4). Also, Fig. 4 shows that initial rates were
independent of TB concentration before the addition of TDC
(see y intercepts) and after saturation with respect to TDC
(Table III). A linear relationship between the TDC concen-
tration needed to inhibit the enzyme, as reflected by the
reduced lipolysis rate, and the amount of TB emulsion
present was noted. Similarly, a linear relationship was noted
between the TDC concentration at the inflection point (Fig.
4) and the TB concentration. The TDC concentration at the
inflection point, TDC(ip), can be derived from Eq. (1) (see
Discussion) and is given by TDC(ip) =
NMV(N-1DK/N +1), where K (see Table III for definition) is
the apparent dissociation constant for the TDC micelles (30).
This type of inhibition differs from the well-known inhibition
by TDC below its critical micellar concentration (CMC) ob-
served with TG (11-14,26).

Dependence of Lipolysis on Ca** in the Presence of TDC

Although Ca®™* appeared not be required for the hydrol-
ysis of TB emulsions, particularly in the absence of bile
salts, it was a potent activator in their presence. Ca®™ re-
versed the inhibition by TDC and increased the hydrolysis
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Table II. Inhibition of TO Lipolysis in the Presence of Ca?*¢

Ca* k(inh) pmol FA
% oil (mM) (min~Y) +SD % Rxn released
0.25 0 19 x 1072 1.5x 1073 25 13.0
0.50 0 3.1 x 1072 5.0x 1073 24 24.3
1.00 0 2.0 X 1072 6.9 x 10~ 22 45.6
1.50 0 2.2 x 1072 1.3x 1073 19 61.0
0.50 10 3.0 x 1072 7.6 x 104 33
0.50 20 2.3 x 1072 1.3 x 1073 42
0.50 30 1.7 x 1072 9.5 x 10~* 57
0.50 40 1.3 x 1072 9.0 x 10°* 80

¢ Apparent first-order inhibition constant, k(inh). Reactions carried out in the absence of TDC. Conditions: 25°C, pH 8.5, and 1400 U of

lipase (50 pl, 0.75 mg protein).

rate by almost one order of magnitude. The dependence on
Ca?* concentration was characterized by a hyperbolic sat-
uration profile (Fig. 5). Dissociation constants from the en-
zyme ‘“‘complex’’ were calculated by fitting the data to the
kinetic model shown in Scheme II (discussed later). The
effect of Ca?* on the rate of hydrolysis of medium- and
long-chain TG was qualitatively the same (Fig. 5). The re-
sults are summarized in Table IV.

DISCUSSION

Two decades ago, Klein et al. (15) showed that lecithin
inhibits the lipase-catalyzed hydrolysis of TG. Recently,
there has been renewed interest in understanding the mech-
anism of inhibition by phospholipids (7,16-21) and other ef-
fectors of lipases (22,23). Recent reports have shown that in
the presence of phospholipids and bile salts, the lipase-
colipase complex does not bind to the interface of TG (7,18).
The substantial lag phase that precedes the steady-state rate
of hydrolysis of TG has been attributed to this lack of bind-
ing to the interface (7,9,18). The continuous increase in the
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Fig. 3. TDC concentration dependence on the zero-order rates of
TG [IL-10, 0.5% (Q) and TO, 0.5% (0O)] lipolysis in the presence of
a saturating Ca®>* concentration. The observed dependence was in-
dependent of the TG concentration (not included here). One thou-
sand four hundred units of lipase (50 pl, 0.75 mg protein), T = 25°C,
pH 8.5, 30 mM Ca>*. Inset: Observed lag-phase times versus TDC
concentration during lipolysis of 0.5% IL-10 and 0.5% (O) TO (O)
emulsions.

instantaneous rate of product formation should be consid-
ered as a pre-steady-state phenomenon that reflects a num-
ber of continuous changes at the interface. In general terms,
they represent changes in enzyme affinity for its, so-called,
supersubstrate (1,22), before a new steady state is estab-
lished. Since most exogenous effectors of lipase, under the
majority of in vitro reaction conditions, do not change their
concentration as a function of time in the activation phase,
and since most events in solution (binding, complexation,
adsorption, etc.) are much faster than the observed activa-
tion phases, it can be concluded that activation is triggered
by a change in product concentration. This conclusion is in
agreement with other work where it was shown that partial
hydrolysis of phospholipids by phospholipase A2 or addition
of FA could restore lipase activity (7,21,24). Up to now,
most studies have dealt with the role of lipase effectors in the
activation phase, while their effects under steady-state con-
ditions have not been well characterized. Interestingly, these
conditions are expected to prevail in the natural physiolog-
ical environment of the gastrointestinal tract.

Borgstrom (7) looked at the effect of bile salts, Ca®*,

Rate, pM FA/min
Rate, yM FA/min

5 : 0
TDC, mM
Fig. 4. (a) TDC concentration dependence on the zero-order rates of
tributyrin lipolysis in the absence of Ca?*. The TB concentrations
are indicated. Observed initial rates in the absence of TDC (V, =~
7.3-7.9 pmol FA/min) and in the presence of saturating TDC con-
centrations (V, =~ 1.4-1.9 pmol FA/min) are independent of TB
concentration (see Table III). The solid lines are theoretical lines
calculated from a fit of the data to Eq. (1) with N, the number of
TDC ““micelles’’ (30), equal to 4. The observed ‘‘humps’’ in depen-
dencies in (b) were not included during the fit to Eq. (I). The reason
for these humps was not considered in the model in Scheme 1. Eight
hundred forty units of lipase (30 pl, 0.45 mg protein), T = 25°C,
pH 8.5.

TOC, mM
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Table III. Inhibition of Tributyrin Lipolysis by TDC?

K = SD, mMY
% oil N V, + SD V, + SD K Kp/Ks, Eq. (1] Root[K]
0.2 3 7.7 0.2 1.4 04 56 1.2 1.78
4 7.5+02 1.7 £ 0.3 9.6 = 2.5 1.76
0.5 3 7.3+0.2 1.5+0.3 247 = 5.6 2.91
4 7.2 £ 0.1 1.8 £ 0.1 62.7 = 9.1 2.81
1.0 3 7.7 %02 1.7 £ 0.5 1499 =+ 44 5.30
4 7.7 03 19+04 497 =+ 151 4.72
2.0 3 8.0+0.3 1.2 £ 0.5 1000 = 319 10.00
4 7.7 0.2 1.6 £ 0.3 10000 =+ 2445 10.00

4V, and V, are initial and final velocities (umol FA/min), respectively. K is the apparent dissociation constant for the TDC “‘micelle.”” N
is the number of TDC molecules/micelles assumed to be present. Root[X] is the Nth root of the dissociation constant X (mM ~1). See text
for explanations. Reactions carried out in the absence of Ca**. Conditions: 25°C, pH 8.5, and 840 U of lipase (30 pl, 0.45 mg protein).

pH, and FA on the lag phase of lipase-catalyzed hydrolysis
of Intralipid. Our results are in good agreement from a qual-
itative standpoint since the experimental conditions were not
identical for both studies. However, the effect of any con-
taminating phospholipase in reducing the lag time at the on-
set of lipolysis in our systems has not yet been resolved.
Based on Borgstrom’s results (7), however, a decrease in the
observed lag phase is expected, but not a change in the final
steady-state rate. We have extended some of those studies
and found that, in principle, it will be possible to reduce the
lag phase completely, regardless of the presence or absence
of phospholipases, with a high enough Ca?™ concentration
(Fig. 2a).

Of greater interest was the recognition that the break
point in the lag-phase dependence on TDC concentration
occurs around the critical micelle concentration (CMC) of
the bile salt (25) (Fig. 3). These results suggest that molec-
ular dispersed solutions of bile salts can bind to the interface
and hinder lipase binding. In agreement with other observa-
tions, it appears that micellar solutions of TDC are able to
solubilize the phospholipid at the interface (16,24,27,28) and
restore lipase binding. However, these results do not explain
the effect of Ca®>* on the lag phase and the role of other
effectors under the steady-state rate conditions. For exam-
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Fig. 5. Observed and calculated saturation dependencies of the
zero-order rate of lipolysis of TG emulsions on the Ca?* concen-
tration. The solid lines were drawn using the parameters calculated
from a nonlinear fit of the data to Eq. (4). Reaction carried out in the
presence of 6.0 mM TDC, 25°C, pH 8.5. (a) 0.2% TB (0) and 840 U
of lipase (30 pl, 0.45 mg protein); 1.0% IL-10 (O) and 1400 U of
lipase (50 pl, 0.75 mg protein). (b) 1.0% TO (O) and 1400 U of lipase
(50 pl, 0.75 mg protein).

Ca*2,mM

ple, the IL-10 hydrolysis shows a threefold increase in the
lag phase with almost no change in the steady-state rate with
increasing IL-10 concentration. In addition, lag phases are
dependent on the triglyceride side chain. In this regard, the
absence of a lag phase with TO is consistent with the results
of Pieroni and Verger (29), who have shown that lipase—
colipase binding to TO films, but not the rate of hydrolysis,
is relatively independent on the amount of lecithin present.
These results are consistent with Verger’s model for lipase
action where binding at the interface is fast and reversible
(4). Bound enzyme can partition into solution (desorption) or
undergo a conformational change (or penetration) into an
active form capable of turning over the substrate. Enzyme
effectors can alter this partition ratio as well as the intrinsic
reactivity of the ‘‘effective enzyme complex.’’ Based on this
model, the increase in lag phase with IL-10 concentration
results from a change in the partition ratio that favors the
unbound enzyme [probably due to differences in the free
phospholipid concentration that derives from the original IL-
10 emulsion (7)]. However, as the reaction progresses and
small amounts of product are formed, this ratio changes until
all the enzyme is bound and the same final steady-state rate
is observed.

Effect of Ca®>* on the Post-Lag-Phase Rate of Lipolysis

The nonlinear increase in the rate of hydrolysis of IL-10
with Ca®* concentration (Fig. 2b) indicates a more compli-
cated Ca®* dependence, probably involving more than one

Table IV. Apparent Dissociation Constants for Ca?* from Calcium-
Bound Lipase®

K(Ca?™"),
oil % oil mM = SD Y-YHAT
TB 0.2 5.1+03 0.999
TB 0.5 4.6 = 0.4 0.999
TB 2.0 59+03 1.000
TO 1.0 3.1+ 1.0 0.989
Neobee-M5 2.0 5.1+ 04 1.000
IL-10 1.0 8.5+ 1.3 0.995

2 K(Ca’*) = Kc,K/Ky and was calculated from a nonlinear fit of
the data to Eq. (4) (Scheme II). Y-YHAT is the correlation of the
nonlinear regression. See text for details.
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Ca?* ion in more than one role acting in a cooperative fash-
ion. The decrease in the lag phase for IL-10 lipolysis with
Ca?* concentration (Fig. 2a) suggests that a Ca®>* ion is
involved in the activation phase promoting the formation of
the active enzyme form. This may be represented by
‘“‘penetration’’ of the enzyme or a conformational change
that situates the enzyme and substrate in closer proximity to
facilitate catalysis. Since the general shape of the sigmoidal
saturation curve is independent of the IL-10 concentration
(Fig. 2b), it suggests that any other involvement of Ca®* in
the reaction, including the possibility of removal of the prod-
uct as calcium soaps, occurs through some sort of binding to
the enzyme-substrate complex or altering the interface with
the resulting change in the binding or spatial configuration of
one of the enzyme forms.

Effect of TDC on the Rate of Hydrolysis of Triglycerides

Observed changes in the rate of hydrolysis of TB emul-
sions with TDC (Fig. 4) reflect a shift in the equilibrium
distribution of enzyme forms. The analysis of these kinetic
data suggests a model in which a catalytically active enzyme
form, E, can bind reversibly to the TDC ‘‘micelle’” (30) to
give a new, although catalytically less active, enzyme form
EM (see Scheme I). The observed dependencies in Fig. 4

E+S—> ES LR
+ Kg
NTDC

I

EM + § —
KT

k
EMS —23> E 4+ P
Scheme 1

were better described by a model where the number of TDC
micelles, N, in the equilibrium is four (Table III). The rate
law for this model, assuming saturation with respect to sub-
strate (S > Ky, and S > Ky), is given by Eq. (1), where §
represents the substrate concentration (oil), Kt and K are
the dissociation constants from the enzyme substrate com-
plexes EM-S and E-S, respectively, Ky, is the dissociation
constant from the micellar enzyme form EM, and ¢, is the
total enzyme concentration.

V _ k(KrKw/Ks) + k[TDCFY
(KrKum/Ks) + [TDCIY

= §)
Several workers have accumulated evidence for an enzyme
complex of this sort (18,30-34). However, the linear depen-
dence observed with emulsion concentration (see above and
Table III) indicates that a constituent of the emulsion is also
involved in the formation of this enzyme complex, Eq. (2). A
likely candidate is the phospholipid (PL) because other evi-
dence indicates that mixed-micelle (MM) formation has a
significant influence on lipase binding and activity (7,17-
20,31-34).

NTDC + MPL = N\MM
NMM + E = E-MM 2
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It appears, then, that a ‘‘lipase—colipase~bile salt—
phospholipid’’ mixed-micelle complex (E-MM) behaves as a
different catalytically active enzyme form. It is important to
note that all these enzyme complex constituents are present
during lipolysis under physiological conditions (28,33-35).
The unexpected lower activity with a mixed-micelle complex
(Fig. 4) is due to the absence of another cofactor, namely,
Ca’* (see below).

Effect of Ca>* and TDC on the Rate of Lipolysis of
Triglyceride Emulsions

In contrast to the effect of Ca?>* discussed above or in
other reports (11,36), it was found that Ca?>* was a powerful
activator of lipase (Fig. 5). Activation of the hydrolysis rate
was general for all the triglyceride emulsions independent of
the FA side chain. The dependence on Ca®>* concentration
indicates that Ca”* binds to the enzyme in a saturable pro-
cess opening a parallel pathway for lipolysis. Scheme II

E+ST=—= ES ——>k1 E+P
+ S
NMM

JFKM

EMM + § —>

Mo

EMM-Ca + § —
b

k
EMM-S —2>E + P

k
EMM-Ca-S —>E + P

Scheme 11

complements the model shown in Scheme I and includes the
effect of Ca2*. The rate law for this model, assuming satu-
ration with respect to substrate, is given by Eq. (3).

V _ ki(KtKm/Ks) + [TDCIY {k; + ks([Ca’* VKca) (KT/Kb)}
eo  (KTKw/Ks) + [TDCI {1 + ([Ca>*VKca) (K1/Kp)}
?3)

Under saturating TDC concentrations Eq. (3) becomes Eq.

.

V _ kKcKo/K1) + ks[Ca®]

w0 (KeKyKp) + [Ca™] @

Scheme II includes a new active enzyme form, EMM-Ca,
and a new enzyme-substrate complex that incorporates
Ca®*. The new enzyme-substrate complex, EMM-Ca-S,
can turn over the substrate at a higher rate than EMM-S.
The dissociation constants from EMM-Ca-S to EMM-Ca
and from EMM-Ca to EMM are given by K, and K,, re-
spectively. Binding of Ca2* to EMM-S to form EMM-Ca-S
is an alternative mechanism that cannot be distinguished ki-
netically but that hopefully, can be sorted out by changing
the nature of the substrate. It would be expected that Ca®*
affinity for the different enzyme-substrate complexes is not
the same. The dissociation constants for Ca>* (K., were
calculated from nonlinear fits to Eq. (4) and are indicated in
Table IV.
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The dissociation constants for Ca?* were found to be

basically independent of the substrate concentration and the
nature of the triglyceride emulsion. These two observations
favor the mechanism proposed in Scheme II and suggest that
the catalytic entity also contains Ca®* bound to the effective
enzyme complex. Lipase hydrolysis of medium- and long-
chain triglycerides occurs at approximately the same rate
under these conditions (TDC = 6.0 mM, Ca?* = 30 mM)
(10). That should come as no surprise from an enzyme whose
biological function is to hydrolyze a large variety of TG.
Only under these optimum conditions is the rate of TB hy-
drolysis twice as fast as the rate of hydrolysis of long-chain
TG. This is also in agreement with other studies (1). The
Ca?* concentration required to activate lipase fully is some-
what higher than what is expected to be found in the intes-
tinal contents. The average Ca®>* concentration in the lumen
appears to be diet dependent and is suggested to be about 7
mM (37). However, even if the diet does not provide the
Ca’* concentration required to active lipase fully, the bile,
particularly the gallbladder bile, is rich in Ca?* [about 11
mM (38)] and can provide the ‘“microenvironment’’ neces-
sary to activate lipase. Furthermore, Ca®* appears to play
some other important roles in lipolysis, such as the complex-
ation with bile (39) to form a liquid crystalline phase (40) in
which FA are soluble and probably transported to the gas-
trointestinal membrane to facilitate absorption. In this re-
gard, it should be mentioned that no calcium soap precipi-
tates are formed when TDC is present, even when the con-
centration of FA produced is higher than the total TDC
concentration. It is known that FA soaps can form micelles
(41), or alternatively, they can be solubilized and combined
with the TDC micelles to form mixed micelles (25,28), which
could also exert an effect on lipase action. The exact role of
these different species in solution is not known and deserves
further exploration.

Conclusions

The role of Ca?* in the hydrolysis of TG has been
shown to be dependent on the physical state and the nature
of the substrate. It has been shown that Ca?* is an activator
of lipase regardless of the nature of the TG. The kinetic
analysis of the hydrolysis of TG emulsions stabilized with
lecithin suggests that there are several pathways for lipoly-
sis. This results from the fact that lipase can be catalytically
active in different forms depending on the medium. A lipase
complex formed with TDC—phospholipid mixed micelle and
Ca®™ appears to be the catalytically most effective enzyme
complex. Based on our kinetic results, the pseudophysiolog-
ical conditions employed with substrates, lipase effectors,
and the pancreatic lipase preparation, and information gath-
ered from the literature, it is concluded that this enzyme
form represents the most likely physiologically active lipase
complex.
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