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Introduction

The steady-state kinetics binding constants have been rarely determined for emulsified lipase
substrates since the apparent Michaelis constant has the dimension of the emulsion surface area in
this case [1,2] which typically could not be determined precisely. On the other hand, only a
combination of binding and rate parameters could be determined in experiments with substrate
monolayers [3,4], and the range ofsuitable substratesis strictly limited in these experiments due to
requirements on the stability of monolayers, productsolubility, etc. [4].
In this paper we review data on the substrate specificity of porcine pancreatic lipase on emulsified
triacylglycerolsubstrates studied in terms of the steady-state binding and rate constants in the assay
system lipase/colipase/micellar NaTDC'/-triacylglycerol emulsion’.

Steady-state kinetics binding and rate constants

These parameters could be determined in the system containinglipase (L), colipase (C), emulsified
substrate (S) and micellar bile salts (bs) or other amphipaths. The approach is based on the
assumption that, in the absence of colipase, the enzyme is comletely inactive in this system due to
the displacement from the interphase [8,9]. This assumption holds provided that traces of colipase
have been removed from the used lipase preparations[7].
Formally, in this system,

KePP k
d cat

L+¢ +s). LCS, 5 ——> products (1)

where K,’”’ denotes the apparentdissociation constant of the ternary lipase/colipase complex at the
interphase and k,,, the steady-state rate constant. The K,”? has "usual" dimension of molarity in this
case. This approach has beenfirst used by Rathelot et al. [10,11] for the system containing horse
lipase, (pro)colipase from various species, micellar sodium taurocholate and gum arabic-stabilized
trioleylglycerol emulsion.

' Abbreviation: NaTDC, sodium taurodeoxycholate

? The mixture of isoencymesof porcine pancreatic lipase [5,6] has been used. Traces of colipase were
removed on a Sephadex LH-60 [7].  
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Fig.1 shows the dependence of the rate of the lipolysis of large exess (see below) of
tributyrylglycerol emulsion in the presence of 4 mM NaTDC uponcolipase concentration. The rate
equation acquired the form of a root of the quadratic equation in this case [12,13]:

v= 1/2k. { (Ll. + [Cl + K”- ([L] + [Cl + K” )’ - 4 [L}, [C]. } (2)
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Fig. 1 Thelipolysis of tributyrylglycerol emulsion in the presence of colipase ans 4 mM NaTDCat
two lipase concentrations (25°C, pH 8,0, 1 mM CaCl, 150 mM NaCl). Lipase 1,25 nM (0)
and 2,5 nM (0). Dashed lines correspondto limiting reaction rates in conditions fe)5:[C] >>
K,, see text.

The observed K,"” are (typically) comparable with the enzyme concentrations used in measurements
performed on a pH-stat; usual approximations leading to the hyperbolic (Michaelis-type) rate
equation cannot be introduced in this case (Rathelot et al. [10] determined the K,”” after
rearrangementof the initial data into the form which corresponds to the Scatchardplot).
Dashed lines in Fig.1 correspondedto thelimiting linear equations:

v= ka [C]. (3)

for conditions [L], >> K,’”, [C], < [L], and

V = ke (Lh, = Vinee (4)
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for the conditions [L], >> Ka"PP, [C], > [Ll,.
The intercept of the lines gives the equivalent point [L], = [C],.

The substrate specificity on triacylglycerol emulsions

The dependence of the steady-state kinetics binding and rate constants of the lipolysis of short-
chain triacylglycerol emulsions on the length of the substrate fatty acyl chains (from triacetylglycerol
up to tridecanoylglycerol) [13] are presented in Fig.2.
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Fig.2 The dependence of apparentdissociation constants of the ternary complexof lipase and
colipase at the substrate-water interphase (a), and rate constants (b), on the length of
the substrate fatty acyl chains.

O triacylglycerol sustrates at 25°C
4 triacylglycerol diesters at 35°C
© ethylenglycol diesters at 25°C

Other conditions as in Fig.1.
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The constants can be attributed to the cleavage of the first ester bond in substrates (the initial
steady-state reaction rates have been determined). The K,”” are in the range of 10” - 10° M for
the C, - C, triacylglycerols and k,, in the range of 10’s'. The K,” abruptly (about 1500-fold)
decreased by going from triacetylglycerol (C,) to tripropionylglycerol (C,); the initial decrease in the
K,"”up to tributyrylglycerol (C,) was followed by about 3-fold increase in the K,”” for the C,, C,
and C, triacylglycerols regardless of the fatty acyl chain length. The K,”” once again decreased (by
about 10-fold) for the C,, C, and C,, triacylglycerols, ie. at the chain length which areclose to the
distance at which the cis-en-9 double bond could appear in the substrate fatty acyl chains. Similar
decrease in the K,” has beenalso observed in going from theC, to C, ethyleneglycol diester (Fig.2).

The dependence of the k., on the substrate fatty acyl chain length quantitatively corresponded to
that obtained years ago [14] for the V, in the absence of colipase (or, probably, the presence of
submolecular amounts of colipase) and bile salts. It is noteworthy that an increase in the k., in
going from C, to C, triacylglycerol is far less compared with the decrease in the K,*” for these
substrates. Generally, the k., for the C, - C,, triacylglycerols did not dependgreatly on the length
of the fatty acyl chains. The interfacial Michaelis complexes ([3], see below), once formed, are
cleaved roughly in similar rates irrespective of the substrate fatty acyl chain length.
Ethyleneglycol diesters (C, and C,) were cleaved in about 20-fold lower rate compared with the
correspondingtriacylglycerols (Fig.2).

Triacetylglycerol

Triacetylglycerol (C,) proved to be exceptional in the studied series of triacylglycerol substrates.
Besides of the high K,* value it showed the requirement for colipase also in the absence ofbile
salts. In these conditions, K,*° = 7,7 x 10’ M and k,, = 0,73 x 10° s" [13]. In the presence of 4 mM
NaTDC andcolipase the K,*” decreased, and k.,, increased, by about 1,5-fold.Qualitatively similar
requirement for colipase in the absence of bile salts has been observed for emulsified
dibutyryrglycerol [15] : in the absence of colipase the lipolysis rate linearly increased with
increasing amounts of added substrate while the saturation effect has been observedin the presence
of moderate (3-fold) excess of colipase.

A "tuning fork" type interfacial Michaelis complex ?

In addition to the interphase recognition site and colipase binding site [16] the lipase molecule also
contains the hydrophobic binding site as revealed from studies using organoboronic acids as
reversible inhibitors [17, 18] and carboxylic acid p-nitrophenyl esters as (dissolved) substrates [19,
20]. This site is most probably operative also in the hydrolysis of emulsified triacylglycerol substrates.
We have supposed [21, 13] thatits role in triacylglycerol hydrolysis is to "capture" the external a- or
-fatty acyl chain from hydrophobicsubstrate phase. This chain transfer could occur by free rotation

of the a- or - chain around the glycerol backbone carbon-carbon bondsby about 180° (Fig.3) with
the concominant formation ofthe interfacial Michaelis complex [3]. In the resulting "tuning fork"
[22] type conformation the reaction center (carbonyl carbon atom) is about 2 A above the
interphase plane drawn through the glycerol backbone carbon atoms. This chain transfer could be
probable enoughfor loosely packed emulsion surface layers and "liquid-expanded"type monolayers,
and less probable, or impossible, from highly compressed substrate monolayers at which pancreatic
lipase did not bind [23]. It is attractive to speculate that the short 237-261 a-helix type peptide
segment which covers the active site Ser 152- His 263 - Asp 176 triad in the human enzyme [24]
screens the hydrophobic bindingsite as well.
The reduction of the glycerol backbone to ethyleneglycerol resulted in losses both in binding (K,”?
and the lipolysis rate (k...) (Fig.2). So it seems that the active site of lipase is primarly adapted to
bind triacylglycerol substrates in the "tuning fork" type conformation found in triacylglycerol crystals
[22].
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Fig.3 Proposed conformation for triacylglycerols at interphases (trioctanoylglycerol).
a the conformation of the molecule at the oil-water interphase as viewed from the

bulk water phase. The glycerol backboneis parallel to the interphase.
b the interphase is perpendicular to the figure plain; the external a- and Y-fatty acyl chains

screened the central 8-chain.
c proposed "tuning fork" type substrate conformation in the interfacial Michaelis complex.

The a-chain is turned out from the triacylglycerol phase by rotation around the glycerol
backbone C(1) - C(2) bond by 180°, and bound in the lipase hydrophobic bindingsite
(enzyme not noted).

On the meaning of the steady-state kinetics binding and rate constants

Two mechanisms for the modeofaction of colipase have been discussed in the literature. In the
presenceofthebile salts colipase is "first" bound at the substrate-water interphase and serves as an
anchor" for binding the enzyme [8, 9]. In more complex systems the formation of a ternary complex
of lipase and colipase with various lipids in solution might be kinetically essential [25]. These two
mechanisms could be dealed with as limiting cases of a more general kinetic scheme [26]:
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in which bs denotes bile salt (lipid) and subscripts "a" and "b" the species adsorbed/bound at the
substrate-water interphase. Complex equilibria of bile salt aggregation [27-29] have been omitted
and the further discussionis restricted to conditions of the fixed (micellar) bile salt concentrations.
K’c, Ky and K’y¢ refer to dissociation constants and Ky, Ky and Ky to partition coefficients of
the corresponding species at the substrate-water interphase. "Linkage" between the twotypes of
equilibrium constants is achieved by introducing the interphase/volumeratios, I/V [3], i. e. the ratio
of the total emulsion surface area and total volume (see below). These ratios, typically, remain
unknownfor emulsified substrates. Interfacial Michaelis parameters [3] are denoted by asterics, and
it has been assumedthatthe lipolysis reaction proceeded exclusively at the interphase (3, 4].
At a fixed (micellar) bile salt concentration,

* app appKaky (Kn/S) (KL, +I/V) (Ko +I/V)
 

 

Kapp = (6)
. x x appLAV + (I/V) (KU/S) + (Kn/S) Ky, (1/V RE,

and =
k (I/v)

A“ cat
Kat = (7)I/V + (I/V) (KE/S) + (KZ/S)K, (I/V + KePP)

These expressions are not completely hopeless. Onceit has been accepted [30-32] thatlipase alone
did not bind at the interphase in the presenceofbile salts [8, 9], K,*PP >> I/V and:

* app (zaPpPapp _ Rak(K/S) Ky (Ka +EAVD,
Ka (8)

x x app
E/V + (1/V) (K"/8) + (K/S)K, (I/V + Ric )

According to Eqns. 8 and 7 both the Kq*P? and k,,, should depend onthe interphase/volumeratio.
The two mechanisms for colipase action referred above could be differentiated by the dependence
of the observed K,°PP and k.at upon the interphase/volumeratio. In the "anchoring" mechanism,
K_*PP << Ky¢*?F in Eqn.8, and in condtions K-®PP << I/V:

x appK5K, (KU/S) Kp (I/V)
app _ (9)Ka 

x x app
I/V + (1/V) (K7/S) + (K/S) Ky (T/V + Kıc )

while the expression for the k.at (Eqn.7) remained unchanged. Both expressions (Eqns. 9 and 7)
contain a common denominator and, therefore, both the dependenceof the K,2?? and Kat on the
interphase/volume ratio should give similar hyperbolic relationships. Fig.4 shows qualitative
correspondence of experimental data in the system lipase/colipase/NaTDC/tributyrylglycerol
emulsion with the model. Absolute I/V valuesin [meter]? could remain unknown onthis qualitative
level since the K,°PP and k,., have been determined from the same rate versus colipase
concentration plots (Fig.1) at various I/V ratios (amounts of the substrate added).
In conditions where the complex formation between lipase and colipase in solution is kinetically
essential, Kc"PP >> Kjc"?P and, when Kies l/V®

KK, (K~/S) K2PPKaPP

(I/V) (1 + (K7/S) # (KE/S)K,)

 

ie

= cat
Roe =INT

Ct)

1 + (KU/S) + (Ki/S)K)

ie. the observed Ky*PP should decrease and k,., remain unchanged in the same range of
interphase/volumeratios.
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Fig.4 The dependence of the apparentdissociation constant (0) and rate constant (0) on the
amountof added substrate (the interphase/volumeratio, see text).
See Fig.1 for other details.

Conclusions on prevailing of the "anchoring" mechanism of the colipase action in the system
lipase/colipase/NaTDC/triacylglycerol emulsion did not bear any new informationperse (cf. [8, 9,
30-32]). The aim of the presented analysis was to demonstrate that the above two mechanismscould
be discriminated, at least qualitatively, by meansof kinetic studies.

Slow conversion of the interfacial Michaelis complex

The classical model for lipolysis by Verger, Mieras and de Haas [3] included two equilibria: a slow,
pre-steady state "penetration" of the enzyme into the interphase and subsequent formation of the
two-dimensional (interfacial) Michaelis complex which is cleaved in catalytic stages of the reaction.
In Eqn.5 we added one more equilibrium for reasons described below.
In the study [12] on the competive inhibition of the lipolysis by the enzyme derivatives with the
blocked Ser 152 [33, 34] or carboxyl groups [35] the shape of the kinetic curves depended on the
sequenceof the addition of the native and modified enzymesinto the reaction mixture, although the
final extent of the inhibition (the new steady-state reaction rate) remained unchanged. When the
native enzyme was added at last, usual short lag periods were observed,i.e. inactive interfacial
complex of colipase with the modified enzyme has been rapidly converted into the reactive
interfacial complexes (Eqn.5S). The observed inhibition constants, K, were only 3-fold higher
compared with the K,*°. When the modified enzyme was addedat last, a new, lower steady-state
reaction rate was typically achieved only for hours (perfectly straight product versus time lines were
obtainedin the absence of the modified enzyme for at least three hours). The observed decreasein
the reaction rate followed the first-order kinetics law, and the calculated monomolecular rate
constants (k = 0,037 min’) did not depend on the concentration of the native lipase ([{L],) at the
fixed concentration of the modified enzyme({L’],) in a large rangeof the [L],/[L’], ratios. The above
kinetic event has been interpreted as evidence for a slow "backward" (Eqn.5) conversion of the
complex LC,, which precedes the interfacial Michaelis complex LC,S, into the LC, complex.
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