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ENZYMEKINETICS OF LIPOLYSIS

Lipase inhibition by proteins.

Verger R., Rivigre C., Moreau H., Gargouri Y., Rogalska E., Nury S., Moulin A., Ferrato F., Ransac S., Carriére F., Cudrey C

and Trétout N.

Centre de Biochimie et de Biologie Moléculaire du C.N.R.S., 31, chemin Joseph Aiguier, 13402 Marseille cedex 9 (France)

SUMMARY

Apart from their general biological significance, lipolytic enzymes play an increasingly importantrole in biotechnology:

clinical medicine, pharmacology, nutrition, food andoil technology. Lipids constitute a large part of the biomassof the hearth

andlipolytic enzymes play an essential role in the metabolic turnoverofthese lipids. Phospholipids and glycolipids constitute

fundamental and universal structural elements of biological membranes. Onthe other hand, triglycerides constitute the main

energy reservoir of higher animals. Lipases are required in the lipid transfer from one organism to another.

Forthe biochemist, perhaps the most importantand fascinating aspectof lipolytic enzymesis the unique physicochemical

character ofthe reactions they catalyze. These enzymesare perfectly water soluble andact very efficiently on water insoluble

lipidic substrates which spontaneously self organize in water as monomolecular films, bilayers, liposomes, emulsions or

micelles. This catalysis is essentially occurring at the lipid/waterinterface. Conventional enzymekineticsis oflittle relevance

under these heterogeneous conditions. The development ofan "interfacial enzymology" would be of general interest forall

biological sciences because in nature most enzymatic reactions take place at membranes.

Thereare at least 3 major reasonsfor using lipid monolayers as substratesfor lipolytic enzymes:

1. The technique is highly sensitive and very little lipid is needed to obtain kinetic measurements.

2. A rather common observation reported by many authors working onthekinetics oflipolytic enzymesis the presence of a

lag period in the hydrolysis of both emulsions,liposomes, micelles and monolayers. Such studies should preferably be done

on monolayers ofshort-chain lipids where the perturbing influence of increasing amounts of reaction products can be

minimized.

3. Probably the most important reason fundamentally is the possibility of varying the "quality of interface" determined by the

nature ofthe lipids forming the monolayer, the orientation of the molecules, molecular and charge density, water structure,

fluidity, etc...
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1- INTRODUCTION

In 1856, Claude Bernard reported forthe first time that whenoil, butter or lard were incubated with pancreatic juice, fatty

acid and glycerol appeared. This hydrolytic step, catalyzed bya lipase, is indispensable for dietary lipid to be able to penetrate

into the organism throughtheintestinal barrier.

Lipases can be easily distinguished from esterases on the basis of the physicochemical structure oftheir substrates. This

characteristic has beenillustrated by Schgneyder and Volqvartz using tricaproin emulsion as substrate (1). They showedclearly

that the hydrolysis of this triacylglycerol by lipase increases dramatically when the substrate solubility is exceeded. The

activation oflipolytic enzymesby interfaces wasreinvestigated by Sarda and Desnuelle in a more quantitative way (2) using

purified preparation of pancreatic lipase. These authors clearly showed the existence of a fundamentaldifference between an

ordianry well-known esterase and pancreatic lipase on thebasis of their ability or inability to be activated byinterfaces. This is

illustrated in Fig. 1.
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- Hydrolysis of triacetin by horse liver esterase and porcine pancreatic lipase. Reaction rates as function of substrate
concentration, which is expressed in multiples of saturation. From Sarda and Desnuelle (2).

Contrary to esterases, which show a normal Michaelis-Menten activity dependent upon substrate concentration, lipases

display almost noactivity with the same substrate when they are in the monomeric state. However, beyondthetriacetin

solubility limit, a sharp increase in enzymeactivity occurs with the same substrate in the emulsified state, whereas esterase
activity is not affected whenthe substrate is present in an emulsified form. Lipases thusappear to be a special class ofesterase
capable of hydrolyzing substrate in an insoluble form at highrates.
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2- MONOLAYER TECHNIQUES FOR STUDYING LIPASE KINETICS.

2.1- WHY USE LIPID MONOLAYERS AS LIPASE SUBSTRATES ?

There are at least five major reasons for using lipid monolayers as substrates for lipolytic enzymes: the readeris referred to

previousreviews fordetails (3-6).

(a) The monolayer technique is highly sensitive and very little lipid is needed to obtain kinetic measurements. This advantage

can often be decisive in the case of synthetic orrare lipids.

(b) During the course of the reaction,it is possible to monitor one of several physicochemical parameters characteristic of the

monolayer film: surface pressure, potential, radioactivity, etc. These variables often give unique information.

(c) With this technique the lipid packing of a monomolecular film of substrate is maintained constant during the course of

hydrolysis, and it is therefore possible to obtain accurate presteady state kinetics measurements with minimalperturbation

caused by increasing amounts of reaction products.

(d) Probably the most importantbasic reason is thatit is possible with lipid monolayers to vary and modulate the "interfacial

quality" which depends on the nature ofthe lipids forming the monolayer, the orientation and conformation of the

molecules, the molecular and charge densities, the water structure,the viscosity, etc. One further advantage of the monolayer

technique as compared to bulk methodsis that, with the former, it is possible to transfer the film from one aqueous

subphaseto another.

(e) Inhibition of lipase activity by water-insoluble substrate analogues can be precisely estimated using a "zero order" trough

and mixed monomolecular films in the absence of any synthetic, non-physiological detergent. The monolayertechniqueis

therefore suitable for modelling in vivosituations.

2.2- THE "ZERO ORDER" TROUGH.

Several types of troughs have been used to study enzymekinetics. The simplest of these is Teflon-made, rectangular-shaped

but gives nonlinear kinetics. To obtain rate constants, a semilogarithmic transformation of the data is required. This drawback

was overcome by a new trough design ("zero order” trough, Fig. 2), consisting of a substrate reservoir and a reaction

compartment containing the enzymesolution (7). The two compartments are connected to each other by a narrow surface canal.

The kinetic recordings obtained with this trough arelinear, unlike the nonlinear plots obtained with the usual one-compartment

trough. The buffer was filtered and the pH was adjusted immediately prior to use. Before each experiment, the trough was

carefully cleaned with a paint brush using absolute ethanol, rinsed several times with tap wateruntil the Teflon surface was no

longerretaining drops of water, and then rinsed twice with distilled water. To set up and complete a typical kinetic experiment

requires about 30 min. Contrary to previous experiments, no detergent solution was employed. The surface pressure was

maintained constant automatically by the surface barostat method described elsewhere (7). Fully automatized monolayer systems

of this kind are now commercially available (KSV - Helsinki - Finland).

2.3- FILM RECOVERY AND ESTIMATION OF BOUND ENZYME.

The main difference between the monolayer and the bulk system lies in the interfacial area to volumeratios which differ

from each other by several orders of magnitude. In the monolayer system, this ratio is usually about 1 cm! depending upon the

 

  



 

       

  

 

  
   

      

    

  

 

     

    

  

  
  

  

  

    

   

108

 

R. Vergeretal.

depth of the trough, whereas in the bulk system it can be as high as 10° cm}, depending upon the amountoflipid used.

Consequently, under bulk conditions, the adsorption of nearly all the enzyme occurs at the interface, whereas with a monolayer

only one enzyme molecule out of hundred may be atthe interface (3). Owingto this situation, a small but unknown amountof

enzyme,responsible for the observed hydrolysisrate, is adsorbed on the monolayer.In order to circumventthis limitation, two

different methods were proposed for recovering and measuring the quantity of enzymes absorbed attheinterface (8-10).

"FIRST ORDER TROUGH" “ZERO ORDER TROUGH "
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- Comparison between the recorded kinetic plots obtained with the "first order trough” (left side) and with the "zero order

trough"(right side). From Verger and de Haas (7).

3- LIPASE INHIBITION BY PROTEIN, STUDIED BY THE MONOLAYER TECHNIQUE.(11)

3.1- LIPASE ACTIVITY IN THE PRESENCE OF PROTEINS

Kinetic studies oflipase inhibition by protein have been performed with monomolecular films of dicaprin,either at constant
surface area with a rectangular Teflon trough, (Fig. 3a) or at constant surface pressure using the "zero order trough" (Fig. 3b).

Injection of B-lactoglobulin A (final concentration, 0.2 HM)under a preformeddicaprin monolayerspreadataninitial surface
pressure of 35 mN/m caused only

a

slight increase in surface pressure (Fig. 3a); when 15 minlater horse pancreatic lipase is
injected into the aqueous subphase(final concentration 80 pM) thefilm pressure is notsignificantly affected, whichis not the
case with an injection of lipase from Rhizopus arrhizus (final concentration, 40 pM).in the latter case, an immediate drop in
surface pressure is observed, and a value around 10 mN/m is reached 10 min after injection of Rh. arrhizus lipase. Use of the
"zero order trough" and working at a constantsurface pressure of 35 mN/m (Fig. 3b) confirmed that, after B-lactoglobulin A
injection, and as a result oflipase injection, the lipid surface area was reduced with time. Under these conditions, hydrolysis of
dicaprin by horse pancreatic lipase, in the presence ofB-lactoglobulin A, occurred to less than 5% ofthe controlin the absence
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of B-lactoglobulin A. In the presence of the sameprotein, the rate of hydrolysis by RA. arrhizus or Geotrichum candidum

lipase, reached 100% of the control experiment performed in the absenceof protein. Rh. arrhizus lipase activity measured at

enzymeconcentrations up to 60 pM in the absenceorpresenceof B-lactoglobulin A is linearly dependent upon the amountof

enzyme used.
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Figure - Kinetic experimentof hydrolysis of dicaprin film by various lipases at (a) constant surface are in cylindrical Teflon hole

(volume, 50 ml; surface, 31 cm?) and (b) constant surface pressure in a "zero order trough”. Panel (a), the arrowsindicate the successive

injections of B-lactoglobulin A (final concentration, 0.2 HM), horse lipase (final concentrtion, 80 pM) and Rh. arrhizus (R.A.) lipase

(final concentration, 40 pM). Panel (b), the arrowsindicate the successive injections into the reaction compartmentof B-lactoglobulin

A, horse lipase, and Rh. arrhizus lipase at the same concentration, respectively, as in panel (a). Buffer: 10 mM Tris-HCl pH 8.0, 100

mM NaCl, 21 mM CaCl), 1 mM EDTA.From Gargouri et al. (22).

3.2- MIXED PROTEIN LIPID FILM TRANSFER EXPERIMENTS

In orderto gain further insight into the mechanism oflipase inhibition by proteins, the film transfer technique was used to

differentiate between the effect of protein molecules associated with the lipid film and that of molecules in the aqueous

subphase. In order to test these two hypotheses, we performed experiments involving the transfer of a preformed mixed lipid-

protein film (Fig. 4). Since it is well known that the molecules in the first layer of protein boundto the lipid are quasi-

irreversibly adsorbed (12-15), film rinse and transfer should efficiently remove proteins present in the aqueous subphase as well

as any excess of reversibly adsorbed material. After transfer of a mixed protein-dicaprin film (Fig. 4, step 6) inhibition of

hydrolysis in the presence ofhorse pancreatic lipase is found to be similar to that observed previously without film transfer.

Parallel experiments carried out with G. candidum and Rh. arrhizus lipases show that these enzymesare notinhibited by any

of the proteins tested (Fig. 4, step 7).
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These observations support the conclusion that inhibition of horse pancreatic lipase is not due to a direct interaction

betweenprotein andlipase in the bulk phase butrather that is related to the mixed protein-lipid film. Furthermore, the

inhibition appears not to be merely due to substrate masking, since G. candidum and Rh. arrhizus lipasesstill remain capable
of reaching their substrate.It is worth noting that pure dicaprin film is hydrolyzed by horse pancreatic lipase in sharp constrast
with whathas been foundin the case of mixed protein-lipid films maintained at the same surface pressure. This result provides

strong evidence supporting the conclusion thatlipase inhibition is not related to a changein interfacial tension caused by the
protein (16).
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- Successive steps in film transfer. The small hatched squares A, B and

C

represent the barriers. Barrier C is mobile during
reaction recording. Protein in film and subphase is represented by large black dots. Graphs under steps 6 and 7 represent recorded
kinetic curves after horse pancreatic lipase and G. candidum (G.C) lipase inejction, Tespectively, after film transfer. Assays were
performedin a special trough composedof a reservoir and three compartments numberedI, II and III, (Volume, 100 ml; total surface of
each compartment, 121,7 cm?) connected by means of surface canals. Dicaprin was initially spread between barriers A and C in the
absence of barrier B. After positioning barrier B, the protein was injected into the subphase of compartmentI (step 1). Adsorption of
the protein at the lipid-water interface was evidence by the surface pressure increase (step 2). Barriers A, B and C were then linked using
an appropriate device (step 3) and were shifted together at constant surface pressure towards the reservoir compartmentat a speed of
about 10 cm/min. The film comprised between barriers A and B was transferred to compartmentII which contained no protein (step 4).
A final transfer was performed to bring this film over compartmentIII which was also devoid of protein (step 5). Lipase was injected
after removal of barrier B and the reaction was observed kinetically at constant surface pressure (steps 6 and 7), PIL, protein inhibiting
lipase. From Gargouriet al. (22).
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These observations support the conclusion that inhibition of horse pancreatic lipase is not due to a direct interaction

between protein and lipase in the bulk phase but rather that is related to the mixed protein-lipid film. Furthermore, the

inhibition appears not to be merely due to substrate masking, since G. candidum and Rh. arrhizus lipases still remain capable

of reaching their substrate. It is worth noting that pure dicaprin film is hydrolyzed by horse pancreatic lipase in sharp constrast

with whathas been foundin the case of mixed protein-lipid films maintained at the same surface pressure. This.result provides

strong evidence supporting the conclusionthatlipase inhibition is notrelated to a changein interfacial tension caused by the

protein (16).

3.3- INHIBITION OF LIPASE CORRELATES WITH A DECREASE IN LIPASE ADSORPTION

Taking advantage ofthe fact that Rh. delemarlipase, in contrast to pancreatic lipases, is not inactivated by iodination,

radiolabed lipase could be prepared with a high specific radioactivity with a view to relating lipase binding to inhibition by

proteins.

BSAorB-lactoglobulin A wasinjected at increasing concentrationsup to 0.1 1M underfilmsofdicaprin maintained at 35

mN/m. Twenty minutes later, 125]-labeled Rh. delemarlipase was added to the aqueoussubphase(12 pM final concentration)

and the rate of dicaprin hydrolysis was measured.Finally, the mixed film was collected and the surface concentration of the

labeled enzyme was measured. The enzyme surface concentration and the rate of dicaprin hydrolysis were plotted against

inhibitory protein concentration. Curves in Fig. 5 show that the hydrolysis rate decreases as inhibitory protein concentration

increases. A direct correlation is observed betweenthe decrease in lipase activity and the decrease in lipase surface concentration.

WhenBSAandB-lactoglobulin A (final concentration 0.5 1M) were injected after injection of Rh. delemar lipase, enzymatic

activity is marquedly reduced, as is enzyme surface concentration (data not shown). The effects of other proteins melittin,

myoglobin, ovalbumin andthe protein-inhibiting lipase from soja (PIL) were also investigated. These data fully confirm that

inhibition of lipase is directly related to enzyme desorption from the dicaprin film in the case of serum albumin, B-

lactoglobulin A, melittin and PIL (11).

3.4- INHIBITION OF LIPASE CORRELATES WITH AN INCREASE IN SURFACE DENSITY OF

INHIBITORY PROTEIN

Increasing amounts of !25]-labeled BSA orB-lactoglobulin A were injected underfilmsof dicaprin maintained at a surface

pressure of 35 mN/m. The requisite time (20 min) was allowed to elapse for quasi equilibrium to be reached. Then hog

pancreaticlipase (final enzyme concentration 160 pM) was added to the aqueous phase. Hydrolysis of dicaprin was observed over

a 10-min period so that steady state kinetics were reached. Films were thencollected, and the surface concentration of the

radioactive protein boundto dicaprin was determined. The curves in Figure 6 indicate thatthe rate of hydrolysis of dicaprin by

hog pancreatic lipase decreases as the amountof protein injected under the film is increased. Ninety per cent inhibition of

pancreatic lipase is obtained with 50 nM B-lactoglobulin A (Fig. 6a) and 60 nM BSA(Fig. 6b). No significant difference in

lipase inhibition was observed when experiments were performed with transfer of the mixed dicaprin-protein film.

As shownin Figure 6 the surface concentration of B-lactoglobulin A and BSA bound to dicaprin increases as more protein is

injected underthe dicaprin monolayer. Fifty percentinhibition of hog pancreatic lipase occurred at protein surface concentrations

of 15 ng/cm? and 14 ng/cm? for B-lactoglobulin A and BSA,respectively. Comparable results were obtained with horse

pancreatic lipase (data not shown). Thesurface protein concentration that produces fifty per cent inactivation of horse pancreatic

lipase is reduced after transfer and washingof the mixed film from 20 to 9 ng/cm? and from 17.5 to 5 ng/cm? when B-

lactoglobulin A or BSAisused, respectively.
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- Variations with bulk concentrations of B-lactoglobulin (panel a) in the rate of hydrolysis by ('25]]-radiolabeled Rh.
delemar lipase (open symbols) of dicaprin films at constant surface Pressure and lipase surface concentration (solid symbols).
Proteins were injected into the reaction compartmentof a "zero-order trough" (volume , 200 ml; surface , 127.7 cm?) under a dicaprin
film (35 mN/m). lipase (final concentration, 12 pM)was injected 20 minlater. Buffer: 10 mM Tris-HCl, pH 8.0, 100 mM NaCl, 21 mM
CaCl, and 1 mM EDTA.Onehundred arbitrary units representthe hydrolysis of 78 pmol/cm2/min of dicaprin. From Gargouri et al.
(11).
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Experiments were performed underthe same conditions with hog or horse pancreatic [!4C] TNB-lipases and unlabeled

inhibitory protein (1 4M). The enzyme (3.75 nM) was injected either before or after protein addition. In both cases, the rate of

hydrolysis was reduced to less than 5% of the value measured in the absenceofinhibitory protein. Lipase surface concentration

was concomitantly reduced to 8% of the control values. It thus appears that, in the presence of BSA or B-lactoglobulin A,

pancreatic lipases do not adsorb orare,in fact, desorbed from dicaprin films.

4- GENERAL CONCLUSIONS

Lipases are found in animals, plants and microorganisms. The most characteristic feature of lipases is that they act

specifically on water insoluble short and long chain triacylglycerols in the form of emulsions. Highrates of hydrolysis are

observed in such heterogeneousreaction systems. The major differences among lipases is reflected in their chemicalspecificity

in the hydrolysis of peculiar ester bonds,andtheir respective capacity to hydrolyze substrates having different physicochemical

properties. Surface active compoundssuchas bilesalts, fatty acids, detergents and proteins might have drammatic inhibitory or

activatory effects on lipase activity depending upontheir chemicalstructure and concentration.It is known from the studies of

Fraser and Nicol (17), Brockerhoff (18), Borgstrom and Erlanson (19), Satouchi et al. (20) and ourselves (16, 21) that various

proteins from animal and plantorigins mightact as strong inhibitors of the hydrolysis of triacylglycerol by lipases. Some
years ago westarted to carry out studies to further investigate the inhibition of lipases by proteins. It was felt that a better

knowledge of the mechanism by whichproteins counteract lipase action should help us to determinethe kind offactors that

govern lipase interactions with lipid-water interfaces. During the course of these investigations we primarily used the

monolayer techniquesince it is well suited for studying protein-lipid interactions and enzymecatalysisat interfaces.

Plotting An against 7 allowed usto select the value of 35 mN/m for the surface pressure to perform inhibition studies.

Underthese conditions, injection into the subphaseofthe proteins to be tested, caused no significant increase in surface

pressure of the dicaprin monolayer. Results of experiments carried out with preformed mixed protein-dicaprin films transferred

over pure buffer, yielded evidencethatinhibition of hydrolysis was caused by proteins boundto the dicaprin film and not by a
direct interaction between protein andlipase in the bulk phase (22). Furthermore, since the hydrolysis of pure lipid or
preformed mixed protein-dicaprin film was studied at the same surface pressure of 35 mN/m,it appeared clear that no change in

interfacial tension brought about by protein could be put forward to interpret the inhibition of lipolysis.

Furthermore, experiments in which proteins were added after lipase during the course of dicaprin monolayer hydrolysis

showed that the ability of the various proteins to inhibit lipolysis correlated well with their penetration capacity (i.e. the
initial rate of surface pressure increase ofa dicaprin monolayer havinganintitial surface pressure of 20 mN/m,following the

injection ofthe protein). It is worth noting that the penetration capacity as evaluated by (An/At),_9 is a kinetic parameter.
Thus one would expect that this parameter would be critical in a situation far away from equilibrium. It is surprising,
therefore,thatthis correlation betweenpenetration capacity and inhibitory property was also observed under conditions where a

quasi equilibrium was reached betweenthe inhibitory protcin andthe dicaprin monolayer. This result supports the conclusion

that inhibition oflipase activity is associated with a perturbation of the properties of the monolayer as evidenced by Ar (22).

Wehave also observed that when lipase was 50 per cent inhibited (i.e. only 50% was adsorbed to the monolayer) the

surface concentration ofinhibitory protein ranged between 14 to 20 ng/cm? for BSA orB-lactoglobulin A respectively; and 5 to
9 ng/cm? for the mixed protein-lipid film after transfer and washing.In this latter case, assuming thatall the protein adsorbed
to the dicaprin monolayer was in a fully expanded stateat the interface, one can calculate that approximately only 5 to 9 percent

ofthe area of the dicaprin film would have been covered by inhibitory protein. This implies that a long rangeeffectis likely

involved in the mechanism ofinterfacial lipase inhibition. Proteins, which are polyelectrolytes, may induce long-range
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electrostatic forces after their bindingto the lipid interface as wellas variations in several physicochemical parameters (surface

potential, surface viscosity, water structure,etc...) that might controlthe interaction oflipase with the interface.Itis striking

to note that at pH 8.0, melitin which is positiviely charged (pI > 10) and B-lactoglobulin A which is negatively charged (pl =

5.2) show comparable inhibitory properties. This observation supports the hypothesis that the nature ofthe net ionic charge

brought to the monolayerby the protein is notcritical in determining lipase adsorption or desorption. Thislatter observation

implies that it is very unlikely that electrostatic phenomena, dueto inhibitory protein, governslipase adsorption to, or

desorption from the mixed protein-lipid interface. One may then hypothesize thatlipase inhibition by proteins is in some way

directly related to the lipid organization. The factthatthe only correlation found betweeninhibition and protein properties is the

penetration capacity (An/At),_g, supports the conclusion thatprotein interaction with the hydrocarbon moietyofthe lipid, as

refelcted in Ar, could be involved.

There is no doubt that an understanding of the modeofaction oflipase needs on the one handthe elucidation of the 3-

dimensional structure oflipases and onthe other hand a detailed description oflipase-lipid interactions at interfaces in order to

grasp the magic ofactivationof lipolytic enzymesbyinterfaces.
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